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THE ALGORITHMS FOR AUTOMATED CALCULATION
OF THE FURNACE CHARGE IN SMELTING
AND REFINING METAL

O.b. Kyneypyes, FO.1. Cenxesuu, I'.O. 3inosamna, H.O. Hosikoga. ANTOPUTMH aBTOMATH30BAHOT0 PO3PAXYHKY LIMXTH NPH IUIaBJIeHH] i 10-
BefieHHi MeTary. OTpHMaHHS BUXIHOIO PIIKOro MeTaily 3 MiHIMAIGHUMH BiIXIICHHSIMH BiJ] PerJIAMEHTOBAHOIO XIMIHOIO CKJIA/y € OMHI€IO0 3 TOJIOB-
HUX YMOB BHTOTOBJICHHSI BUCOKOSIKICHMX BHJIMBKIB 3 3aJ1aHUM KOMIUIEKCOM (Di3HKO-MEXaHIUHHX 1 eKCILTyaTaliiiHuX BracTuBocTeil. BaxuBum (axto-
POM € TAaKOXK ONTHMI3aLlis CKIaAY LIMXTH 3 METOIO 3HIDKEHHsI BUTpaT BUpOOHMLTBA. KOMILIeKcH] porpaMHi pillieHHsT sl aBTOMATU3ALLi YIIPABITiHHS
IPOLIECOM ILIABKU HE KOPHUCTYIOTBCS IOMUTOM MAJIHX 1 CEPEIHIX MiAIPUEMCTB Yepe3 BUCOKY BapTICTb i CKiIanHiCTh. Mema: MeToro poboTH € aBTOMaTH-
3allist PO3PaxyHKIB IIMXTH ISl OTPHMAHHS PO3ILIABY i3 3aJaHUM KOMILIEKCOM (hi3MKO-MEXaHIYHHX 1 eKCILTyaTalliiiHNX BIACTHBOCTEH IIUIIXOM PO3POOKH i
peastizaltii BiANOBIIHUX AFOPUTMIB, 110 JO3BOJIIIOTH OTPUMYBATH MIHIMATIBHHUI 33 BApTICTIO CKJIa IIMXTH 3 YpaXyBaHHIM OOMEKEHb 32 KOMIIOHCHTAMH.
Mamepianu i memoou: 3anporoHOBaHO METOIMKY PO3PaXYHKY MacH KOMITOHEHTIB ISl OTPMMaHHs PO3ILIaBY 3a[JaHOro XiMiYHOro CKiiaay. Mojeib
BPAXOBYeE B32€MO3B SI3KI MDK HEOOXIZHIM CKJI/IOM PO3IUIABY y BUIJISIAI MHOXKHHHU XIMIYHUX €IEMEHTIB | MHOKHHM KOMIIOHEHTIB; B CBOIO Uepry, KOK-
HU KOMITOHEHT OITHCYETHCS SIK MHOKHMHA XIMIYHHX eJleMeHTIB. Pesynsmamu: OmicaHo aaropuTMy MepeBipKi KOPEKTHOCTI BUXIIHHX JaHHX 3a Jjara-
30HOM KUIbKOCTI KOMITOHEHTIB 1 38 XIMi4HAM CKJI4/IOM, BU3HAYCHHSI BUXIJHOI MHOXXHHH KOMIIOHEHTIB 3 TIOAQJIBILIMM KOPHI'YBaHHSIM ISl BCTAHOBJICHHS
MIiHIMAJIBHOI CyMapHOi BapTOCTI, aJITOPUTM YCYHEHHsI HA[UTHIIKY XIMIYHOIO eIEMEHTY B PO3ILIaBi. 3aIpOIIOHOBAHA METOAUKA I03BOJISIE HA [I0YATKOBOMY
erari po3paxyHKy BUSBUTH HEAOIMYCTHMI 3HAUCHHS Y BUXITHUX JAHUX. AJITOPUTMH PEaTi30BaHO Y BUTVIl IPOrPAMHOI'O IIPOIYKTY.

Kmouosi cnoea: 1MXTa, po3IUiaB, aBTOMATH30BAaHHH PO3PAXyHOK.

A.B. Kungurtsev, Yu.l. Senkevich, H.O. Zinovatnaya, N.O. Novikova. The algorithms for automated calculation of the charge in smelting and
refining metal. The production of the initial liquid metal with minimal departures from the regulated chemical composition is one of the main conditions
for the production of high-quality castings with predetermined physical, mechanical and operational properties. An important factor is also the optimization
of the composition of the furnace charge to reduce production costs. The program complexes to automate the management of the entire melting process
cannot be claimed by small and medium businesses because of the high cost, complexity and increased requirements for the qualification of personnel.
Aim: The aim of the research is to automate the calculation of the furnace charge for obtaining a melt with a given set of physical, mechanical and opera-
tional properties by developing and implementing appropriate algorithms to obtain a minimum cost composition of the furnace charge, taking into account
the limitations of the components. Material and Methods: Proposed method for calculating the mass of components for obtaining the melt of predeter-
mined chemical composition using the model of initial and output data. The model takes into account the relationships between the required melt composi-
tion in the form of a multitude of chemical elements and a multitude of components, in turn the component is described as a set of chemical elements.
Results: Algorithms for checking the correctness of the initial data on the range of the number of components and chemical composition, determining the
output set of components with subsequent correction for determining the minimum total cost, an algorithm for eliminating the excess of the chemical ele-
ment in the melt are described. The proposed method allows identifying at the initial stage of calculation the unacceptable values in the initial data. Algo-
rithms are implemented in the form of a software product that can be used by small and medium business.

Keywords: furnace charge, melt, automated calculation.

Introduction. The production of the initial liquid metal with minimal departures from the regu-
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lated chemical composition is one of the main conditions for the production of high-quality castings
with predetermined physical, mechanical and operational properties. An important factor is also the
optimization of the composition of the furnace charge to reduce production costs.

Currently, modern large-scale melting plants are equipped with perfect computer systems to
automate the management of the entire melting process, incl. calculation of furnace charge (techno-
logical and economic) and refining the liquid metal to the predetermined chemical composition during
the melting process. Manufacturers of large furnaces already at the design stage install the program
complexes for induction furnaces to calculate and optimize the composition of the furnace charge
components. For example, Otto Junker medium-frequency furnaces are equipped with JOKS furnace
control system, which provides continuous monitoring and automatic control of all technological
operations in the furnace during the melting cycle [1, 2]. ABP Induction Systems GmbH, the largest
and oldest manufacturer of such equipment, EGES, etc., equip its induction furnaces with similar
systems [3, 4]. Industry Siemens offers furnace control systems based on modern automation and
information technology using dynamic process models [5]. There are also known scientific studies
aimed at the integrated automation of large industries [6].

Unfortunately, the program complexes mentioned above and the corresponding equipment cannot
be claimed by small and medium businesses because of the high cost, complexity and increased
requirements for the qualification of personnel.

There are software solutions for the calculation of the furnace charge, providing its minimum
cost. Most often, linear programming methods are used for this [7], which do not allow evaluating the
reasons for the absence of a solution and offering a rather complex process of preparing the initial
data. Proposed software solutions usually do not take into account the available amount of furnace
charge components [8]. Most programs solve rather specific problems of obtaining specific alloys
[9...11]. In all cases, there is no preliminary analysis of the possibility of obtaining the predetermined
chemical composition of the melt at given initial data, the possibility of refining the melt, i.e. selection
and calculation of the number of components for adjusting the quality of metal based on rapid analysis.

The aim of the research is to automate the calculation of the furnace charge for obtaining a melt
with a given set of physical, mechanical and operational properties by developing and implementing
appropriate algorithms to obtain a minimum cost composition of the furnace charge, taking into
account the limitations of the components.

The final software product should be cost affordable and easy to use.

The software being developed should solve the following tasks:

— Accounting the receipt and consumption of components of the furnace charge and determine
availability of the components;

— Preliminary analysis of the initial data in terms of identifying errors and the possibility of
obtaining a solution;

— Finding the chemical composition of the furnace charge that is optimal for technological
requirements and cost;

— Adjusting the chemical composition of the melt according to the results of its rapid analysis;

— Storing and structuring the data on smelting for later analysis.

Materials and Methods. It is necessary to obtain a melt with a predetermined mass massM and
chemical composition. It is allowed to increase the mass of the melt by PercM (or dm fractions,
dm = PercM/100). To obtain the melt, it is required to collect the furnace charge from the available
component inventory. Some components are required. For them, indicate the minimum and maximum
percentage (fraction) in the furnace charge. Other components are needed to adjust the chemical
composition of the melt. For them, fractions are not indicated. Each component consists of a base and
additional chemical elements. The amount of each element in a component is characterized by its
fraction. During the preparation of the melt, the amount of the base and elements of the component
decreases. This should be taken into account using the recovery rate (given in percentages) for the base
and other constituent elements. Also, the recovery rate of a certain element, which is included in
different components, can be different. Each component has a specific cost per unit of mass (kg).
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It is necessary to form a furnace charge that provides the predetermined mass and chemical
composition of the melt and has a minimum cost. The following expression allows us to formalize
the problem

CostCh = ZCostCompMassl. — min,
i=1
where CostCh — cost of the furnace charge, necessary for obtaining a melt of predetermined
chemical composition;
CostCompMass; — cost of amount of separate component;
nce — number of different components.

It is proposed to solve the problem by the gradient method of steepest descent [12...14]. For this,
the following premises are available:

—we can give an informed decision to choose the initial values of the function
CostCh = f{CostCompM,, CostCompM,, ..., CostCompM,.,);

— we can give an analytical solution for choosing the coordinates of motion;

— we can give an informed decision to select the step of changing the coordinates of the current point;

— in some cases, we can determine the reasons for the absence of a solution.

Data presentation. The furnace charge is defined as the set of MEM elements specifying its
chemical composition and the many MCC components providing the fixed chemical composition,
MEMcME, MCCcMC, where ME is the set of all possible elements, MC is the set of all possible
,ne= |ME | .

Each component consists of the base and the regulated elements. We represent the component in
the form

components, nc = |MC

Comp =< nameComp, MCE, KadoptCM , CostComp, MassComp, Fabricator > , (1)

where nameComp € MC — name of the component;

MCE - set of elements that make up the component;
KadoptCM — recovery rate of the basis of the component;

CostComp — cost of 1 kg of the component;
MassComp — available amount of the component, kg;
Fabricator — information about the component manufacturer.
We represent the element of the component in the form
Elem, =<nameE, ,de, ,KadoptE, >,

where nameE, € ME — name of the element (for example, to produce cast iron, this can be C,Si,S).
de, — k-th element’s fraction in the i-th component;
KadoptE, —recovery rate of the k-th element in the i-th component .
The predetermined melt is defined as follows
Mailt =< nameM ,MEM ,massM ,dm >,
where nameM — name of the melt;
massM — required mass of the melt;
MEM — set of elements that determine the chemical composition of the melt;

dm — permissible increase in the mass of the melt.
The elements of the MEM set are defined as follows

Elem; =<nameE ,de; >, j =1,nec,
where de, — j-th element’s fraction in the melt Mailt ;

nec = |MEM | — number of different elements in the melt Mailt .
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To obtain the melt, it is required to calculate the furnace charge, which is determined by the
components’ set MCC which necessary to obtain the predetermined chemical composition. Below is
the expanded representation (1) of the component

Comp,; =< nameComp,, MCE,, KadoptCM ,,Lb,, Hb,, FIRq,, MassCompC,,
CostComp,,MassComp,, Fabricator, >,i =1,ncc,

@)

where Lb, — lower limit of the i-th component’s amount in the melt Mailt (given in fractions of
MassM);

Hb, — upper limit of the i-th component’s amount in the melt Mailt (given in fractions of
MassM);

FIRq, — flag that determines whether a component is required in the melt; if yes, then

FIRq, =1, otherwise — FIRg, =0;
MassCompC, — mass of the i-th component necessary for obtaining the melt Mailt ;
nee = |MCC| — number of different components in the melt Mailt .
The mass of the element nameE, in the melt is determined from its fraction in the melt
massME; = massM x de; .

The amount of the required component nameComp, in the melt is determined by its fraction

M .
Hp, » MassCompC, o
MassM
The mass of the i-th component, which must be taken to obtain the mass unit of the melt, taking

into account the recovery of this component, is determined by the formula

nee;
1- Zdeik nce; J
k=1 Cik

+> ,
KadoptCM, ‘= KadoptE,

J=1

massCompC, =

where nce; — number of elements in the i-tA component.
We introduce the concept of the recovery rate of the component

1

KadoptC, = ———.
massCompC,

The cost of the furnace charge Cos#Ch for obtaining the melt can be determined after determin-
ing the components from which the charge will be made.

Preliminary verification allows you to eliminate errors in the original data. The checks are ar-
ranged in order of increasing complexity of their implementation.

Algorithm 1. Checking the correctness of the ranges of the component set.

It is determined by the sum of the upper limits of required components’ fractions

Sh=>"(Hb,,FIRg, =1).

i=1
If Sh<1, then a set of a given mass of furnace charge is impossible (shortage).
It is determined by the sum of the lower limits of required components’ fractions

SI=>(Lb, FIRq, =1).

i=1

If S7>1, then the set of a given mass of furnace charge is impossible (excess).
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If MassM x Lb, x KadoptC, > MassComp,, FIRq, =1 is at least for one required component, then
this component cannot be used.

If MassM x Hb, x KadoptC, > MassComp,, FIRq, =1 is at least for one required component, then
the upper limit of the mass of this component is unattainable. It may be necessary to set a lower upper
limit value:

MassComp,

Hb, = .
MassM x KadoptC,

Algorithm 2. Preliminary verification of data on the chemical composition.

1. Checking the absence of elements in components.

If there is an element nameE; ¢ MCE, n NameE , € MEM for all [ =1,nc, where MCE, — set of
elements of the Comp, component, nc — number of all components (required and optional), then a set

of furnace charge with the predetermined chemical composition is impossible.
2. Checking the excess of the mass fraction of elements in the required components.

If there is an element namekE; € MEM Ade;, > de; for all i=1,ncc,FIRq, =1, then a set of fur-

nace charge with the predetermined chemical composition is impossible.
3. Checking the melt chemical composition at minimum mass fractions.
The mass of the i-#h required component of the furnace charge by the lower limit

massComp, = massM | KadoptC, x Lb, for i=1,ncc.

The mass of the i-#h required component in the melt is determined

massCompM; = massM x Lb, for i =1,ncc.

The total mass of the components is determined

nce

massChTemp = ZmassCompi .

The mass of the melt is determined

nce

massMTemp = ZmassM ;-

Mass of the j-th element in the melt
massEM ; = massM xd ; for j=1,nec.

The mass of the j-th element entering into all components of the melt

massETemp ; = Zmass Comp, x de; x KadoptE; .

i=1
If for some element massETemp; > massME ,, then the furnace charge set is impossible in terms
of chemical composition (the mass content of the nameE; in component’s set MCC is exceeded).

Algorithm 3. Checking the possibility of obtaining the required chemical composition of the fur-
nace charge.

This algorithm does not take into account the cost of components. As the initial values, we take
the masses of all the required components established on the lower limits. At each stage, the gradient
is determined by the component with minimum mass content of chemical elements. The step of chang-
ing the amount of the component is determined by the largest mass of the component, which can be
taken based on the mass of the melt, limitations on the component’ fraction, and compliance with the
predetermined chemical composition of the melt.
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Missing elements are introduced at the final stage of furnace charge formation by adding optional
components.
1. The components are ranked according to the mass content of the elements relative to the melt.
To do this, we introduce the concept of the ratio of the fractions of each element in the melt and the
component
de,

ed, = d—’ x KadoptE;; .

g
e./

For each component the maximum value of the ratio ed max; is determined. A list of compo-
nents ListComp arranged in ascending order ed max, is compiled. In the future, the component is
determined by its index in the list ListComp .

The variable massMTemp determines the current mass of the melt, and the initial value
massMTemp =0 .

The variable massChTemp determines the current mass of the furnace charge, and the initial
value massChTemp =0 .

The component’s position p is set, and the initial value p=1.

2. The masses of all required components are determined (except Comp ) by the lower limit

massComp, = (massM | KadoptC,)x Lb, for i=lnccni# P,
and the corresponding melt mass

massM ; = massM x Lb, for i =1,ncc Ni# p.

The total mass of these components is determined

massChTemp = ZmassCompi,i p,

and the mass of the corresponding melt

nce

massMTemp = Zmasle.,i £p.
3. The mass of the component p by the upper limit is determined:
massComp , = (massM | KadoptC ,)x Hb ,,
massChTemp = massChTemp + massComp ,,
massM , = massM x pr ,
massMTemp = massMTemp + massM , .
If massMTemp > massM , then the amount Comp, in the current melt decreases:
massComp , = massComp , —(massMTemp —massM ) | KadoptC , .

In this case massMTemp = massM .
4. The total mass of each element entering into all components of the current melt

massETemp ; = ZmassCompi x de,; x KadoptE, .
i=1
If for some element nameE; its mass massETemp, >massEM ;, then the component

nameComp,; with the minimal value ed max; of the element nameE; is determined.

KOMIT'FOTEPHI 1 IHOOPMALIIMHI MEPEXI I CACTEMU. ABTOMATH3ALIISI BAPOBHULITBA



ISSN 2076-2429 (print)
ISSN 2223-3814 (online)

Odes’kyi Politechnichnyi Universytet. Pratsi, Issue 1(51), 2017 67

The excess mass of the element nameE; in the melt is determined
A =massET, —massEM ;.

The furnace charge composition is adjusted by decreasing the mass of the component
nameComp , and increasing the mass of the component nameComp, by a value m that is determined
from the condition for correcting the element:

A+mxde; x KadoptE,;, =mxde, x KadoptE ,, .

Thus

A
m= .
de,; x KadoptE ,, — de; x KadoptE,

If for all elements massETemp , < massME ; , then go to step 6.

If p#1 and for some element massETemp, > massME , , then go to step 5.

5. The mass of the component Comp,, decreases to a value providing a predetermined amount of
the element nameE; in the melt.

For this purpose, the total mass of the furnace charge is corrected:

massChTemp = massChTemp —massComp , .

The total mass of the melt is corrected:
massMTemp = massMTemp —massM , .

The mass of the component is corrected:
massComp , = massComp , — (massETemp ; — massME ) / de;; .
A new amount of melt corresponding to the component p :

massM , = massComp , | KadoptC , .

The new current amount of melt is determined:

massMTemp = massMTemp + massM , .

The new current amount of furnace charge is determined:

massChTemp = massChTemp + massComp , .

Go to step 4.
6 p=p+1.1If p<ncc, then go to step 3.
If

MassM < massMTemp < massM x(1+dm),

then go to step 7, otherwise — go to step 9.
7. Correction of the chemical composition of the furnace charge by the optional components.
For each element, its shortage is determined in massMTemp :

A, =massME ; — massETemp ; .

The elements are ranked in order of decreasing their masses.
Optional components are ranked as follows. One group includes components with the same value

nce, = |MCE1.| (the amounts of different chemical elements in the component). Groups are ranked in

ascending order nce; . Within one group, the components are ranked by increasing the ratio of the mass
of the elements to the total mass of the component.

COMPUTER AND INFORMATION NETWORKS AND SYSTEMS. MANUFACTURING AUTOMATION
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Sequentially, for each element with a missing mass, an optional (corrective) component is deter-

mined, which ensures that the required mass of the element
A,

massCompD, = ————
P de,; x KadoptC,

The total mass of the correcting components is determined
massCompD = ZmassCompD, .

The total mass of the added elements in the melt is determined

massMD = IZ:‘A-’ .
The total mass of all components is determined
massChTemp = massChTemp + massCompD ,
and the current mass of the melt
massMTemp = massMTemp + massMD .

If massMTemp < massM x(1+ dm), then the components can provide the predetermined chemi-
cal composition of furnace charge. Go to step 9.

8. A furnace charge composition is possible if increased dm .

9. The end of the algorithm.

Algorithm 4. Selection of components with a minimum total cost.

1. A list of required components ListCompl is formed in order of increasing cost. Each item of
the list stores a number (index) in accordance with the previously compiled list ListComp . Thus, the
component can be represented in the form

< Comp,,1,,s; >,
where 7, — component index in the list ListCompl ,

s,— component index in the list ListComp .

2. Algorithm 3 is applied, starting with step 2.

3. If the desired composition of the furnace charge is obtained, then the calculation ends. Other-
wise, go to step 4.

4. The component Comp,; with the smallest index s, (for which the condition s, # 7, is satisfied)
is determined.

If such component is found, then the positions of the components Comp, and Comp, are
exchanged (7, =7, —1,s, =s,). If as a result of the permutation, all the elements of the list ListCompl
have received indexes 7 in ascending order, then the furnace charge composition obtained earlier on
the basis of Algorithm 3 is taken as the result.

Otherwise, go to step 2.

The process ends when the desired mass is reached or all elements of the current melt are analyzed.
The results of express analysis can be represented as:

MailtA =< nameM ,{ElemA,} > j =1,nec ,

where ElemA; =<nameE ;,def; >, def, —actual fraction of the element nameE; in the current melt.

The lack of chemical elements is eliminated by adding corrective components. This procedure
does not require special analysis.
If an excess of chemical elements is found in the melt, the following algorithm is proposed.

KOMIT'FOTEPHI 1 IHOOPMALIIMHI MEPEXI I CACTEMU. ABTOMATH3ALIISI BAPOBHULITBA
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Algorithm 5. Elimination of excess of chemical element in the melt.
1. Determine the chemical element nameE; for which the excess is greatest.

2. Determine the component nameComp, containing the smallest amount of element namek; .

3. Determine the mass of the melt m1 which should be poured to adjust the chemical composi-
tion, based on the condition:

ml
KadoptCM,
massM x (def ; —de;)

B def, —de; x KadoptE, | KadoptCM, '

massM x def, —mlxdef; + x de, x KadoptE,; = massM x de,

ml

4. The mass of the component to be added is determined
massComp, = ml/ KadoptCM, .

5. If there aren’t excessive components in the melt, the process is completed. Otherwise, return to
step 1.

Results. In accordance with the above algorithms, the program MixCh was created.

MixCh supports three user groups:

— “Enterprise Management”; privileges — reading and writing data on the availability of compo-
nents in the warehouse, reading data on the conducted smelting;

— “Metallurgist”; privileges — reading and writing data on the composition of the furnace charge,
calculation the furnace charge taking in account with available components;

— “Smelter”; privilege — reading data on the composition of the furnace charge.

The examples of MixCh program windows shown in Fig. 1...3.

The software product was tested for casting the iron mark VC 50-7 in the operating conditions of
the “Aralit S.A.” enterprise (Chisinau). The use of MixCh program ensured fast and qualitative
calculation of the furnace charge, which allowed obtaining the metal with the required chemical
composition.

# | XapakrepucTiika nnaeKn o] o e S
r N
TV = XapakTepucTrka rnnaekuv
I— g—— P—
Mapka cnnasa N2 nnaeku Kon-go, kr
MTOFH pa6OTbI St e ik
I_!epMO;l,: C | 07.10.2016 B MO | 11.10.2016 B XwWmMm. cocTaB KOMMOHEHTHLI WKMXThl Ha cknaae
3nement  Maccosas gons, % Hassanme Mapka Kosnmuecrso, kr
Mapka Konuuecrso, kr Hara c 3.60-3.90 Uyukes it syrys mi 15150
BY 50-7 1980 07.10.2016 Si 140-1.70 YywK OBk HyryH nK2 21800
BY50-7 1960 09.10.2015 s 0.00-0.03 Bosspar Cu Cu20 8600
Bosspar Cu Culs 10450
BY 50-7 2050 09.10.2016
Bosapar B BY50-7 12960
BSOS 190 LET A Cransrioit nom 1A 2560
BY 50-7 1940 11.10.2016 Cranwvas crpysxa C7.3 1325
BY 50-7 2010 11.10.2016 Kaptropusatop rpagut (nopowox) 120
420 1950 07.10.2016 KapBropusatop HedraHOi nex. 85
Deppocunuunii ®e 45 970
€420 2000 08.10.2016
] @20 1240
€420 1990 08.10.2016 R = S
Cu20 2040 10.10.2016 ®eppoxpon X800 140
Oeppomapraney  OMHTS(A) 820
MeHto Buibpate Hasan Nanee

Fig. 1. Window with data on the conducted smelting (for
“Enterprise Management” and “Metallurgist” groups)

Fig. 2. Window for determining the chemical
composition of the furnace charge (for
“Metallurgist” group)
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Fig. 3. Window for selecting melting and its components (for “Smelter” group)
Conclusions. The developed algorithms for automation of furnace charge calculation for obtaining

a melt with the specified characteristics allow significantly reducing the time for task execution,

providing error detection at the stage of task formation and allowing automating the recording of the
availability and consumption of materials. The proposed software product is simple and understandable
for users and is available for organizations with limited financial resources.
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