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REZUMAT / ABSTRACT

L a departamentul Stiinta Materialelor de la Universitatea Transilvania din Brasov au fost realizate mai multe
modele matematice si softuri pentru simularea solidificarii pieselor turnate.

in lucrare este prezentat modelul matematic pentru simularea solidificarii pieselor turnate din aliaje eutectice.
Modelul matematic utilizeaza metoda diferentelor finite. Modelul matematic are particularitatea ca ecuatia de bilant
termic a elementelor de volum in care este divizatd piesa turnata, este explicitatda in noua cazuri. Cazurile sunt
stabilite in functie de temperatura initiala si de temperatura finala a elementelor pentru un interval de timp. Acest
mod de lucru are avantajul ca face posibila modelarea solidificarii la temperatura constanta. Modelele matematice
utilizate de alte softuri sistematizeaza calculul numai in functie temperatura initiala a elementelor de volum. Din
aceasta cauza aceste modele nu pot reproduce solidificarea la temperatura constanta (cazul metalelor pure si al
aliajelor eutectice). Pentru a simula solidificarea aliajelor eutectice si a metalelor pure, aceste softuri considera ca
aceste aliaje se solidifica intr-un interval de temperatura foarte mic.
in final sunt prezentate date privind structura softului si rezultatele (despre solidificarea pieselor turnate) pe care
acesta le furnizeaza.

A t the Department of Materials Science from Transilvania University, Faculty of Materials Science &
Engineering, were developed some mathematical models and software for the computer simulation of

casting solidification.
The paper presents a mathematical model for computer simulation of eutectic alloys. The mathematical model uses
the finite differences method. Mathematical model has the peculiarity that thermic balance equation of the volume
in which the cast piece is divided, is explained in nine cases. The cases are set depending on the initial and final
temperature of the elements for a period of time. This work method has the advantage that it makes the modeling of
solidification possible at a constant temperature. The mathematical models used by other software gives only a
systematization of calculations depending on the initial temperature of the volume elements. That is why these
models cannot reproduce the solidification at a constant temperature (in the case of pure metals and eutectic
alloys). To simulate the solidification of eutectic alloys and pure metals, these software take into consideration that
these alloys solidify in a very short temperature interval.

In the end of the paper, are presented data regarding to the structure of the software and the results (of the
solidification of castings) that it provides.
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1. INTRODUCERE 1. INTRODUCTION

Solidificarea pieselor turnate din aliaje metalice are o The solidification of the casting from metal alloys has
mare influentd asupra calitatii acestora. Defectele cele a great influence over their quality. The most frequent
mai frecvente determinate de solidificarea pieselor defects determined by the solidification of the cast
turnate sunt retasurile. Acestea sunt goluri cauzate de parts are the shrink holes. These represent funnels

Metallurgical Research Institute & Bucharest Chamber of Commerce and Industry & Transilvania University



V. Monescu, . Ciobanu, S.I. Munteanu, V. Geaman, A. Crisan

contractia aliajelor la solidificare. Masurile tehno-
logice pentru eliminarea acestor defecte din piesele
turnate se bazeaza pe cunoasterea evolutiei campului
de temperatura din ansamblul piesa turnata - forma in
timpul racirii si solidificarii aliajului.

Este necesar sa se cunoasca in primul rand pozitia
nodurilor termice, deplasarea frontului de solidificare
si evolutia cantitatii de aliaj lichid din maselota.

Cea mai avantajoasd metoda pentru studiul solidi-
ficarii pieselor turnate in vederea eliminarii retasurilor
0 constituie simularea solidificarii cu ajutorul calcula-
torului [4, 5].

2. SCOPUL LUCRARII

La departamentul Stiinta Materialelor de Ia
Universitatea Transilvania din Brasov, Facultatea
Stiinta si Ingineria Materialelor, au fost realizate mai
multe modele matematice si softuri pentru simularea
solidificarii pieselor turnate [1, 2, 3].

Acestea se referd la solidificarea pieselor turnate din
aliaje eutectice, din aliaje hipoeutectice si din aliaje de
tip solutie solida.

In lucrare este prezentat modelul matematic pentru
simularea solidificarii pieselor turnate din aliaje
eutectice.

Aceste modelele matematice prezinta particularitatea
ca pot sa simuleze solidificarea la temperatura
constanta a aliajelor eutectice si hipoeutectice (ca in
Figura 1).

Pentru a simula solidificarea la temperatura constanta
modelele matematice realizate la Universitatea
Transilvania din Brasov expliciteaza ecuatia de bilant
termic in noua cazuri, in functie de temperaturd la

inceputul si la sfarsitul unui interval de timp "t".

De obicei modelele matematice care stau la baza
sofurilor comercializate pe plan international expli-
citeaza ecuatia de bilant termic numai in functie de
temperatura momentana a elementelor in care este
divizata o forma de turnare. De aceea aceste softuri nu
pot reda exact solidificarea la temperatura constanta.

Ele au la baza modelele matematice specifice aliajelor
care se solidifica sub forma de solutie solida. Se
considera ipoteza ca transformarea eutectica si
solidificarea metalelor pure au loc intr-un interval de
temperatura foarte mic (Figura 2).

Lucrarea prezinta ~modelul matematic pentru
solidificarea pieselor turnate din aliaje eutectice.

De asemenea sunt prezentate date despre structura
softului si rezultatele pe care acesta le furnizeaza.

caused by the alloy contraction when they solidify.
The technological measures to eliminate these defects
are based on the knowledge of the evolution of the
temperature field in the casting unit - the form it takes
while cooling and solidifying.

Firstly, the position of the hot spots is to be known,
together with the movement of the solidification
front and the evolution of the liquid alloy quantity
existent in the feeder.

The most advantageous method to study the
solidification of the cast parts in order to eliminate
the shrink holes is to simulate the solidification with
the help of the computer [4, 5].

2. AIM OF PAPER

The Department of Materials Science from
Transilvania University, Faculty of Materials Science
& Engineering were developed some mathematical
models and software for the computer simulation of
casting solidification [1, 2, 3].

These refer to the solidification of the cast parts from
eutectic, hypoeutectic and solid solution type alloys.

The paper presents a mathematical model for the
simulation of casting solidification of eutectic alloys.

These mathematical models have the particularity
that they can simulate the solidification of eutectic
and hypoeutectic alloys at a constant temperature
(Figure 1).

To simulate the solidification at a constant tempe-
rature, the mathematical models completed at
Transilvania University in Brasov specify the thermal
balance equation in nine cases, according to the
temperature at the beginning and at the end of a "t"
time interval.

Usually, the mathematical models that stand on the
basis of internationally commercialized softs only
specify the thermic balance equation according to the
instantaneous temperature of the elements existent in
the cast shape. That is why these softs cannot render
the exact solidification at a constant temperature.

They have at their basis the mathematical models that
are specific to the alloys that solidify in solid solution.
The hypothesis that the eutectic transformation and
the solidification of the pure alloys take place in a
very short temperature interval is considered
(Figure 2).

The paper presents the mathematical model for the
simulation of the solidification of the cast parts from
eutectic alloys.

Also, data is presented about the structure of the soft
and the results it supplies.
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Fig. 1. Variatia temperaturii utilizata pentru modelarea
solidificarii aliajelor eutectice (a) si hipoeutectice (b)
la Universitatea Transilvania din Brasov
The themperature variation used for dolidification
modeling of eutectic (a) and hipoeutectic (b) alloys at
Transilvania University

3. IPOTEZELE MODELULUI MATEMATIC

Modelul matematic utilizeaza metoda diferentelor
finite. Ansamblul piesa turnata - forma este divizat in
elemente cubice cu latura A. Pozitia unui element in
ansamblul piesi - forma este notata prin trei
coordonate numerice "i,j,k". Acestea reprezintd
numarul de ordine al elementelor pe cele trei axe
ortogonale Ox, Oy si Oz.

In Figura 3 este aratat principiul divizarii formelor si
notarea prin indici a elementelor.
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Fig. 2. Variatia temperaturii utilizatad in mod curent
pentru modelarea solidificarii aliajelor eutectice (a)
si hipoeutectice (b)

The themperature variation curentlly
used for solidification modeling of eutectic (a)
and hipoeutectic (b) alloys

2. HYPOTHESES OF THE MATHEMATICAL
MODEL

The mathematical model uses the finite differences
method. The casting - shape unit/assembly is divided
into cubic elements with the side A. The position of an
element in the cast — shape unit is marked with three
numerical coordinates called “i,j,k”. These represent
the serial number of the elements in the three
orthogonal axis Ox, Oy and Oz.

Figure 3 shows the shape division principle and the
element marking with indices.
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Fig. 3. Divizarea ansamblului formei in elemente finite cubice
Mould assembly divided in cubic finite elements

Timpul total al procesului de simulare este divizat in
intervale de timp "t". Un moment oarecare de pe
parcursul procesului "t," este exprimat prin relatia
Tq = - 7, unde q reprezintd coordonata numerica de
timp. Aceasta are valori intregi cuprinse intre q = 0 si

0 = Omax-

The total time of the simulation process is divided into
"t" time intervals. Any moment on the "ty process is
expressed by the relation tqy = (| - T, where q represents
the time numerical coordinate. This has integral

values between q = 0 and q = Qmax-
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Fig. 4. Notarea temperaturii elementelor de volum si schema transmisiei caldurii
de la un element spre elementele vecine
Volume elements temperature marking and the heat transmission schema
from an element to its neighbour elements

La elaborarea modelului matematic s-au considerat
urmatoarele ipoteze:

contactul intre elementele divizate este perfect pe
toata durata procesului;

transmisia de céldurd in interiorul formei are loc
numai prin conductibilitate in cele trei directii
perpendiculare pe suprafata elementelor discre-
tizate,

procesele de evaporare, de recondensare si de
ardere In peretii formei si de asemenea circulatia
gazelor prin porii formei, se iau in considerare
printr-un coeficient echivalent de transmitere a
caldurii;

schimbul de caldura intre forma si mediul ambiant
se ia in considerare printr-un coeficient de con-
vectie;

se neglijeazd variatia volumului cu temperatura,
cat si la solidificare (ca urmare densitatea se
considera constanta cu temperatura);

se considerara variatia cdldurii specifice, a con-
agregare;

aligjul se solidifica la temperatura constanta,
ipoteza valabild in cazul metalelor pure si aliajelor
eutectice;

se neglijeaza procesele de curgere si de alimentare
in timpul solidificarii.

4. NOTATII

Caracteristicile fizice ale unui element in care este
divizata forma sunt notate prin indicii i,j,k” - pentru
spatiu si ’q” - pentru timp.

4

The mathematical model considers the following

hyp

otheses:

the contact between the elements is perfect during
all the process;

the heat transmission inside the mould is made
only by means of conductivity in perpendicular
direction on the surfaces of the elements;

the evaporation, re-condensation and burning
process inside the walls of the mould, as well as
gases circulation through the pores of the mould,
and we will use an equivalent coefficient of the
heat transmission;

the heat exchange between mould-environment is
done by convection coefficient;

we neglected the variation of the volume with the
temperature as well as the volume variation at
solidification (as result the density is considered
constant with temperature);

we take into consideration the variation of the
specific heat and of the thermal conductivity as
function of temperature and with changing the
liquid-solid state;

the alloy solidify at constant temperature,
hypothesis valid for the pure metals and eutectic
alloys;

the flowing and feeding processes in timpul
solidificarii are ignored.

4. NOTATIONS

The physical characteristics of an element whose
shape is divided are marked with clues “i,j,k” - for
space and “’q - for time.
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Pentru scrierea ecuatiilor se utilizeazd urmatoarele
notatii:

» T\ - temperatura elementului cu coordonatele "i,j,k"
la momentul "q";

. Tij‘fjl- temperatura elementului "i,j,k", la momentul
q+1;

. (TS )ijk - temperatura solidus a elementului ”1,j,k”;

"9 A
1

. fi?k- fractia de solid la momentul ”q” in elementul
”i’j,k,,;
* A - latura elementelor (pasul retelei de divizare);

. (ps )gk - densitatea in stare solida;

. (pL )ﬂk - densitatea 1n stare lichida;

* Ljjk - caldura latentd a elementului "1,j,k”;

(Cs )ﬂk' caldura specificd in stare solidd a
elementului ”i,j,k” la momentul ”q”;

(CL)i(}k_ caldura specifica in stare lichida a

elementului ”1,j,k” la momentul ”’q”;
. (AQi?k )ced - caldura transmisa intre elementul ”1,j,k”

si elementele vecine;

. (AQi?k )m - variatia continutului de caldura masica a
elementul ”i,j,k” ca urmare a modificarii temperaturii
si/sau a starii de agregare;

as! jk- coeficient de transmitere a caldurii la

momentul ”g” intre elementul ”ij,k” si elementul
vecin situat la stanga lui;

od?;, - coeficient de transmitere a caldurii la

momentul ”q”, intre elementul i,j,k” si elementul
vecin situat la dreapta lui;

ahiqjk- coeficient de transmitere a caldurii la

momentul ”q”, intre elementul i,j,k” si elementul
vecin situat deasupra lui;

(Zjiqjk- coeficient de transmitere a caldurii la

momentul ”q”, intre elementul i,j,k” si elementul
vecin situat sub el;

afiqjk- coeficient de transmitere al caldurii la

momentul ”q”, intre elementul i,j,k” si elementul
vecin situat 1n fata lui;

Ottfj'k- coeficient de transmitere al céldurii la

momentul ”q”, intre elementul i,j,k” si elementul
vecin situat in spatele lui.

To express the parameters in the mathematical model
equations, the following notations are assumed:

. Tij‘f(- the temperature of the element with indexes
”i,j,k”, at the "g" moment;

. Tij‘fjl- the temperature of the element with indexes
“i,j,k”, at the "g+1" moment;

. (TS )ijk - the solidification temperature of the "ij,k”
element;

* & - the fraction of solid of the ij,k” element; at

the ”g” moment;
* A - the length of the elements (the step of mesh);

« (o, )ﬂk - the density in the solid state of the “ijk”
element at the ”’g” moment;
. (PL )gk - the density in the liquid state of the "i,/,k”

~

element at the ”’g” moment;
. Lijk - the latent heat of the “i,j,k” element;

» (c, )5, - the specific heat in the solid state of the
"i,j,k” element at the ’q” moment;
y (CL)i(}k— the specific heat in the liquid state of the

"i,,k” element at the t, moment;
. (AQi?k )tr- the heat changed between the ’ij,k”
element and neighbour elements;

(AQi?k )m- the mass heat released by the “ijk”

element as result of temperature modification or
changing the state liquid-solid;
* 08!, - the heat transfer coefficient at the

39y 2

q

element and the element

’ 2

moment, between the "ijk

located on the left side;
- oadf, - the heat transfer coefficient at the "g"

moment, between the “ij,k” element and the element
located on the right side;

« ah!;, - the heat transfer coefficient at the

33 9

q
moment, between the “ijk” element and the element
located up ;

. ajf"j’k- the heat transfer coefficient at the "q”

9. o

moment, between the ”ij,k” element and the element
located below;

. afi?j’k- the heat transfer coefficient at the “q”
moment, between the ijk” element and the
neighbour element located before;

* ot;, - the heat transfer coefficient at the g

moment, between the “i,j,k” element and the neighbor
element located behind.

33 9
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5. ECUATIILE MODELULUI MATEMATIC

La un moment oarecare 14, starea unui element de
volum cu coordonatele "i,j,k" este caracterizata prin

temperatura T;j si fractia de solid &j . Din ecuatia de

bilant termic particularizata pentru un element ”i,j,k”

si pentru un interval de timp ”1” se determind

parametrii TIjk si flﬂf ! pentru momentul urmator

Tq+1. Ecuatia de bilant termic pentru un element “1jjk”
se scrie:

(AQIJK )ced ( Quk)

Cildura schimbati de elementul ”i,j,k” cu elementele
vecine, pe durata unui interval de timp elementar ”t”
intre momentele 1, $i Tg1) se calculeaza pe baza
schemei din Figura 2 si este data de ecuatia:

(AQUk)ced :[ IJk(TIjk
+ahljk(lek —lk)+ajljk(lek

|ljk)+adq]k(T|Jk

|,j+l,k) +

5. THE MATHEMATICAL MODEL
EQUATIONS

At any time 7, the status of each element “ijk” is
characterized by the momentary temperature Ti,-kq and
solid fraction &’. From the thermal balance equation

for an element "\,j,k”, for the elementary time interval

“z”, the parameters T2, £ can be determined for

the next moment tg41.
The heat balance equation for an element ”
written:

1,],k” are

1)

The heat transmitted by the element ”i,jk” to
neighbouring elements, through the six sides, in
elementary time “z” (between moments tq and tq+1) is
calculated based on the scheme from Figure 2 and is
given by the equation:

I+1]k)+

(2)

+ afi,qj,k (Ti,qj,k _Ti,j,k—1)+ati,j,k (Ti,qj,k _Ti,qj,k+l)]'(A)2 T

Caldura masica cedatd de elementul ”ij,k” intr-un
interval de timp ”t” depinde de starea initiald a

elementului la momentul ”q” (caracterizata prin TIJk si
IJk) si de starea finald la momentul "q+1" (carac-

terizata prin T,ﬁ:l si flqﬂ

in cazul aliajelor eutectice la exprimarea acestei
calduri se intadlnesc noua situatii. Aceste cazuri sunt
reprezentate grafic in Tabelul 1.

Ecuatiile detaliate pentru fiecare caz in parte sunt
urmatoarele:

a) Racire in stare lichida si solidificare partialia
(tabelul 1, nr. crt. 2).

Dacd initial la momentul 14 Starea elementului i,j,k”
este caracterizatd prin Ty > T, si & =0, iar dupa
intervalul de timp t, la momentul T4, starea lui este
& €[0:1], atunci

variatia caldurii masice este data de relatia:

. - . 1 .
caracterizata prin Tij?(+ = g 81

(Quk)

b) Racire sau incalzire in stare lichida (tabelul 1, nr.
crt. 1a sau 1b). Daca starea initiala este Ty > Tgy, si
fi?k =0, iar dupd intervalul de timp t marimile de
stare sunt Tk >Tgy, si &i' =0, variatia caldurii

masice a elementului ‘i,j,k” este datd de relatia:
6

pljk [(Tui =T uk) CLIjk + gl?kﬂ ’ Lijk]

3. 9

The mass heat given by the "ij,k” element in a "t
time interval depends on the initial status of the

element at a “q” moment (characterized by T and
i) and the final status at a "g+1" moment

(characterized by T,k and &™)

In the case of eutectic alloys, nine situations are
encountered when expressing this heat. These cases
are represented in the chart in Table 1.

The detailed equations for each case are the
following:

a) Cooling in liquid status and partial solidification
(table 1, no. 2).

If at a ty moment the "ijk” element status is

characterized by T >Tg, and &j =0, and at a
Tq+1  Moment its status is characterized by
Tt =Tgyand & €[01] then the mass variation
heat is given by the relation:

(3)

b) Cooling or heating in liquid status (table 1, no. 1a
or 1b). If the initial status is T,y > Ty, and &G =0,

and after the t time interval the status quantities are
T > Tgand &1 =0, then the mass variation heat

of the "i,j,k” element is given by the relation:
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(A i?k )m =N * Pijk (Tijcll< _Tij(I]<+l)CEijk (4)

Tabelul 1. Cazurile posibile la explicitarea variatiei caldurii masice a elementelor (AQ%)m in functie
de temperaturile T%j si T in raport cu temperatura Tsj = (temperatura solidus)
Table 1. The possible cases for explaining the mass variation heat of an element (40%)n depending
on the T%j and Tq”ijk temperature positioning related to temperature Tsjx = (solidus temperature)

No. | Current temperature | Type of process The graphic of temperature variation
in a T time interval

Cooling in

q g+l
la | Ty > Ty >Ts liquid status

olidus

Heating in liquid

g+l q
1b T.jk >Tijk>T Status

i solidus

Temp [°C] &

q
el

Cooling in liquid
2 | Tk > Toiqus =T | status and partial
solidification

g+l
T

timp[s]

Temp [°C] &

Cooling in liquid T
status, total

3 | Tk > Teoiaus > T+ | solidification and
cooling in solid
status et
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Temp ["C] &
Partial
solidification at
. J— P
4a Tijk =Tootidus = Tijk solidification i
temperature T =T
Tsolidus
2 2] fgn li;p[s]
Temp [*C] &
Partial melting at
q qel solidification
4b | Tige = Tooriaus = Tijx temperature .
T 7;;1 = T;,:l ________ solidus
solidus
2 L fen ﬁ;P[S]
Temp [°C] &
Total solidification
. at solidus
5 | Tik = Teonaus> Tt temperature and
- - - q
cooling in solid T
status 7o
9 2] fgn ti;?p[s]
Temp [°C] 4
Total melting at 1
) solidus T
6 | Tt = Tooiaus < Ty | temperature and
heating in liquid Tk
status
(0]
Temp [°C] &
q+l q Cooling in solid
7a | Ty <Tige <Tootigus status m
T
© b fen ol
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Heating in solid

1
7b Tij?( < Tij(I]: < Tsolidus status

Temp [°C] &

g+1]
T -----

1
il B

ik

Eaﬁa‘w

Heating in solid

Temp [°C] &

l -
8 Tijtll <Totiqus = Tij?<+ status and partial
melting -
T
(0]
Temp [°C] &
Heating in solid
L status, total ol
9 Tijtll < TSoIidus < Tij?(+ melting and ik : :I
i i i i solidus i
heating in liquid :
; 1
status o I : :
0 zl P >

(52 timp[s)

¢) Récire in stare lichida, solidificare totala si
racire in stare solida (tabelul 1, nr. crt. 3).

Daca initial Tij(l > Tsije i ér:i?k =0, iar -I-ijall<+1 <Tsjjesi
& =1, variatia caldurii masice a elementului “i,j,k”

este data de relatia:

¢) Cooling in liquid status, total solidification and
cooling in solid status (table 1, no. 3).

If initially Tz >Tg, and =0, and
Tt <Tggand &) =1, the mass variation heat of
the ”i,j,k” element is given by the relation:

(AQi?k)m = A3 'pijk '[(Tij?( _TSijk) ' CEijk + Lijk + (TSijk _Tij(i:l) ' Cgijk] (5)

d) Solidificare sau topire partiala la temperatura
solidus (tabelul 1, nr. crt. 4a sau 4b).

Dacd la momentul 14, temperatura elementului i,j,q”
este Tix! = Tsik si &i'e[0;1], iar in stare finald la
momentul Ty starea este Tyt = T si &t e[0;1]
variatia caldurii masice este:

(AQi?k)m =A°- Piik (éﬂjl - i?k)Lijk

e) Retopire totalda la temperatura solidus si
incalzire in stare lichida (tabelul 1. nr. crt. 6).

d) Partial solidification or melting at solidus
temperature (table 1, no. 4a or 4b).

If at a  moment the temperature of the element
”i,j,q 7 s Tijkq = TSijk and Cfijkq E[O,l], and in the final
status at a T+, moment the status is T ™" = T and
gfijkq” €[0;1] the variation of the mass heat is:

(6)

e) Total melting at solidus temperature and heating
in liquid status (table 1. no. 6).
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Dacd la momentul t,, temperatura elementului i,j,k”
este Tijkq = TSijk $1 gijqk € [0,1] , 1ar in stare finala Tijkq+1

. 1 . .. - .. .
> T sl fi?,:' = Qatunci variatia caldurii masice este

data de relatia:

(AQuk) = 3'pijk[(Tij?< |J?<+1)CLuk Lijké?k]

f) Solidificare totala la temperatura solidus si
racire in stare solida (tabelul 1. nr. crt. 5).
Dacd la momentul t,, temperatura elementului i,j,k”

este T = Tsijk si é?k e [0:1], iar in stare finald Ty

. 1 e i )
< Tsijk si §Ij‘k+ =1 variatia caldurii masice este:

(AQuk) puk[Luk (1

g) Incilzire in stare solidd si retopire partiali
(tabelul 1, nr. crt. 8).

Daca initial, la momentul t, elementul ”ijk” este
complet solidificat, starea lui fiind caracterizata prin

T < T si &= 1, iar la momentul 1., sarea

elementului este T = Tsy si fractia solida

1 . . o .. . -
flj‘,:' €[0;1], atunci variatia caldurii masice este data

de relatia:
(AQuk) = A pljk [Cljk (Tuk

h) incilzire in stare solida, retopire totala si
incalzire in stare lichida (tabelul 1, nr.crt. 9).

Dacéd la momentul t, starea elementului ”i,j,k” este
caracterizatd prin Ti' < Tsjc si fi?k= 1, iar la
momentul final tq:; starea elementului este Ty™™ >

Tsij st fractia solida le =0, atunci variatia caldurii

masice a elementului i,j,k” este data de relatia:

(AQuk) = S'pijk[cgijk(Tij?(_

i) incilzire sau ricire in stare solida (tabelul 1, nr.
crt. 7a sau7h).

- . - +1 .
Daca Tijc,l <TSijk si éi?k =1, iar Tij?( <'|'Sijk si g‘i?k =1,

variatia cdldurii masice a elementului ”ijk” 1in
intervalul de timp 1 este data de relatia:

(AQuk)

q q CI+1
pljk CSuk (Tuk ijk )

10

Sijk) -(1- i?l:rl

If at a 7, moment the temperature of the "ijk”
element is Ti® = Tgix and ”k €[0;1], and in the final
status Tiy ™! > Tgycand & 1 =0, then the variation of
the mass heat is given by the relation:

(7)

f) Total solidification at solidus temperature and
cooling in solid status (table 1. no. 5).
If at a ; moment, the temperature of the ”ij,k”

element is Tjy* = T and Uk €[0;1], and in the final
status Ty < T and &3 =1 then the variation of
the mass heat is:

Ijk) + CSle (TSuk le?<+l)] (8)

g) Heating in solid status and partial melting (table
1, no. 8).

If initially, at a z, moment, the element “ijk” is
completely solidified, its status is characterized by
Ti' < Tsix and & = 1, and at the moment 7., the

status of the element is T,J‘,‘jl = Tsix and the solid

fraction éij.‘k*l €[0;1], then the variation of the mass

heat is given by the relation:

L] ©9)

h) Heating in solid status, total melting and heating
in liquid status (table 1, no. 9).

If at a 7, moment the status of the
characterized by Ty < sy and &, = 1, and at a 754
moment the status of the element is Ti,-kq+1 > T and

the solid fraction gﬁ?{l =0, then the variation of the

"L,k element is

mass heat of the ”i,j,k” element is given by the
relation:

Tsii) — Lije + CEijk (Tsiji _Tijqkﬂ)] (10)

i) Heating or cooling in solid status (table 1, no. 7a
or 7b).

If T <Tg and &3 =1, while T,J‘?<+1<TSIJk and

i}‘k =1, then the variation of the mass heat of the

“i,j,k” element is given by the relation:

(11)
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6. SCHEMA DE REZOLVARE A
MODELULUI MATEMATIC

Schema de rezolvare a modelului matematic are la

baza inlocuirea relatiilor de mai sus (2 +~ 11) in

ecuaiia (1). Schema logica utilizeaza relatii de

conditio-nalitate, referitoare la temperatura initiala a

elemen-telor discretizate, T, si temperatura finala
q+1

Tijk .

Se porneste de la ipoteza ca intr-o prima faza, dupa

intervalul de timp t, temperatura unui element cu
coordonate i,j,k”, devine egald cu temperatura de

solidificare (deci Tij?(*l: Tsix). In aceastd conditie se

calculeazi fractia solidificata &’ ' la momentul tg;.

In cazul ca fractia solidificatdi calculati nu are
convergentd in intervalul [0,1] se revine asupra
calculului si se calculeaza temperatura finala corecta,

q+1
Tic -
Schema logica a modelului este sistematizata in cele

noua cazuri din Tabelul 1, in functie de Ty si de
T

Softurie utilizate in prezent pe plan international
expliciteaza si rezolva ecuatia de bilant termic numai
in functie de temperatura initiala a elementelor (la un
moment q). [5, 6, 7] Aceasta conduce la o siste-
matizare a rezolvarii in trei cazuri. De aceea, aceste
softuri nu pot simula solidificarea la temperatura
constanta. Din acest punct de vedere modelul
matematic prezentat in aceastd lucrare este mai
precis. [1]

7. STRUCTURA SOFTULUI SI REZULTATE
OBTINUTE

Pe baza acestui model matematic, s-a realizat softul
destinat simularii solidificarii pieselor turnate din
aliaje eutectice. Acesta utilizeaza sistemul de
programare MATLAB.

Programul MATLAB ofera urmatoarele avantaje:

- simplitate in realizarea aplicatiilor ingineresti
care lucreaza cu simboluri, operatori si functii
matematice;

- posibilitatea de lucru cu matrice spatiale de orice
dimensiuni;

- facilititi In prelucrarea matematici i 1n
reprezentarea grafica a rezultatelor.

Softul realizat este aplicabil pentru simularea
solidificarii pieselor turnate din aliaje eutectice, cu
orice geometrie si dimensiuni. Softul este conceput
pentru cazul cand ansamblul cuprinde maximum
patru tipuri de materiale: forma, aliaj lichid, racitori,
miezuri sau vopsele termoizolante.

6. THE MATHEMATICAL MODEL SOLVING

The solving of the mathematical model is based on the
replacement of the relations (2 +~ 11) in the thermic
balance (1). The solving scheme uses conditionality
relations regarding the initial temperature of the

elements (T, ) and the final temperature (Tij‘?(”).

In a first phase we start from the hypothesis that after
the t time interval, the temperature of an element with
i,k coordinates becomes equal to the solidification

temperature (so Tij‘f(”: Tsij. Thus the hypothesis

calculates the solidified fraction 5"‘-‘[1 at the moment

Tg+1.
In case the calculated solidified fraction does not have

any convergence in the [0,1] interval, then the solid

fraction at a moment g+1 is & =0 or &1 =1.

The calculus is reviewed and the correct final
temperature is estimated (Tij?(*l).

Thus the solving is ordered in the nine cases found in
Table 1, according to T and T,&™.

The software that is at present used internationally
develops and solves the thermic balance only in terms
of the initial temperature of the elements (at a g
moment). [5, 6, 7] This leads to o systematization in
three cases. That is why this software cannot simulate
solidification at a constant temperature. From this
point of view, the mathematical model presented in
this paper is more precise. [1]

7. SOFTWARE STRUCTURE AND
OBTAINED RESULTS

On the basis of this mathematical model, the software

was designed to simulate the solidification of the cast

parts form eutectic alloys. This uses the MATLAB
programming system.

MATLAB offers the following advantages:

- simplicity in making the engineering calculus that
works with symbols, operators and mathematical
functions;

- the possibility of working with three-dimensional
mould of any dimensions;

- facilities in mathematical processes and in the
chart representation of the results.

The software is suited for the simulation of the cast
part solidification from eutectic alloys, with any
geometry or dimensions. The software is designed for
the cases when the assembly comprises a maximum of
four types of materials: shape, liquid alloy, coolers,
cores or insulator dye.
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Softul lucreaza cu patru tipuri de fisiere:

- fisiere de lucru in Matlab pentru initializarea
simularii si  efectuarea calculelor (fisiere cu
extensia *m);

- fisierele prin care utilizatorul impune selectarea
rezultatelor dorite (fisiere cu extensia *in);

- fisiere in care sunt afisate rezultatele numerice
ale simularii (fisiere cu extensia *out). Acestea
sunt create automat de soft in timpul rularii;

- fisiere in care sunt reprezentate grafic rezultatele
(fisiere de tip *jpQ).

Softul furnizeaza urmatoarele rezultate privind

solidificarea pieselor turnate:

- timpul de inceput de solidificare a piesei turnate;

- timpul de sfarsit de solidificare a piesei turnate;

- coordonatele nodului termic;

- evolutia temperaturii in oricare punct din
ansamblul piesa turnata - forma de turnare;

- evolutia fractiei de solid in oricare punct al
sistemului piesa turnata - forma;

- evolutia vitezei de incalzire/racire in orice punct
al sistemului;

- evolutia cantitatii de aliaj lichid din sistem;

- evolutia cantitatii de aliaj lichid util disponibil in
maselota;

- evolutia gradientului de temperatura local in
orice punct al sistemului;

- timpul de solidificare in orice punct al sistemului;

- temperatura in orice punc al sistemului la orice
moment;

- harta repartizarii temperaturii in sistem (harta
izotermelor) la orice moment;

- harta deplasarii frontului de solidificare in aliajul
lichid.

Aceste rezultate permit o analiza avansata a
solidificairi pieselor turnate. Pe aceasta baza este
posibila optimizarea tehnologiilor de turnare, in
vederea eliminarii defectelor cauzate de solidificare
din piesele turnate.

Rezultatele obtinute prin utilizarea softului realizat pe
baza acestui model matematic au fost verificate prin
doua metode [1, 2]:

- experimental (prin analiza termica),

- prin comparare cu alte softuri recunoscute pe

plan international.

Ambele verificari au aratat ca softul realizat pe baza
modelului matematic prezentat in aceastid lucrare
conduc la rezultate corecte, compatibile cu procesul
real de solidificare.
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The software works with four types of files:

- scratch files in Matlab for initializing the
simulation and calculus execution (files with *m
extension);

- files where the user asserts the selection of the
desired results (files with *in extension);

- files where you have the numerical results of the
simulation (files with *out extension). These are
automatically created by the software during
simulation;

- files where the results are presented in a chart (of
the type *jpg).

The software supplies the following results regarding

the solidification of the cast parts:

- the beginning time of solidification of the casting;

- the ending time of solidification of the casting;

- the hot spot coordinates;

- the temperature evolution in any point of the
assembly casting — mould;

- the evolution of the solid fraction in any point of
the system casting — mould;

- the evolution the of heating/ cooling speed in any
point of the system;

- the evolution of the liquid alloy quantity in the
system;

- the evolution of the useful liquid alloy available in
the feeder;

- the evolution of the local gradient temperature in
any point of the system;

- the solidification time in any points of the system;

- the temperature in any point of the system at any
moment;

- the map of the temperature in the system
(isotherm map) at any moment;

- the map of the solidification front movement in the
liquid alloy.

These results allow an advanced analysis of the

casting solidification. On this basis, the optimization

of the casting technologies is possible, in order to
eliminate the defects caused by solidification in the
casting.

The results obtained by using the software designed

on the basis of this mathematical model were verified

through two methods [1, 2]:

- experimental (by thermic analysis),

- by comparison to other software, recognised
internationally.

Both tests showed that the software completed on the
basis of the mathematical model presented in this
paper lead to correct results, compatible with the real
solidification proces.



Modelarea matematicd a solidificarii pieselor turnate din aliaje eutectice

[1]

[2]

(3]

[4]

(5]

[6]

[7]

8]

[9]

BIBLIOGRAFIE / REFERENCES

I. CIOBANU, V. MONESCU, S.I. MUNTEANU, A. CRISAN - Simularea 3D a solidificarii pieselor
turnate, Editura Universitatii Transilvania din Bragov, Brasov (Ro), 2010, ISBN 978-973-598-678-0.

V. MONESCU - Realizarea unui program 3D pentru simularea solidificarii pieselor turnate, Teza de
doctorat, Universitatea Transilvania din Brasov, Brasov, 2010.

I. CIOBANU, V. MONESCU, S.I. MUNTEANU, A. CRISAN, M. MASNITA - 3D Mathematical Model
To Simulate the macro-solidification of Castings from Eutectic Alloys, Metalurgia International, nr. 5, 2005,
pp. 3-11, ISSN 1582/2214.

D. STEFANESCU - Science and Engeneering of Casting Solidification, Departament of Material
Engineering, University of Alabama, Tuscalosa, 2001, ISBN 0-306-46750-X.

D. STEFANESCU, C. KANETKAR - Computer modeling of the solidification of eutectic alloys:
Comparation of various models for eutectic growth of cast iron, Departament of Material Engineering,
University of Alabama, Tuscalosa, 1986, pp. 255-262.

D. STEFANESCU - Macro-modeling of solidification. Numerical approximation methods, Departament of
Material Engineering, University of Alabama, Tuscalosa, 2001, pag. 94-115.

V. MONESCU - Realizarea unui program 3D pentru simularea solidificarii pieselor turnate, Teza de
doctorat, Universitatea Transilvania din Brasov, Brasov, 2010.

E. FLENDER, J. STURM - Technical Development Report Thirty Years of Casting Process Simulation,
International Journal of Metalcasting, Schaumburg, Illinois, USA, Vol. 4, Issue 2, 2010, pp. 7-24.

I.T. ANDERSON, D.T. GETHIN, R.W. LEWIS - Experimental Investigation and Numerical Simulation in
Investmaent Casting, Inteernational Journal of Cast Metals Research, vol. 9, 1997, pp. 285-293.

13



