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Abstract. Specialized software for solidification Rezumat. La Universitatea Transilvania din Bov a
simulation of casting with rotational symmetry was fost realizat un soft specializat pentru simularea
conducted at the Transilvania University of Braslbvs solidificarii pieselor turnate cu simetrie de ri¢a Acesta
based on a 2D finite difference mathematical modti este bazat pe un model matematic 2D cu diferénite
cylindrical coordinates. The software in cylindtica cu coordonate cilindrice. Softul Tn coordonatencitice
coordinates has the advantage that it simulategsmel| prezinti avantajul @ simuleaz solidificarea in volum a
solidification of parts with rotational symmetryrdlugh pieselor cu simetrie de rat@, prin simulare 2D.
2D. This simulation provides a considerable redurctn Simularea 2D asigéro reducere considerabib duratei
the simulation duration. Depending on the partde simulare. In fun@e de configurga si dimensiunile
configuration and the network dividing step, the pieseisi de pasul reglei de divizare a sistemului pies
simulation time can be reduced by tens or hundofds turnat - forma, durata simulrii se poate reduce de zeci
times. Another advantage of software in cylindrical sau sute de ori. Un alt avantaj al softurilor aastibzeaz
coordinates is the simpler dividing of the systenfinite coordonate cilindrice corstin divizarea mai simpl a
elements. Also, it do accurate the representatfoth®  sistemului in elemente finite. Tn plus este redat pnecis
contour for parts with rotational symmetry. conturul pieselor cu simetrie de rp¢a
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1. Introduction 1. Introducere
At Transilvania University of Brasov were La Universitatea Transilvania din Brasov au

made two software modules to simulate the castindost realizate daumodule de soft pentru simularea
solidification. One for parts cast of alloys that solidificarii pieselor turnate. Unul pentru piese
solidify at constant temperature and another foiturnate din aliaje cu solidificare la temperatur
parts cast of alloys that solidify in temperatune i constant si altul pentru piese turnate din aliaje cu
the range [1, 2]. These are based on 3D matheraticsolidificare in interval de temperadur[l, 2].
models in cartesian coordinates. Recently, a softwa Acestea sunt bazate pe modele matematice 3D cu
module, specialized to simulate the solidificat@fn coordonate carteziene. Recent a fost realizat un
casting with rotational symmetry was developed.modul de soft specializat pentru simularea
The particularity of this software lies in thati®t  solidificarii pieselor turnate cu simetrie de ri¢a
based on a 2D mathematical model in cylindricalParticularitatea acestui soft can$h aceea & este
coordinates [3, 4]. The software in cylindrical bazat pe un un model matematic 2D Tn coordonate
coordinates has the advantage that it simulates thalindrice [3, 4]. Softul Tn coordonate cilindrice
solidification in the volume of parts with rotatimin  prezini avantajul & simuleaZ solidificarea n
symmetry through 2D simulation. The 2D simulationvolum a pieselor cu simetrie de roga prin
provides a considerable reduction in the simulatiorsimulare 2D. Simularea 2D asiguio reducere
duration. Depending on the configuration andconsiderabil a duratei de simulare. in fufe de
dimensions of the part and of the network step (irconfigurgia si dimensiunile pieseii de pasul reelei
which system casting — mold is divided) the lengthde divizare a sistemului piesa turhat forma,
of the simulation can be reduced by tens ordurata simuirii se poate reduce de zeci sau sute de
hundreds of times. Another advantage of softwareri. Un alt avantaj al softurilor care utilizeaz
in cylindrical coordinates consists of describing coordonate cilindrice corisin redarea mai preéis
more accurate the contour of parts with rotationala conturului pieselor cu simetrie de tiga
symmetry.

The software operation and the accuracy of the  Funaionarea softuluisi corectitudinea rezul-
results obtained using this software were veribgd tatelor oljinute cu ajutorul acestui soft a fost
three methods: verificati prin trei metode:
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- By comparing the results with results obtained - prin compararea rezultatelor cu rezultatéralie

with other software internationally used, cu alte softuri utilizate pe plan international,
- Experimentally by thermal analysis; - experimental prin analizermic;
- Experimentally by casting sample parts and - experimental prin turnarea unor piese de prob
analyzing the hot spots positions. analiza poziei nodurilor termice.
Solidification simulation software for casting Softul destinat simdtii solidificarii pieselor

with rotational profile, based on a 2D mathematicalturnate cu profil de rote, realizat pe baza unui

model in cylindrical coordinates, can be usedfiert model matematic 2D Tn coordonate cilindrice, se

following purposes [5, 6]: poate utiliza in urrtoarele scopuri [5, 6]:

- Applied studies on solidification of symmetrical - pentru efectuarea de studii aplicative concrete
rotationally casting, from workshops production, asupra solidificarii unor piese cu simetrie detiefa
to design and optimize the casting technologies; din produgia atelierelor de turnare in vederea

proiectirii si optimizarii tehnologiilor de turnare;

- Fundamental research on the influence of- pentru efectuarea de cetrefundamentale privind
geometrical, constructive and technological influenta factorilor geometrici, constructivisi
factors on casting solidification, in order to tehnologici asupra solidificii pieselor turnate, in
establish general rules for casting technologies vederea stabilirii unor reguli generale de proiecta
design of cylindrical parts. a tehnologiilor de maselotelore - turnare a pigselo

cilindrice.

In the first case there are usually determined In primul caz se stabite de obicei poria
the hot spot position inside the casting and thegine nodurilor temice n piesele turnate, necesitatea
to use feeders, coolers or insulating materialsoAl utilizarii de maselote, acitori sau materiale
it is determined their number, position andtermoizolante. De asemenea se stafgil@unirul,
dimensions [7, 8]. pozitionareasi dimensiunile acestora [7, 8].

Fundamental theoretical studies are designed to  Studiile teoretice fundamentale au rolul de a
determine the influence of the parts geometry, oftabili influenna geometriei pieselor, a maselotelor, a
the feeders, coolers and gating on castingacitorilor si a rgelelor de turnare asupra solidfii
solidification, under progressive modification of pieselor turnate, in condie modificarii progresive a
parameters. It aims to finally find correlation®ab  unor parametri. Se udreste in final stabilirea de
solidification process, in order to establish sienpl corelaii Tn procesul solidifiérii Tn vederea stabilirii
and general rules for quick and efficient design ofunor reguli generale, simplificate de proiectapda
casting technologies [7, 8]. Optimization technolo-si eficiena a tehnologiilor pentru tipodimensiuni de
gies must take into account the implications of¢he piese. Optimizarea tehnologiilor trebuig tfha cont
correlations on the castings quality, on materialde implicaile acestor coreld asupra calitii
consumption and finally on the manufacturing pieselor turnate, asupra consumului de mategiate

costs. final asupra costurilor de fabriga
2. Aim of the work 2. Scopul luctirii
Any software for casting solidification Orice soft destinat simidii solidificarii

simulation, and generally for technological pieselor turnate, in general destinat skriulde
processes simulation, requires operation checking iprocese tehnologice, necdsito verificare a
terms of the accuracy of the mathematical modelfungionarii din punct de vedere a corectitudinii
software structure and accuracy of the final result modelului matematic, a structurii softukiiin final
provided. a veridici@tii rezultatelor furnizate.

An accessible method to verify the accuracy of O metod accesibii de verificare a veridicitii
the results provided by present software for cgstin rezultatelor furnizate de un soft destinat samul
solidification simulation consists in comparing the soli-dificarii pieselor turnate constin compararea
results obtained with this one with the resultsrezultatelor obnute cu ajutorul softului respectiv cu
obtained by other software, recognized as correcfezultate obinute cu un alt soft, recunoscut ca fiind
This methodology was applied in the case of opcorect. Aceast metodologie s-a aplicat in cazul

software in cylindrical coordinates developed atSOftului 2D cu coordonate cilindrice realizat la
Transilvania University of Brasov. This paper Universitatea Transilvania din Bav. In aceast
presents the results of such tests lucrare sunt prezentate rezultatele unei astfel de

verificari.
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3. Procedure 3. Mod de lucru

To perform  operation checking the Pentru efectuarea verifidi a fost simulai
solidification of several parts with rotational solidificarea mai multor piese cu simetrie de tieta
symmetry was simulated using 2D software incu ajutorul softului in 2D in coordonate cilindrigie
cylindrical coordinates and 3D software in Cartesia respectiv cu un soft 3D cu coordonate carteziene.
coordinates. In the first phase it was simulated tdntr-o primi fazi s-a simulat solidificarea unor bare
solidification of a cylindrical bar, with great lgth  cilindrice pline, cu lungime mare in raport cu
compared to diameter. Only the heat transmission idiametrul. S-a luat Tn considerare numai
the radius direction it was considered. In the sdco transmiterea addurii In diredia razei. In etapa a
stage it will be simulated the solidification opart  doua s-a simulat solidificarea unor piese cu sieetr
with rotational symmetry (profiled generatrics), de rotaie cu generatoare profifatde tipul unei rg
such as a wheel with a flange provided with innercu o flarga prevazui cu miez interior. In
core. In cartesian coordinates it requires 3Dcoordonate carteziene aceasta netesitulare 3D,
solidification simulation, but in cylindrical iar in coordonate cilindrice solidificarea se poate
coordinates it can be studied by 2D simulation. studia prin simulare 2D.

In Figure 1 is shown the bar section and n Figura 1 sunt atate seguneasi dimensiunile
dimensions for which verification was done, in thebarei pentru care s-a realizat verificarea in prima
first stage. The bar has a diamdler 2r = 60 mm. etaf@. Bara are diametruD = 2 = 60 mm. Este
The section dividing is shown for the case ofaratal divizarea setunii pentru cazul utiliarii de
cylindrical coordinates and when using cartesiarcoordonate cilindricesi pentru cazul utilizrii de
coordinates. The bar length was considered vergoordonate carteziene. Lungimea barei s-a considera
long compared to diametek &> 6D) so that the foarte mare in compaia cu diametrul I{ >> @D)
heat transfer in axial direction is negligible the  astfel incit transmiterealdurii in diregie axiah sa
cross-section located at the mid-length of the barfie neglijabik pentru segunea transversalsituat la
To highlight the influence of the division stepesiz  mijlocul lungimii barei. Pentru a pune in evitgegi
the simulations were performed for two cases ofinfluenta nirimii pasului de divizare, s-au efectuat
division: division stepA = 5 mm, and division step simuliri pentru doé cazuri de divizare: cu pasul
A = 25 mm. The values of thermophysical reteleiA =5 mmsi, respectiv, cu pasul = 2,5 mm.
characteristics considered in the simulation aré/alorile caracteristicilor termofizice Iluate in
given in Table 1 [9, 10]. These correspond for aconsiderare la simulare sunt date in Tabelul 1¢g,
casting of grey cast iron with eutectic compositionAcestea corespund tdini unei piese din forat
in bentonite bonded sand moulds. cenyie perlitica cu compozie eutectid in forme de

nisip cu liant bentonit

r
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Figure 1. Division of the bar section with diamdler 60 mm, for simulation, in cylindrical coordinatand Cartesian
coordinates: a) dividing stef=5 mm; b) dividing step = 2.5 mm
Figura 1. Divizarea séanii barei cu diametrid = 60 mm, in vederea sinawii, Tn coordonate cilindricei in
coordonate carteziene: a) pasul divizA = 5 mm; b) pasul divirii A = 2,5 mm

2. Results and conclusions 2. Rezultatesi concluzii
In the Table 2 there are given the numerical In Tabelul 2 sunt date rezultatele numerice,
results obtained by simulations with two software,care caracterizeazolidificarea piesei din Figura 1,

284



RECENT, Vol. 16, no. 3(46), November, 2015

which characterize the solidification of part shownobtinute prin simuirile efectuate cu cele dau
in Figure 1. Figures 2+6 show the curves relatmg t softuri. In figurile 2+6 sunt aratate aalirat curbe
temperature evolution and the solid fraction in thereferitoare la evoliia temperaturii, a fraei de

center of the section (on the bar axis) and ap#re

solid Tn centrul sewnii (pe axa barei)si la

surface, in the case of two types of simulationssuprafaa piesei in cazul simisilor efectuate.
performed.

Table 1. Geometrical and thermophysical charatiesissed in the simulation

Tabelul 1. Caracteristiile geometrigigermofizice utilizate la simulare

Measure unit

Ul

Parameter name Symbol : Value
No. . S ) Unitatea de
Denumirea méarimii Simbol N Valoarea
masura
p | Partdiameter D m 0.06
Diametrul piesei
o |Partlength L m 0.4
Lungimea piesei
Mold width
3 Latimea formei de turnare Lro m 02
Dividing step
4 Pasul reelei de divizare A m 0.005 and 0.002
5 Tl_me_dlwsmn s'tep . s 0.010r05
Diviziunea de timp
6 Environment temperature Tex oC 20
Temperatura mediului exterior
7 Coefflqent of hea_t exchange with th_e enwro_nment wex WK 20
Coeficient de schimb termic cu mediul exterior
Solidus temperature of the liquid alloy o
8 Temperatura solidus a aliajului lichid Tsme C 1150
Coefficient of thermal conductivity of the mould
9 Coeficientul de conductivitate terniia formei Asfo W/m/K 0.8
Coefficient of thermal conductivity of the solida}
10 | Coeficientul de conductivitate terriica aliajului| Asme W/m/K 40
solidificat
Coefficient of thermal conductivity of the liquidl@y
11 | Coeficientul de conductivitate ternica aliajului| Alme W/m/K 30
lichid
Specific heat of the mould
12 Cildura specifid a formei Csfo Jkg/K 1170
Specific heat of the liquid alloy
13| Gildura specifia a aliajului lichid Clme Jkg/K 850
Specific heat of the solid alloy
14 Cildura specifid a aliajului solidificat Csme Jkg/K 750
Mould density
15 Densitatea formei pfo Kg/m® 1550
Liquid alloy density
16 Densitatea aliajului lichid pme Kg/m 7000
Latent heat of solidification of the alloy
7 Caldura lateni de solidificare a aliajului turnat Lme kg 220,000
18 Initial tempere}tL_Jrev of the m_ould Tofo oC 20
Temperatura iniala a formei
19 Initial temperature of the liquid alloy Tome oC 1320

Temperatura iniala a aliajului lichid
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Table 2. Comparison of simulation results in cytindl coordinates and Cartesian coordinates fandsical bar with

D =60 mm
Tabelul 2. Compata rezultatelor simdtii Tn coordonate cilindricgi Tn coordonate carteziene a barei cilindrice cu
D =60 mm
Division step Division step
No Parameter analized A=5mm A=2.5mm
' Cylindrical | Cartezian | Cylindrical | Cartezian
coordinates| coordinates coordinates coordinates
1 | Time of solidification beginning, t start [s] 47, 12.3 12.15 5.9
5 Time of hot point solidification beginning, 437.0 4115 419.7 405.1
t start nod [s]
3 Duration of 'complete solldl_flcatlon of the hpt 5270 506.0 521 7 505.3
spot, t solidus nod thermic [s]
Temperature in center of part after 100 s, )
4 T¢100 [°C] 1168.15 1165.41 1165.94 1182.09
Temperature in center of part after 600 s, L
5 T¢600 [°C] 1082.58 1072.39 1079.36 1064.66
Maximum temperature of the mould at the
6 contact surface, TFomax [°C] 968.44 972.33 1042.88 1052.5¢
7 | Duration of simulation, t-sim [min] 0.25 2.5 1.5 15
0 200 400 Time?(:oin b 800 1000 1200 0 200 400 600 800 1000 1200

Time, tin [s]
a) Cylindrical coordinategy = 2.5 mm b) Cartezian coordinates,= 2.5 mm
Figure 2. Temperature evolution in the center ofiea; cylindrical bar wittD = 60 mm
Figura 2. Evolgia temperturii in centrul s@anii barei cilindrice cuD = 60 mm
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Figure 3. Solid fraction evolution in the centersettion; cylindrical bar with = 60 mm
Figura 3. Evolta fraaiei de solid in centrul s@anii barei cilindrice cuD = 60 mm
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Figura 4. Evoltia temperturii la suprafa barei cilindrice cid = 60 mm
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Figure 6. Temperature evolution in the mould atabetact surface with part; cylindrical bar with= 60 mm

Figura 6. Evoltia temperturii in stratul formei de turnare, sittratontact cu piesa turraat
la suprafga barei cilindrice ciD = 60 mm
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Analysis of the results in Table 2 leads to the  Analiza rezultatelor din tabelul 2 conduce la
following observations: urmitoarele obsenti:

- Beginning of solidification (first appearance of - Tnceputului solidifiérii piesei (apatia primei
solid fractions during part cooling) differs in the fractii de solid in timpul i#cirii piesei) difed la
two types of simulation with approx. 5-6 seconds. cele dod tipuri de simulare cu cca. 5-6 secunde.
Higher values were obtained at simulation in Valorile mai mari s-au ghut la simularea n
cylindrical coordinates. coordonate cilindrice.

- Reducing the division step from 5 mm to 2.5 mm,- Micsorarea pasului divizii de la 5 mm la 2,5 mm
led in the both cases (both simulation in a condus in ambele cazuri (atat la simularea in
cylindrical coordinates and cartesian coordinates) coordonate cilindrice, catsi in coordonate
at a shorter beginning of part solidification with carteziane) la o duratmai mic a Tnceputului
5-6 seconds. solidificarii piesei (la supraf@a piesei) cu 5-6

secunde.

- Time to complete solidification of the part is - Timpul de solidificare compl&ta piesei este mai
higher in cylindrical coordinates with 16 to 21 mare Tn cazul coordonatelor cilindrice cu 16 - 21
seconds that represents approx. 3 to 5% of the secunde, aceasta reprezentand cca. 3 — 5 % din
solidification time. valoarea timpului de solidificare.

- Reducing the division step from 5 mm to 2.5 mm,- Micsorarea pasului divizii de la 5 mm la 2,5 mm
led in both cases (both simulation in cylindrical a condus in ambele cazuri (atat la simularea in
coordinates and Cartesian coordinates) at a coordonate cilindrice, c&i in coordonate carte-
shorter time to complete solidification of the part ziene) la o duratmai mic a solidificirii complete
with 1 - 6 seconds. a piesei n centrul sgenii piesei cu 1 - 6 secunde.

- As the division is finer (if the dividing step is - Cu cat divizarea este mai fificu cat pasul relei
smaller) the difference between the results of two de divizare este mai mic) difetandintre rezulta-
types of mathematical modeling of simulation (in tele celor dod tipuri de modeiri matematice ale
cylindrical coordinates and Cartesian coordinates) simubirii (in coordonate cilindricgi in coordonate
are closer. carteziene) sunt mai apropiate.

- The temperature in the part center (in the hot)sp - Temperatura n centrul piesei (in nodul termic) |
at different times (t1 = 100 s, t2 = 600 s) ishud t diverse momente (t1 = 100 s, t2 = 600 s) este de
same order of magnitude, the differences being of acelai ordin de nirime, diferemele fiind de
the order of 1 to 1.5%. ordinul 1 — 1,5 %.

- The maximum temperature reached on the part Temperatura maxiinpe care o atinge suprga
surface in the two types of simulation is also of formei la cele dod tipuri de simulare este de
the same order of magnitude, differences of the asemenea de acglardin de nirime, diferenele
order 0.5 -1.0 %. fiind de ordinul 0,5 — 1.0 %.

- Duration of simulation in the case of this pat i - Durata simulrii in coordonate carteziene in cazul
about ten times longer in the simulation in acestei piese este de cca. zece ori mai mare la
cartesian coordinates relative to cylindrical simularea in coordonate carteziene in raport cu
coordinates. coordonate cililindrice.

Figures 2 and 4 show that between the  Figurile 2si 4 arai i intre curbele de vatia
temperature variation curves in the center of para temperaturii in centrul s@mii piesei si la
section and periphery are not perceptible diffeeenc periferia piesei nu sunt difergnsesizabile (la scara
(at the representation scale of these curves). Thede reprezentare a acestor curbe). Agieszservaie
same observation can be made to Figure 6, wherse poate facei pentru Figura 6, in cazul curbelor
the curves representing the temperature variation icare reprezirt varigia temperaturii in forma de
the mold, in the layer located at the contact safa turnare, in stratul formei (cu grosimaa= 2,5 mm)
with casting (lengtlA = 2.5 mm). situat la suprafa de contact cu piesa turhat

In conclusion, the differences regarding the  In concluzie, difereele privind timpul de
solidification time, the distribution of the solidificare, distribgia temperturilor in sistensi
temperature in the system and the punctual vanatiocele privind curbele de vatia punctual a
of temperature and solid fraction are relativelytemperaturilorsi a fragiei de solid, sunt relativ
small. These differences can be explained by thenici. Aceste diferefe se explid prin imprecizia
imprecision in dividing the circular perimeter ot  divizarii perimetrului circular la suprafa exterioat
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external surfaces of the part in the case of dartes a piesei in cazul divizii in coordonate carteziene.
coordinates.

The great difference between the effective Diferena mare privind durata efecliva
duration of the simulation in the two cases issimulirilor in cele dod cazuri se explic prin faptul
explained by the fact that in 3D simulation in ca in cazul divizrii si simularii 3D in coordonate
cartesian coordinates the number of cells in witich carteziene nu#itul de celule in care este divizat
is divided whole system is much higher comparedansamblul este mult mai mare in raport cu cel care
with the one obtained in 2D simulation in se oljine la simularea 2D in coordonate cilindrice.
cylindrical coordinates. As result the number of Ca urmare nudétrul de ecudi care trebuie rezolvat
equations to be solved in the case of simulatiofin cazul simulrii bazate pe model matematic n
based on mathematical model in cartesiarcoordonate carteziene este mult mai mare.
coordinates is much higher.
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