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AntomuHuegblie CnIABbl HAX00M WUPOKOe NPUMEHEHUe NPU NPOU3800CHmeEe IeMAameibHblX annapamos
8 C8A3U CO CB0€ll NPOYHOCTNBIO, 1e2KOCbIO, YCIMOUYUBOCIbIO K KOPPO3UU, HE0OX00UMOU 2IeKMPOonpo8oo-
Hocmuio. TIpu 5mom ucnonvzyemvle 6 OANbHEUUUX NePedesax KOCMUYECKOU NPOMbIUIEHHOCTIU A/IOMUHUE-
eble CIUMKU OOJIICHbL UMEMmb 8blcoKoe Kavecmgo. Texwonocuueckue npobremvl u 6Opax 603HUKAIOM HpU
HecoOMo0eHul MeMnepamypHblX, CKOPOCHHbIX U OPY2UX MeXHOL02UYEeCKUX NaApaMempos8 Iumbsl, a maxoice
npu usmenenuu pexicumos. Llpu smom rumetinvie npoyeccol AsMOMAmMuU3UPOBSAtsbl YACMULHO, YeI08eUeCKUlL
Pakmop 3HauuUmMenbHO GIUsAem HA Kauecmeo npooykyuu u bezonachocmo pabom. [losmomy asmomamu3sa-
YUsL DMUX CTONACHBIX NPOYECCO8 C UCHOTb30BAHUEM MAMEMAMUYecKUx mooeneil 0Jil npeOCKA3aHusi napa-
MEMPOs IUMbsL AGNAEMCIL AKMYAIbHOU 3A0aYell.

Llenv pabomul — coz0anue mamemamuyeckux Mooenei, OOCMYNHbIX 0I5l UCHOLb308AHUSL 8 CUCIEeMAX
aA8MOMaAmMu3UpoOBaAHH020 ynpasieHus mexvono2uveckum npoyeccom (ACYTII), a maxoce pazpabomiu
yu@dposo2o 08olHUKA.

B pabome npedcmasnenvt ynpowennvle opmyavl 018 MOOEIUPOBAHUS PACHPeOeeHUs MeMnepamypol
QNIOMUHUEB020 CIUMKA 8 NPOoYecce JUMbsl, OXAANCOCHUS MEMALLA NPU OBUINCEHUU NO MemALIOMpPaKmy,
BbINOIHEHbI MECMOBble PACHEembl PACIPEOeleHUst MeMNepamyp GHYMpU CIUMKA npu O0OCMUNCEHUU CIUM-
KOM (PUKCUpOBAHHOU ONIUHDL.

Pesynomamul smoti pabomvi mo2ym 6binis UCHOIb3068akbl OISl NOGIUEHUSL IPPHEKMUSHOCIU U MOYHO-
Cmu YRpagieHust RpoyeccoM Uumbvsl AIIOMUHUESbIX CAUMKOS, OISl UCKTIOYEHUsl ABAPULHBLX CUMYAYUL.
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Part 3. Technological processes and material science

Aluminum alloys are widely used in the production of aircraft due to their strength, lightness, corrosion
resistance, and necessary electrical conductivity. At the same time, aluminum ingots used in further proc-
essing of the space industry must be of high quality. Technological problems and defects arise when tem-
perature, speed, and other technological parameters of casting are not observed, or when modes change.
At the same time, foundry processes are partially automated; the human factor significantly affects product
quality and work safety. Therefore, automation of these complex processes using mathematical models to
predict casting parameters is an urgent task.

The goal of the work is to create mathematical models available for use in automated process control
systems (APCS), as well as for the development of a digital twin.

The work presents simplified formulas for modeling the temperature distribution of an aluminum ingot
during the casting process, cooling the metal when moving along a metal path, and test calculations of the
temperature distribution inside the ingot when the ingot reaches a fixed length.

The results of this work can be used to improve the efficiency and accuracy of controlling the process of
casting aluminum ingots, to eliminate emergency situations.

Keywords: mathematical model, semi-continuous casting of aluminum ingots, digital twin.

Introduction

Aluminum is one of the lightest metals, therefore it is widely used in the aerospace industry, where
minimizing weight is a critical factor for improving efficiency and fuel economy. At the same time,
aluminum has high strength, which makes it possible to create lightweight components with sufficient
strength to withstand high loads during flight. Aluminum is also highly resistant to corrosion, which is
an important quality for materials used in the aerospace industry. The air and space environment can
be aggressive, so materials must retain their properties and durability for a long time.

The casting process of aluminum ingots is an important part of industrial production in various
industries, and the quality and mechanical properties of the resulting ingots depend on effective
control of the casting process and control of temperature distribution during solidification.

However, traditional methods of control and optimization of the casting process based on trial and
error can be time-consuming, expensive and limited in accuracy. In this regard, mathematical modeling
becomes a powerful tool for optimizing and controlling the casting process of aluminum ingots[1].

The process is characterized by technological problems and defects, such as porosity, cracks,
liquation surges, thermal stress and deformations, which negatively affect the quality and reliability of
the ingots obtained. Deffects usually occur when casting technology is violated, recipes are not followed,
or new casting recipes are tested. A mathematical model that reflects the cooling rate of the metal inside
the ingot during casting, allows you to predict and analyze the thermal processes occurring inside the
ingot during cooling, and provides information about temperature gradients and heat distribution.

The use of a mathematical model allows for virtual experiments and optimization of process
parameters in order to improve the quality of ingots and prevent possible defects [2]. Important
parameters that can be optimized using such a model are the temperature of the melt and the
environment, as well as external factors such as heat exchange with the crystallizer and the cooling rate.

In addition, from the point of view of safety, it becomes possible to control the thickness of the crystallized
layer of the ingot at the outlet of the mold, thereby preventing metal breakthroughs into the caisson.

At the same time, if we consider a mathematical model for use in a digital twin [3] of a casting unit,
it should be computationally efficient and capable of producing results in a reasonable time. The
model should be flexible and customizable for various types of ingots, alloys and casting processes, as
well as validated and verified using experimental data.

Technological process

The technological process of casting aluminum ingots is carried out using the method of semi-
continuous casting. The molten raw aluminum is transported in vacuum buckets from the electrolysis
production buildings to the foundry and poured into a mixer with a capacity of 40-100 tons. In the
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mixer, the metal is mixed, settled and reaches the required temperature with the help of heating
elements located in the upper part of the mixer.

When the required characteristics of the metal are achieved, the casting process begins. Aluminum
is supplied through a metallotract to a casting machine designed for fixing casting equipment, forming
ingots of the required cross-section (crystallizers) and length. For casting technical aluminum
(AISi7MgSr, AlSi3, AlSi3Sr), crystallizers with a size of 700400 mm are usually used. Aluminum
enters the water-cooled mold through an adjustable valve and begins to crystallize from the walls of
the mold to the center. At the same time, the pallet, located at the start in the lower part of the mold,
begins to move vertically downwards and moves until the ingot reaches the required length [4]. This
technology for modern casting cascades has the ability to regulate the amount of incoming cooling
water to the mold, the speed of lowering the pallet, the volume of metal coming from the mixer into
the mold and its temperature in the mixer.

Mathematical modeling to control the casting process

In accordance with the process discussed above, in order to develop a complete digital model of the
operation of the devices and their interaction, it is necessary to consider heating the metal in the mixer,
releasing the metal from the mixer, metal flowing through the metallotract, pouring metal into the
compartments of the casting machine and, in fact, the process of casting ingots itself. Previously, we
considered the technology of feeding metal from a mixer into a metal tract for a rotary and stationary
mixer and developed control algorithms based on mathematical models [5]. Let's focus on the last
points in this article.

A model of metal cooling during passage through a metallotract

The first unit of the construction is a mixer for the preparation of the melt. The temperature of the
metal at the outlet of the furnace entering the tray (7') is known.

At a steady casting speed U and the size of one mold S, = 700x400 mm, the metal consumption
on the casting table of 4 molds will be equal to

QM:4.SKp.U.H' (1)

Provided that the level in the tray is maintained at the same point, the metal consumption in the tray
can be considered equal to the consumption on the casting table. Knowing the dimensions of the tray,
we calculate the area of its cross-section S

Then the speed of movement of the metal in the tray when it is filled by 80 % will be determined as
follows:

Oum

9 2
S, 0.8 @

M

To calculate the temperature of the metal in the tray T',, we use the thermal conductivity equation

for a moving medium. In the stationary case, neglecting thermal conductivity in comparison
with advective transfer, similar to the work [6], we use the equation

oT,
p-c-Uy 'a_xM:_KM—E(TM _TE)_KM—I[H(TM _TZ[H)_KM—CT(TM —TItr), (3)

where K ;; are the heat transfer coefficients; ¢ is the specific heat capacity; p is the density of the
metal; T g is the ambient temperature; 7 py is the temperature of the bottom of the tray; 7 cr is the
temperature of the walls of the tray; x is the axis directed along the tray.

His analytical solution, taking into account 7', will be

Ty -ky—a)-e™ +a
ko

TM (X) H (4)

1

where ky =Ky g+ Ky + Kyv-crs @a=Kyp Tg + Ky - Tg + Kot Ters b:—p T
c-Uy
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Table 1 presents the initial data for calculating the cooling of the metal as it moves along the

metallotract.
Table 1
Initial data for calculating the temperature of the metal in the metallotract
Parameter Meaning Dimension
Density of the liquid phase of aluminum (p) 2450 kg/™
Heat capacity of the liquid phase of aluminum (c) 1100 J/(kg'K)
Casting Speed (U1) 75 mm/min
Crystallizer area (S kp) 0.28 m’
Tray cross-sectional area (S) 0.0279 m’
Metal-wall heat transfer coefficient (K y_ct) 400 W/m™K
Metal-bottom heat transfer coefficient (K v_gortom) 400 W/m™K
Metal—air heat transfer coefficient (K v) 50 W/™-K
Wall temperature (rsr) 80 °C
Bottom Temperature (7 pay) 90 °C
Air temperature (7v) 20 °C
The initial temperature of the metal (7)) 705 °C
Length of the metallotract 2.5 M

Table 2 shows the calculated values of the metal temperature at several points of the path. With the
initial data of Table 1, the cooling of the metal from the die to the entrance into the casting machine
was 10 ° C.

Table 2
The results of modeling the temperature of the metal in the path
Distance from Distance from Distance from
the flight deck, Tm(x), °C the flight deck, Tm(x), °C the flight deck, Tm(x), °C
m m m
0 705 1 701.27 2 697.58
0.2 704.25 1.2 700.53 22 696.84
0.4 703.50 1.4 699.79 2.3 696.47
0.6 702.76 1.6 699.05 2.4 696.10
0.8 702.02 1.8 698.31 2.5 695.74

The model takes into account a number of factors such as the initial temperature of the metal,
geometric parameters, thermal conductivity of materials, flow rate and temperature of the cooling
medium.

The results obtained using the metal cooling model during passage through the metallotract were
compared with real experimental measurements. The comparison showed a good agreement between the
model and the measurements, which confirms the adequacy of the model.

A set of models for calculating continuous casting of an ingot

Of course, continuous casting of ingots is a complex thermophysical process and, from the point of
view of classical modeling, it is necessary to carry out two- and three-dimensional calculations, as the
authors of the articles [7-10] do. But our task is to make simplified models and schemes for fast
calculations in the automated control system. At the same time, we try to decompose the problem of
the three-dimensional process in two dimensions: in height and width of the ingot.

The processes also need to be divided into casting stages: the initial stage is the filling of molds; the
acceleration stage is a gradual increase in casting speed and water consumption; the steady—state mode
is the movement of the platform at a constant speed.
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The models described below are suitable for all stages, but we will perform calculations for a
steady state with a constant lowering speed of the casting platform.

Figure 1 identifies four regions for modeling the temperature distribution in the ingot section:

I - cooling of the metal in interaction with the crystallizer;

II — the formation of an air gap between the ingot and the crystallizer, water does not enter this
region;

III — the beginning of the water supply to the walls of the ingot, there is a hole;

IV- all surfaces are in the water, there is no hole.

The depth of the hole in flat ingots can be expressed by the equality of [11; 12]:

1
[q+ECY(TKP _TH)]'VHb2
20 (Typ = T,,)

hy = , Q)
where ¢ is the heat capacity of the solid phase; y is the density of the solid phase; b is half the
thickness of the ingot; ¢ is the specific heat of crystallization; 7T kg is the crystallization temperature;
v ;— casting speed; A — thermal conductivity of the alloy; 7'y is the temperature of the outer surface.

Introduction of the coordinate system. The origin of coordinates is located on the surface of the
liquid metal in the middle of the long side, the y axis is directed downward in the direction of
movement of the table, the x axis is in the middle of the longitudinal side.

Puc. 1. Pasz[eneHI/Ie CJIUTKA Ha 00JIaCTH B IIpouecce JIUThA.
BBCI[GHI/IG CHUCTCMbI KOOPANHAT

Fig. 1. Dividing the ingot into regions during the casting process.
Introduction of the coordinate system

The temperature distribution over the height of the ingot, taking into account the speed of its
movement, is considered similarly to the model of temperature distribution and crystallization of a
moving metal in a casting wheel [13]. We consider the movement along the y axis and , accordingly ,

the temperature only along this axis T (¢,y) . Moreover, we will make assumptions that all dynamic
changes along the y axis consist in a change in the casting speed, in our terminology, the speed of
metal movement.

The complete equation of heat distribution in moving media is given, for example, in [14]. In our
assumptions, the following equation is the starting one:

2
pcv LT o, ©)
oy 6x2
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where T is the temperature of the moving medium; p is the density; C is the specific heat capacity; A is
the coefficient of thermal conductivity; O — internal heat sources; x, y are coordinates; U is the speed

of movement of the platform (casting).
Introduction of the average temperature values for the thickness of the layer (in x coordinate):

p=l [ Tax. (7)
67)(/2

Here & is the thickness of the ingot (on the long side); & = X is the longitudinal size of the ingot.
Integration of the equation (6) according to the thickness of the ingot:

pCUd_T=&81 _Aror +0. (®)
dy & 0ox|,_—X & ox|_X
2
We use boundary conditions:
oT orT .
A— =A— =o,(T), -T,), 9
ax X:_i ax XZ& 1( M 1) ( )

where T;is the outer temperature at the current calculation stage (i = 1, 2, 3, 4 — crystallizer, gap,
water, water) and «, is the corresponding heat transfer coefficient.

Then we get the following equation:

[ 20, o
pCUfl—T = —%(T ~T)+0.
g (10)
To proceed to a numerical solution, we present the ratio (10) as a difference scheme:
T e A e
7 =7 4 Ay . (11)

pCU

The initial condition for equation (10) is the temperature of the metal at the outlet of the
metallotract, calculated by the formula (4). O sources are present in regions I, I, and III due to the
release of heat during metal crystallization.

Thus, according to the formula (11) with the set casting parameters, we obtain the average
temperature value for the thickness of the ingot, T (v), which we will coordinate as the initial condition

for calculating the temperature change in the thickness of the ingot.
We formulate boundary problems for the heat transfer process in the selected regions.

The region I is characterized by coordinates 0<y < y; OSxS?(Flg. 1), a one-dimensional

equation of thermal conductivity is used:

o1, . O°T,
Clpla_tlzll?;- (12)

Boundary conditions:

n _ =T/2=1,,
oT, (13)
M= =—o (T, =Tgp),
1 o X:K 1( 1 KP)

2

where T is the temperature of the crystallizer. The initial condition: T;(x,0)=T),.
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RegionII - y, <y < yy; Oﬁxﬁg:
oT, T,
Copy—==hy—=. 14
2P2 o 2752 (14)
Boundary conditions:
n| =T +222=7
2| 1 5 e
ar (15)
hy—2  =—0,(T,-T :
275 x 2 (T = Tgozp)
2
The initial condition: T, (x,0)=T,.
. X
Region Il - y, < y < ys; OSxSE.
In this region, the coordinate is y;linked to the depth of the hole (5) and can change.
T, o°T,
Cp3—==A . 16
3P3 o 32 (16)
Boundary conditions:
I V:():f(yz + 23 ;yz):fma
aT. . a7
M—2  =-04(T;-T :
3o x 3(T5 = Tsopst)

2

The initial condition: 75(x,0)=T7,.
X . . .
Region IV -y, <y<y,; 0< xSE.In this region, the metal has completely crystallized, water

cooling occurs:

oT, o°T,
Cpy—=A . 18
4P4 o 4 o (18)
Boundary conditions:
A y —y A
T, _0=T(y3 +%):TIV9
or, . (19)
— =—o,(T, T, .
“Tor x 4(Ty = Teoppr)

2
The initial condition: T, (x,0)=17,,.
The numerical solution of the boundary value problem is found according to an explicit scheme. A
uniform coordinate difference grid is introduced. Ax=x;, —x;, x;, =0, x; =X /2, 1<i<ii.Grid

equations for internal points, where A ¢ is the time step (index 7), are written
At A
T=7""+ — ="' 21"+ . 20
i i 2 Cp( i+l i i-1 ) ( )

For the boundary points, x;; =X /2relations are obtained for calculating the temperature on the

Ti;:[O"XA’“.THCJFT,.;’IJ/[“;&A"ﬁLq, Q1)

ingot wall:
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where Ty is the temperature of the external environment; o is the coefficient of heat exchange with

the external environment; A is the thermal conductivity of the metal in this region of the ingot.

The calculation procedure based on the simulation model of the casting machine will be as follows:

1. Calculation of the temperature change of the metal as it moves along the metallotract according to the
formula (4). The temperature value at the end of the path is considered the initial condition for the next
step.

2. Calculation of the depth of the hole at the specified casting parameters according to (5).

3. Numerically solving equation (10), we obtain the temperature distribution over the height of the
ingot.

4. We find the temperature distribution over the thickness of the ingot in the middle of region I, the
temperature of the ingot walls, numerically solving tasks (12) and (13).

5. We find the temperature distribution over the thickness of the ingot in the middle of region I, the
temperature of the ingot walls, numerically solving tasks (12) and (13).

6. We find the temperature of the ingot walls in the upper part of area III, since it is here that an
accident may occur due to water entering an insufficiently crystallized surface.

7. We find the temperature distribution over the thickness of the ingot in the middle of area I, the
temperature of the ingot walls, numerically solving tasks (12) and (13).

8. We find the temperature distribution over the thickness of the ingot in the middle of region I, the
temperature of the ingot walls, numerically solving tasks (12) and (13).

9. We change the height of the ingot, go back to calculating the depth of the hole (step 2).

The numerical solution of problems (12)—(19) is carried out according to the difference schemes
(20) and (21).

Calculations of ingot temperatures during the casting process
Test calculations of the temperature distribution in the ingot were performed based on the formulas
obtained and the calculation procedure presented. The initial data for the calculation are given in Table 3.

Table 3
Initial data for calculating ingot temperatures
Parameter Meaning Dimension

Density of the liquid phase of aluminum (p) 2450 kg/™
Heat capacity of the liquid phase of aluminum (c) 1100 J/(kg-K)
Casting Speed (U L) 0.00108 m/sec
Length step (Ay) 0.01 M
Coefficient a (metal — metal) 1000 W/™-K
Ingot thickness (8) 0.7 M
Crystallizer temperature (T'y,) 200 °C
Water temperature 25 °C
Metal temperature (7',) 695 °C
Heat of crystallization 390000 J/kg
Coefficient o (metal — metal) 700 W/™-K
Coefficient a (metal — metal) 3000 W/™-K
Air Gap Temperature (air) 300 °C
Liquidus temperature 622 °C
Solidus temperature 570 °C
Density of the liquid phase of aluminum (p) 2710 kg/™
Hole height (H ) 0.43 M
Heat capacity of the liquid phase of aluminum (c) 1027 J/(kg-K)
Thermal conductivity of aluminum (L) 203.5 W/m-K
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Calculations were performed at the moment when the ingot reached a height of 5 m. Figure 2 shows

the temperature distribution over the height of the ingot T( y) for the casting parameters of Table 1.
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Fig. 2. Graph for calculating the temperature of the ingot by height
Presentation of the graphs of calculations of the horizontal temperature distribution for region II

(y from 0.15 to 0.2 m). Figures 3 and 4 show the calculation at different points in time from the
beginning of the calculation (from the beginning of the receipt of new metal in this region).
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PaccroAHMe OT LeHTpa CAUTHE 40 DOKOBOM rpaHM, M

Puc. 3. I'paduk pacnpesieneHus: TeMIepaTyphl CIMTKA 10 TOPU3OHTAIH,
o6nacts II B MOMeHT Bpemenu ¢ = 60 ¢

Fig. 3. Graph of the horizontal temperature distribution of the ingot
in region II at time 7 = 60 s

It can be seen that the temperature distribution becomes almost linear 5 minutes after the start of
the calculation (Fig. 4). At the same time, the minimum temperature reached by the end of the ingot in
this region during prolonged cooling is 350 ° C.

For the analysis of region III, we will consider not the middle, but the beginning of this region, since
this place is of the greatest interest. It is here that, with an insufficiently crystallized outer crust, metal spills
are possible. This place corresponds to the height of the ingot y = 0.2 m.

Fig. 5 shows that with the specified casting parameters, the solidus point is located at the moment
the ingot leaves the mold (30 seconds after the start of the calculation) under a stream of water at a
distance of 10 cm from the ingot surface, i.e. there is 10 cm of solidified metal. 3-5 seconds after the
start of the calculation, the solidus point is located at a distance of 4-5 cm from the end of the ingot.

It should be noted that the models presented above are not complete for determining such an
important point as the thickness of the solidified metal at the end of the ingot when going under water
cooling. As an initial condition for region III, it is necessary to take not the average temperature of the
layer, but the temperature distribution along the x coordinate at a certain design moment when
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calculating layer II. This can be applied to all regions except I, but for this it is necessary to correctly
correlate the casting speed, i.e. the movement of the ingot, with the calculation speed. In the future, this
will be done, but for now, the estimates of the temperature distribution can be considered maximum and
quite suitable for determining the temperature stabilization time in the ingot.
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Fig. 4. Graph of the horizontal temperature distribution of the ingot,
region III, at time ¢ =300 s
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Fig. 5. Graph of the horizontal temperature distribution of the ingot
in region III at time =30 s
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Fig. 6. Graph of the horizontal temperature distribution of the ingot
in region III at time = 1200 s
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Thus, Figure 6 shows the steady-state temperature distribution in the ingot in region III 20 minutes
after the start of the calculation. Of course, this area has already gone lower over time, a new metal has
entered the region and the calculation is rather a test value for checking the model.

The calculation results for regions I and IV are shown in Table. 4 and 5.

Table 4
Calculation results for region I
Time, Distance from the center of the ingot to the outer boundary, m
sec 0 0.46 0.93 0.14 0.21 0.26 0.3 0.35
0 675.0 675.0 675.0 675, 675.0 675.0 675.0 604.6
120 675.0 672.3 667.5 658.0 628.3 594, 547.1 488.6
1200 675.0 644.6 614.1 583.5 537.5 506.7 475.9 444.9
Table 5
Steady-state temperature distribution for region 4 (y =1 m)
Time, Distance from the center of the ingot to the outer boundary, m
sec 0 0.46 0.93 0.14 0.21 0.26 0.3 0.35
1200 82.2 75.9 69.6 63.2 53.6 47.2 40.8 34.7

To verify the adequacy of the model, it is necessary to compare it with experimental data. But in
the described technological process, it is possible to measure the temperatures of only the metal in the
metallotract. All other surfaces of the ingot and tooling are closed or in water. We measured the
surfaces of the finished ingot just extracted from the casting machine and performed calculations using
ProCAST software [15]. We can talk about the qualitative compliance of the above calculations with
possible measurements and calculations in the ProCAST software. For more accurate identification of
models in the future, it is necessary to carry out calculations with a change in the height of the ingot,
comparing the casting speed and calculation time for the width of the ingot, adjusting the initial
conditions in some regions.

Conclusion

The article presents simplified formulas for modeling the temperature distribution of an aluminum
ingot during the casting process. The main intention was to create formulas available for use in
automated process control systems in order to develop a digital twin.

These formulas are based on key parameters such as the initial temperature of the molten aluminum,
the ambient temperature, the casting speed and the thermophysical coefficients of the ingot material.
They represent a compromise between accuracy and computational complexity, which makes them
possible for use in automated control systems. The implemented algorithm for calculating the
temperature of the ingot based on the proposed formulas will allow operators and engineers to quickly
obtain information about the temperature regime of the ingot in real time.

Further research and experience can help to improve and expand the presented formulas and
algorithms, introducing innovations in the field of control of the casting process of aluminum ingots.
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