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Rezumat. Pornind de la expresia analitia campului de  Abstract. Starting from the analytical expression of the
temperatut din ansamblul formh de turnare — piés temperature field from the mould-casting assembly i
turnati, se stabilgte o relaie analitid pentru calculul  established an analytical relation for the castings
constantei de solidificare a pieselor turnate. Sefiga solidification constant calculation. It is verifiethe
valabilitatea acestei rela compardnd rezultatele validity of this relation comparing the results abed
obtinute cu ajutorul ei, cu valorile constantei de with it, with the solidification constant values
solidificare determinate prin simularea solidific pe determined by computer solidification simulatiorheT
calculator. Verificarea s-a efectuat pentru cazokiu verification was made for a plate with thickness20 mm
placi cu grosimea de 20 mm, turdadin fon& cenygie poured from an eutectic grey cast iron in quartzdsa

eutecti@ Tn forme din nisip de cugcu silicat de sodiu. moulds with sodium silicate.
Cuvinte cheie: turnare, solidificare, modelare Key words: castingsimulation, solidification
1. Introducere 1. Introduction
Pentru calculul grosimii stratului solidificat For calculation of the castings solidified

al pieselor turnate n literatura de specialit&ed] layer thickness, in the literature of this field of
este mefionati legea #dacinii patrate a  studies [3, 4] is mentioned the square roots law of

solidificarii, dati de relaia: the solidification give by relation:
g =kit (1)
unde:& — reprezirt grosimea stratului solidificat; where:£ — is the solidified layer thicknedss: time;
t — timpul; k — constanta de solidificare. k — solidification constant.
Aceasi relgaie are avantajul unei mari This relation has the advantage of big

simplitati, Tnsi utilizarea ei este ridic probleme  simplicity, but its utilisation rise problems besau
deoarece valorile constantei de solidificare nu surthe solidification constant values aren’t known.
cunoscute. Aceast constant are valori foarte This constant has very different values dependent
diferite in funcie de natura aliajului, de natura on alloy nature, mould nature and pouring
formei de turnargi de condiiile de turnare. conditions.

Pentru calculul valorii constantei de For solidification constant valueg, in the
solidificarek, n literatura de specialitate [3, 4] este literature of this field of studies, [3, 4] is givehe
dat relaia: relation:

K2 K2

Jn e s e
pLL7k:bS(rSne_TC)—k_bL(TOme_TST\e)—k' (2)

et — \/%) 1-ef (— \/a_L)

unde: p.- reprezini densitatea aliajului lichid, where:p. — the liquid alloy density. — the specific
L - ocldura latend specific a aliajului, latent heat of the alloyys — the heat accumulation
bs — coeficientul de acumulare alaurii a aliajului  coefficient of the solidified alloy;Tsye — solidus
solidificat, Tqre — temperatura solidus a aliajului, temperature of the alloy; ¢T — the contact
Tc - temperatura de contact la intgifa temperature at the interfacg; — thermal diffusivity
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as — coeficientul de difuzibilitate termic al coefficient of the solidified alloy; b— the heat
aliajului solidificat, b — coeficientul de acumulare accumulation coefficient of the liquid alloy;
a aldurii a aliajului lichid, Tome — temperatura Tome — the initial temperature of the liquid alloy
initiala (temperatura de turnare) a aliajului, (pouring temperaturel, — the thermal diffusivity

a — coeficientul de difuzibilitate termic al  coefficient of the liquid alloy;
aligjului lichid.
Aceast relgie a fost stabilit pornind de la This relation was established starting from

expresia analitic a campului de temperatudin  the Stephan-Swartz's analytical expression of the
forma de turnare a lui Stephagi Schwartz. temperature field from the mould. The
Constanta de solidificark nu poate fi explicitat  solidification constant k, can't be deduced
din aceast relaie deoarecek apare atat la (explicit) from this relation, because k appeathat
exponent, catsi ca argument al funiei erf. exponent, and also like argument of theef
Calculul valorilor constantei de solidificare cu function. Solidification constant values calculatio
ajutorul relaiei (2) este dificil, rezolvarea ecti@  with relation (2) is difficult, resolution of this
fiind posibid numai prin metode numerice relation can be possible only by mathematical
utilizdnd programe de calcul specializate. Dinmethods using specially programs for calculation.
aceast cauz relgia (2) nu are aplicabilitate From this reason the relation (2) hasn’t practical
practia pentru atelierele de turnare. applicability for the pouring shops.

Dezvoltarea programelor de simulare a Computer solidification simulation programs
solidificarii pe calculator permite de asemenda s development, permit also to determine the
se determine valoarea constantei de solidificare [ solidification constant values based on relation (1
baza relgei (1) pentru orice congi de turnare. In  for any pouring conditions. In this purpose it is
acest scop se deterraiprin simulare pe calculator determined by computer simulation the casting
timpul de solidificare al unei piese turnate fin solidification time dependent on casting thickness
functie de grosimea peretelui pieseide condiiile pouring conditions. Using this kind of programs in
de turnare. Utilizarea programelor de simulare ithis purpose rise problems with reference to
solidificarii Tn acest scop ridic Tnsi probleme software costs and necessity of some specialists
legate de costul softulyi de necesitatea unor with high qualification in informatics.
specialgti cu grad superior de calificare 1n
informatic.

In cazul in care timpul de solidificarés), a When the solidification timetg’ of a plate
unei pkci cu grosime @’ si racire bilaterai este  with thickness and bilateral cooling is determined
determinat prin simulare pe calculator, constaeta d by simulation, the solidification constank™ is
solidificare kK’ se calculeaz cu ajutorul reldei: calculated with relation:

s 2/ts (3)

2. Determinarearelatiel analitice pentru 2. Determination of the analytical relation
calculul constantei de solidificare for solidification constant calculation
In lucrari anterioare [1], s-aprezentat o In previous papers [1], we presented an

metodi analitid pentru calculul timpului de analytical method for solidification time
solidificare a pieselor turnate cu grosime finjg” calculation of castings with finite thickness’’and

si racire bilaterai. Timpul de solidificare tg’ bilateral cooling. The solidification timetg” for
pentru pécile cu grosime finit si racire bilaterai ~ plates with finite thickness "a” and bilateral
este dat de refia: cooling is gave by relation:

o= T0PE @[c, UTome ~Tome) + LI
16\ ¢ (&5 (s (To ~Tof)?

(4)

unde:a - reprezini grosimea picii; Tome — tempe-  where:a — the castings thicknes$ge — the initial
ratura infiala a aliajului lichid; Teye — temperatura temperature of the liquid alloyJse — solidus
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solidus a aliajului; Ty — temperatura ifalda a
formei; T, — temperatura de contact la inteafaliaj
lichid-forma; L — cildura specifid latent de soli-
dificare a aliajuluic, — cildura specifié a aliajului
lichid; p. — densitatea aliajului lichidy — densitatea
formei; A+ — coeficientul de conductibilitate terniic
a formei;c; — cildura specifié a formei.

La stabilirea relgei (4) s-a consideratac
solidificarea picilor cu grosime finit “a” si racire
bilaterak se termid cand fronturile de solidificare
care pornesc de la cele dosuprafge ale piesei
parcurg distata a/2, intalnindu-se pe axaagii.

Aceast relgie a fost stabili pornind de la
bilantul termic ntre éldura cedat de piesa turnat
pari la solidificarea complét Q.qy si caldura
preluat de forma Q in acest timp. &dura preluat

temperature of the alloy — initial temperature of
the mould; Tc — the contact temperature at the
liquid alloy-mould interfacel. — the specific latent
heat of the alloyg, — the specific heat of the liquid
alloy; p. — the liquid alloy density;sr— mould
density; | — mould thermal conductibility
coefficient;c; — mould specific heat.

At relation (4) establishment was considered
that the solidification of the plates with finite
thickness &” and bilateral cooling is ending when
the solidification fronts, which starts from those
two casting surfaces, transits distana®, and
meeting on, plate axis.

This relation was established starting from the
thermal balance between the transferred heat by the
casting until complete solidificatiorQ.y and the

de forma @k s-a calculat pornind de la expresia absorbed heat by the mo@¥in this time. The absorbed

analitia a campului de temperatuin forma de
turnare, stabilit de Stephagi Schwartz [3, 4] care
este determinatin condiiile urmatoarelor ipoteze:
- suprafga de contact dintre piesa turiat forma
de turnare este plagi infinita;
- grosimea petdor formei este infinig;
grosimile piesei turnate este fihifi egala cu &”;
temperatura imiala a aliajului lichid este
uniforma (Tome);
temperatura imiala a peretelui formei este
uniforma (Ty);
aliajul se solidifia@ la temperatdr constart
(Tsme— metal pur sau aliaj eutectic);
- forma se umple cu aliaj lichid instantaneu (tilnpu
de umplere este zero);
la interfaa metal-formi se stabilgte din primul
moment, o temperatiurde contact inial (Tc),
care Emane constait pari la solidificarea
complet a piesei;
caracteristicile termofizice ale aliajului lich{@,,
cL, pL), ale aliajului solidificatXs, Cs, ps) si ale
formei (\, C;, pr) NU variaz cu temperatura,
transmisia &ldurii in sistemul aliaj-forra are loc
numai prin conduge, conform ecugei lui
Fourier,;
transmisia &durii se face unidirgonal,
perpendicular pe interfa metal-forni;
la momentul solidifigrii complete se neglijeéz
gradientul de temperatuin piesa turnat
Caldura masi& cedai de pie§ s-a calculat
in funaie de dldura specifie masia (c.) si
caldura latert specifia@ (L), neglijandu-se
gradientul de temperaturdin piesa turnat la
momentul solidifi@rii. Cercetirile prin simularea
solidificarii pe calculator au pus in evidénca
gradientul de temperaturin piesa turnat in

heatQ; was calculated starting from analytical expression

of the temperature field in mould, established teplsan

and Swartz [3, 4], which is determined in the cliomi

of the next hypothesis:

- the contact surface between the casting and mould
is plane and infinite (unlimited);

- the casting thickness is infinite;

- the casting thickness is finite and equal wilt "

- the initial temperature of the liquid alloy isatly
(Tome);

- the initial temperature of the mould wall is stea
(Tor);

- the alloy is solidifying at constant temperature
(Tsme — pure metal or eutectic alloy);

- the mould fills instantly with the liquid alloythe
filling time is zero);

- at the metal-mould interface is established from
the first moment a initial contact temperature
(Tc) which remains constant until a complete
solidification of the casting;

- thermophysical characteristics of the liquid gllo
(AL, cL, pu), of the solidified alloy Xs, Cs, p9
and of the mould, ¢, pr) isn’t varied with the
temperature;

- the heat transfer in the casting - mould system i
only through conduction by Fourier equation;

- the heat transfer is made unidirectional,
perpendicular on the metal-mould interface;

- at the complete solidification moment the
temperature gradient in the casting is neglected.

The transferred heat by casting was
calculated dependent on specific hea) @nd the
specific latent heatl, neglecting the temperature
gradient from casting at solidification moment.

Researches by computer solidification simulation

put in evidence that the temperature gradient in
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momentul solidifiérii este foarte mic, datoit casting in solidification moment is very small
conductibiliaitii termice mari a aliajelor metalice. because the thermal conductibility of the alloys is
Ca urmare neglijarea gradientului de tempe#atur big. So the hypothesis of the neglected temperature
din piesa turnatla calculul @ldurii cedadi de pie8  gradient from the casting at the calculation of the

pari la solidificare se justifit. transferred heat until solidification is justified.

Temperatura de contact fial (T.) este dat The initial contact temperaturdd) is given
de relaia [3, 4]: by relation [3, 4]:

To=—p Tsme T (5)
1+ erf
bS 2 ag

unde T reprezini temperatura de solidificare a where: Tsye — the alloy solidification temperature;
aliajului; b si bsreprezind coeficientul de acumulare by and bs — represents the heat accumulation
a aldurii al formeisi respectiv al aligjului In stare coefficient of the mould and of the alloy in solid
solidi, k — constanta de solidificare a aliajulai — state;k — the solidification constant of the alloy;
coeficientul de difuzibilitate termic a aligjului as — thermal diffusivity of the solidified alloy;
solidificat, iarerf(x) — funaia erorilor a lui Gauss. erf(x) — Gauss'’s function of errors.

Deoareceb; << bg, iar fungia erorilor a lui Becauseb; << bs, and Gauss’s function of

Gauss &f x) are valori subunitare, numitorul errors érf x) has sub unitary values and the
fractiei din relaia (5) are valori foarte apropiate de denominator from relation (5) has very close values
»1", astfel @G se poate considerd €.~ Tgre. to "1”, so it can be considered tHEf = Tgpe.

Relaia (4) stabilit anterior [1, 2] pentru The relation (4) established above [1, 2] for
calculul timpului de solidificare a unei gl solidification time calculation for a plate pernhit
permite 4 se dedug o relgie analitia simplificai =~ deduce a simplified analytical relation for
pentru calcul constantei de  solidificare. solidification constant calculation. Consideringtth

Considerand & la momentul solidifigrii placii at the solidification moment of a plate, the
grosimea stratului solidificat este= a/2, relaia (4)  solidified layer thickness i§ = a/2, relation (4)
se pune sub forma: becomes:

E_a_ 2}\fm:f m)f mTc_TOf) Q/,[— (6)

_-_—= S .
2 mpy (o, Mome ~Tame) * L]
De aici se deduce rela de calcul a From here can be deduced the relation of the
constantei de solidificare: solidification constant calculation:
2\t (8¢ [ps [Tc —Tor) )

) VTpy e Mlome—Tame) +L1

3. Verificarea valabilitatii relatiel decalcul a 3. Validity verification of therelation for
constantei de solidificare solidification constant calculation

Pentru a verifica valabilitatea acestei tiéla To verify the validity of this relation, was
s-au calculat cu ajutorul ei, valorile constantei d calculated with it the solidification constant vatu
solidificare pentru cazul tudini unei placi cu  for pouring case of a plate with thickness= 20
grosimea a = 20 mm, din fantenyie eutecti@ cu  mm from eutectic grey cast iron with different
temperaturi de turnare diferite. Valorile tolute  pouring temperature. The values obtained by
prin calcul s-au comparat cu valorile constantei d calculation where compared with values
solidificare determinate prin simularea solidific =~ determined by computer solidification simulation.
pe calculator. In figura 1 este prezehta¢tiunea In figure no.1 is presented the transversal section
transversa prin ansamblul formei de turnare trough the mould for which we made the
pentru care s-a efectuat simularea solidific in simulation. The thermophysical amounts values of
tabelul 1 sunt date valorile ammilor termofizice the liquid alloy and of the mould used for
ale aliajului lichid si ale formei, luate Tn simulation and for solidification constant
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piesa forma de
turnata turnare
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Fig. 1. Segiune transversal £ :f Fig. 1. Mould assembly
prin ansamblul formei de & % Cross section
turnare . i
: SR
= ’ [
m o
s E
30mm 150mm 30mm

considerare la calculul constantei de solidificare calculation are gave in table no.l. The
catsi la simularea solidifigrii. In tabelul 2 sunt solidification constant values k” calculated
date valorile constantei de solidifical€’ calculate  analytically with relation (7) are presented inléab
analitic cu ajutorul relgei (7). no.2.

De asemenea sunt date valorile constantei ¢ Also is gave the solidification constant

solidificare calculate cu ajutorul reikei (3) pe baza values calculated with relation (3) on base of the

Tabelul 1. Valorile rarimilor termofizice utilizate ca date itile pentru calculul constantei de solidificare
(fonti cenyie eutectid turnat in forme din nisip cu silicat de sodiu)

Nr. Denumirea mérimii Simbol Umt.a teaude Valoare
crt. masura

1. | Densitatea materialului formei pr ke/m? 1550
2. | Densitatea aliajului turnat Pre kg/m’ 6700
3. | Cildura specificd a materialului formei Cr JkgK 1170
4. | Cildura specificil a aliajului in stare lichidi Chre JkeK 850
5. | Cildura specifici a aliajului in stare solidd Cne JikgK 750
6. | Temperatura initiald a formei T ic 20

7. | Temperatura inifiali a aliajului lichid T e C 1150-1400
8. | Cildura latent specificd de solidificare a aliajului turnat Vi Jke 250000
9. | Temperatura mediului exterior T oC 20
10. | Coeficientul de schimb de cilduri intre formi si mediul exterior Olgx W/mK 10
11. | Coeficientul de conductibilitate termici in stare solidi a aliajului turnat Aine W/mK 40
12. | Coeficientul de conductibilitate termici in stare lichidd a aliajului turnat | Ag,, W/mK 30
13. | Coeficientul de conductibilitate termici a formei de turnare Ay W/mK 0,55
14. | Temperatura de solidificare a aliajului Tone °c 1150

Table 1. Thermophysical characteristics values asdditial data for solidification time determiizat
(plate from eutectic cast grey iron)

crt. Values name Symbol Unit of Value
no. measure
1. | The density of mould material pr ke/m? 1550
2. | The density of alloy Prae ke/m’ 6700
3. | The specific heat of the mould material ¢ JkeK 1170
4. | The specific heat in the liquid state of the alloy Chre JkeK 850
5. | The specific heat in the solid state of the alloy Clsine JkeK 750
6. | The initial temperature of the mould Tor °C 20
7. | The initial temperature of the liquid alloy e i 1150-1400
8. | The specific latent heat of the solidification of the liquid alloy Lone Jkg 250000
9. | The temperature of the environment Tox iC 20
10. | The heat transfer coefficient between the mould and environment (. W/mK 10
11. | The thermal conductivity coefficient in the solid state of the alloy o W/mK 40
12. | The thermal conductivity coefficient in the liquid state of the alloy MoLrme W/mK 30
13. | The thermal conductivity coefficient of the mould Ay W/mK 0.55
14. | The solidification temperature of the alloy. Tone i 1150
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Tabelul 2. Valorile constantei de solidificare adéte analiticsi determinate prin simularea solidiidi pe calculator
(plac cu grosimea = 20 mm din forit cenyie eutectia turnati in forme din nisip cugossi silicat de sodiu it cu CQy)

Nr. | Temperatura initiald | Supraincilzirea | Constanta de solidificare | Constanta de solidificare Abaterea relativd

ert. a aliajului lichid aliajului lichid calculati analitic determinati prin simulare fati de simulare
Simbol e AT = Time— Tsine (k)C’ (k)S Akre? = IOO(kC' - kS)’/kS
UM. " " m/s'? m/s'? %

1 1150 0 7,60-10+ 7,3910+ +2,84

2 1200 50 6,50-104 643104 +1,09

3 1250 100 5,67-10+ 5,71-104 -0,70

4 1300 150 5,03.10+ 5,16:10+ -2,52

5 1350 200 4,52:104 472104 -4,24

6 1400 250 4,11-104 437-104 -3,95

Table 2. Solidification time values obtained by lgtieal calculation and by computer simulation degent on pour-
ing temperature (plate with thickness 20 mm from eutectic grey cast iron)

Crt. | The initial temperature Allovs overheat Solidification constant | Solidification constant Relative deviation
no. of the alloy ¥ calculated analytically | calculated by simulation | towards simulation
SYmbOI Tome AT = Toe — Tome (k)C' (k)S Akre} - IOO(kC - kS)/kS

U.M. e e m/s'? m/s!'? %
1 1150 0 7.60-107 7.39-10 +2.84
2 1200 50 6.50-104 6.43-104 +1.09
3 1250 100 5.67-104 5.71-104 -0.70
4 1300 150 5.03-104 5.16-104 -2.52
5 1350 200 4.52-10 4.72-10+ -4.24
6 1400 250 411104 4.37.10+* -5.95

valorilor timpului de solidificare determinate prin solidification time values determined by computer

simulare pe calculator pentru acgiealaci. In

simulation for the same plate. In the last colurin o

ultima coload a tabelului 2 sunt date abaterile the table no. 2 is gave the relative deviationhef t

relative ale valorilor

Abaterile relative (in %) s-au calculat pe

calculate analitic ale values calculated analytically of the solidificatio
constantei de solidificare, in raport cu valorile constant in ratio with the values determined by
determinate prin simulare.

simulation.

The relative deviations (in %) was calculated

baza relgei: with relation:
MK,y :Mﬂool (8)
(K)s
unde: K)c reprezini valoarea constantei de where: K)c — is the solidification constant value

solidificare determinatanalitic, iar K)s - valoarea
constantei de solidificare determidhat prin  constant value determined by computer simulation.
simularea solidifigrii pe calculator. The solidification constant values were
Valorile constantei de solidificare au fost calculated for diverse initial temperatulg, of the
calculate pentru diverse temperaturtiale Tone @le liquid alloy. In the figure no.2 is presented the
aliajului lichid. Tn figura 2 este reprezentajrafic  solidification constant dependency determined by
dependeta constantei de solidificare determinate those two methods dependent on initial temperature

determined analytically, an#)§ —the solidification

—— calculat
----- prin simulare

Fig. 2. Calculated and determined
solidification time by computer
7 solidification simulation dependent
on pouring temperature (plate from
\\ eutectic grey cast iron with
i G thicknessa = 20 mm)

calculator in funge de temperatura e (horizontal axis — initial
- temperature of the liquid allo¥me;

de turnare (placdin fon& cenyie - _ : € liquid allo
z vertical axis — solidification timdg;

eutectia) N ; :
continuous line - calculated;
interrupt line — simulated)

Fig. 2. Valoarea constantei de
solidificare determinatanaliticsi
prin simularea solidifigrii pe

Constanta de solidificare k [m 54/2]

a
’

4
1150 1200 1250 1300 1350

Temperatura initiala a aliajului lichid Tome [*C]

1400
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prin cele doa metode in funge de temperatura (pouring temperature) of the liquid alloy. In figur
initiald (temperatura de turnare) a aliajului lichid. Tn no.3 is presented the influence of the pouring
figura 3 este reprezeniajrafic influena temperaturii  temperature of the liquid alloy over the relative
de turnare a aliajului lichid, asupra abaterildatiee  deviations of the solidification constant values
ale valorilor constantei de solidificare calculatalitic,  calculated analytically in ratio with those

n raport cu valorile determinate prin simulare. determined by simulation.
- 3\ Fig. 3. Relative deviation of the
E 2 \ solidification constant calculated
B analytically towards those
. . \ determined by solidification
Fig. 3. Abaterea relativa 3 N\ simulation dependent on initial
_ valorilor constantei de Eh \ pouring temperature. (plate from
soI|d|f|care' calculate'analltlc.fa T 2 = eutectic grey cast iron with
de valorile determinate prin ¢ G thickness = 20 mm)
simularea solidifigrii, in functie 2 \ (horizontal axis — initial
g4 _
de temperatura de turnare | \\ temperature of the liquid alloy,
<8 Tome; vertical axis — relative
716150 1200 1250 1300 1350 1400 deV|at|0n, CaICUIated)
Temperatura initiala a aliajului lichid Tome [°C]
Analizand rezultatele din tabelul @ din Analysing the results from table no.2 and
figurile 2 si 3 se desprind uratoarele concluzii: figures no.2 and 3 it leads to following conclusion
- valorile constantei de solidificare calculate léisca - the solidification constant values calculated

prin relaia (7) sunt foarte apropiate de valorile  analytically by relation (7) is very closely to the
determinate prin simulare pe calculator ceea ¢ values determined by computer simulation

confirma valabilitatea relgei determinate; which confirm the validity of this relation;

- abaterile relative la calculul analitic al comd& - the relative deviations at analytical calculatidrthe
de solidificare se Tncadreaintre -5,95i +2,84, solidification constant is border between -5,95 and
fiind mai mici decéat abaterile relative toiute +2,84, being smaller than the relative deviations
la calculul timpului de solidificare [1, 2]; obtained at solidification time calculation;

- abaterile obinute la calculul analitic al constantei - the deviations obtained at analytical calculation
de solidificare sunt de semn contrar tafale of the solidification constant is in contrary sign
abaterile obnute la calculul timpului de towards the deviations obtained at the
solidificare [1, 2]; solidification time calculation [1, 2];

- valorile constantei de solidificare scad cusienea - the solidification constant values decrease witlease-
suprainglzirii ini tiale a aliajului lichid,; ing of the initial overheats of the liquid alloy;

valorile constantei de solidificare din tabelul 2 - the solidification constant values from the table
sunt valabile numai n cazul caracteristicilor no.2 is valid only in case of the thermophysical

termofizice date in tabelul § a temperaturilor characteristics presented in table no.l and a
de turnare precizate n tabelul 2. pouring temperature from table no.2.
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