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In the paper the numerical model of heat transfenan-homogeneous domain (cast
composite) is considered. The composite is formethé spherical particles (Pb) and the
metal matrix (Al). Initial temperatures of compotgenorrespond to solid state (particle)
and liquid one (matrix). The heat is transferraatrfrthe aluminum matrix and absorbed
by the lead particle. The 3D problem, i.e. the cudmintrol volume with single spherical
particle located at the center part of the cubegossidered. A numerical algorithm
corresponding to the discussed mathematical maddtleo boundary-initial problem is
constructed on the basis of control volume methed some examples of numerical
results are shown.
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1. INTRODUCTION

The macrostructure of the material considered mwshin Figure 1 [3]. In
Figure 1b a single Pb particle with primatryphase crystals is presented. The
non-homogeneous system created by the spheridalpanpure Pb) and matrix
(pure Al) is being considered — Figure 2. The matie-domain analyzed is
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‘Fig. 1. ;;1) The milcrostructure of AK9-Pb composite,
b) Single Pb particle with primaryphase crystals
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Fig. 2. The cast composite domain

located in the central part of the casting sectiorhis cube-shaped macro sub-
domain the single spherical particle is locatedhat central part of the cube.
This assumption allows us to neglect the influeotéhe boundary conditions
given on the outer surface of the system. Henceflna boundary conditions
related to the sub-domain considered can be tak&n account, i.e. in the
interior of the casting domain the small tempematgradients are considered
(volumetric solidification). The side of cubeesults from the assumed diameter
d and the volume fractiofn of the lead particle

| =d Qm/(60H (1.1)

The initial temperature of aluminum matrix corresgse to the liquid state,

while the initial temperature of lead particle @sponds to the solid one. The
ideal thermal contact between the particle and rttegrix is assumed. The

solidifying matrix and the melting particle are &bed within the macro sub-
domain analyzed with adiabatic walls. Thus, theygmdssible energy exchange
process is the heat transfer from the matrix topghdicles and the particles
serve as ainternal chill. The dominant mechani$ranergy transport in this

sub-domain is diffusion.

2. MATHEMATICAL MODEL

The governing equations for the conservation ofgngb] are:
0T Xt
%(ﬂ%=DEﬁ>\m(T)DTm(x,t)]+qv, m=12 2.1)
where ¢(T) is the specific heat per unit of volumg,(T) is the thermal

conductivity, T, x= {Xg, X, X3}, t denote the temperature, geometrical co-
ordinates and time. Indax = 1 identifies the aluminum sub-domain and 2
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identifies the lead sub-domain. The teginis the source function and this term
can be written in the form

0 fs(x,t)
ot

oy =Ly , m=12 (2.2)
whereL, is the latent heat per unit of volunfgjs the solid state fraction at the
neighborhood of considered poirt Pure metals (e.g. aluminum and lead)
solidify at a constant temperatufé. The functionfs changes from 0 (molten
metal: forT(x, t) > Tyy) to 1 (solid body: foif(x, t) < Trr ). The value oh(T)

is determined by relation

A forT>T,
An(T)=10@-f N, + fshg, forT =T, m=12 (2.3)
Aan forT<T,

where AL, Agn are the thermal conductivities of the liquid aralids phases
of the metals. In a similar way one can deterngjf(&).

On the contact surface between matrix and parti@ddV type of boundary
condition is assumed

aT,(xt)

-\ ' -\, (2.4)

Tl(x,t):TZ(x,t)
whered/on denotes a normal derivative. On the external serfaf the domain

the Il type of boundary condition in the form

0T, (xt)
on

=0 (2.5)

is given. For timd = 0 the initial conditions are also known

t=0: T,(x0)=Ty>T,, T,(x0)=T,,<T, (2.6)

3. NUMERICAL MODELING USING THE CONTROL VOLUME
METHOD (CVM)

CVM [1, 2, 4-7] constitutes an effective tool foumerical computations of
heat-transfer processes. The domain consideredtsadibcretization are shown
in Figure 3. One can see that the cubic contralwels (CV) are applied.
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The CVM algorithm allows the transient temperatiieéd to be found at
the set of nodes corresponding to the central padfitcontrol volumes. The
nodal temperatures can be determined on the b#ésenargy balances for
successive volumes. Let us consider the contralme\V, with central node
(see Fig. 3b). It is assumed here that the themaphcities and capacities of
internal heat sources are concentrated at the rmegessenting elements, while
the thermal resistances are concentrated at thersgaining the nodes.

a)

Fig. 3. a) Discretization of the domain considendith 50° control volumes
b) Control volume\V;

3.1. Balanceequations
The energy balance for the control volui\ can be written in the form [2,4,5]

6
AH, =3 Q/ +q, AVAt (3.1)

=1

whereAt is the interval of timeAt =t "1 -t f, f + 1 denotes two successive
time steps@;’ is the heat conducted at the titiefrom the adjoining nodes

to nodex. We assume that the heat fluxes flowing toANgare proportional to
the temperature differences at the montent', (T;" = T(x, t ), then we shall
obtain a solving system of the type ‘explicit scleén$o

(Ti(fj) _Tif)

Qijf = Ruf

A() At (3.2)
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whereR;' is the thermal resistance between poia@ndx), Ay is area of the
surface limiting the domainV; in directioni(j). If we denote by, the distance
between the nodes, X then

f f
Rt =Nw/2 o l2_ A+ i)

O Yl o
where ' and ki(j)f are a mean thermal conductivities in the domaiks and
AV respectively, determined by formula (2.3). Anotldefinition of thermal
resistance should be introduced for the boundalynves [5]. In order to take
into account non-flux boundary condition (2.5) (e case of external CV) we
assumei'-\’ijf = oo (in numerical realization e.@ijf = 10 if the surface limiting
the domaim\V; in the directiori(j) is a part the boundary.
The termgy in eq. (3.1) is approximated by relation

=L S 3.4
Ov; = L Al (3.4)

The change of enthalpy of control volum¥; during the time\t equals
A, = (-7 v (35)

wherec" is the volumetric specific heat similarly deterexnby formula (2.3).
The energy balance written in the convention ofplieit” scheme takes
the form

s T(f)‘ f
flrf+l _of - i i f+l f
¢ (1, -7 )av —Z'TAU)AHLi (fSi —f )AVi (3.6)
j=1 ij
from which
At T, T L
-I-If+1= |f+ i(j) i ) +—'f_f+1—f _f 37
CifA\/i ; R”f A(]) Cif ( Si Si ) ( )
or
6
L
f+l _ 4 f f f f+l f
T Y W, T )+C_;(f8i ~1s/) (3.8)
j=1 i

where
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__Aplt 3.9
' o'RfAY, |
The stability condition
6
1->W, >0 (3.10)
j=1
allows to determine the critical time step
6 A -
At<| Y U (3.11)
=G Ry AV
Initial conditions (2.6) are introduced as
x Osub-domainAl: T°=T,, fg =0
(3.12)

x Osub-domainPb: T° =Ty, fg =1

3.2. Modeling of phase changes
Two unknown valuesT,"™ and fs'™ at the timet = t ** occur in eq. (3.8).

During the heating (cooling) processes proceedingomainAV; the following
situations should be taken into account:

Case L: If T" #T then it is assumed that' ™ = f5' and simultaneously
Ti“lis calculated from eq. (3.8) — the last term in (@8) is equal to 0. In the
case, where the calculated temperaffjfé" equalsT,"™ <T," (for T," >T") or

T,">T (for T." <T,") then it is assumed that'* =T, whereas the new

|
f+1

value of fg; ™ is calculated on the basis of eq. (3.8), as

. cl (. 6
fo ™= fg +f =T =W, (Ti(fj) ‘Tif) (3.13)

i j=1

The above relationship allows to start the solidifion (melting) process at the
constant temperature.

Case2: If T" =T, then it is assumed that'™ =T, and f¢'* is determined

on the basis of eq. (3.8) (assumih§™=T" =T") as
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fs " = ZW (lm i*) (3.14)

| j=1

If the calculated value offs'™ from eq. (3.14) isfg ™>1 then it is set
fg =1 orif fg' ™<0 thenitis setfs ™ = ONext, the new value of, '™ is

calculated using eq. (3.8). In this way, the sditdtion (melting) process ends
and at the same time starts cooling (heating) dadime

4. EXAMPLESOF COMPUTATION

The system of metal matrix (Al) and lead partidRb) is considered. Thermo-
physical parameters of sub-domains are equal tr -Aff cs=2.9161C°, ¢ =
3.0710° J/(nT K), As= 261, A\, = 104 W/(mK),L = 1.05310° J/n?, T* =
660°C, and for Pbcs = 1.56610°, ¢, = 1.57910° J/(n? K), As = 30.7 AL = 24.4
W/(m K), L = 2.5531610° J/nT, T* = 327°C. The initial temperature of matrix
is To1 = 700 °C, the initial temperature of lead partisl&, , = 20 °C.

In the first example, it was assumed that the gartidiameter is
d =100pm, the volume fraction of the lead particle in tbebe equals
fr = 10 %, then the side of the cubd s 173.65um — eq. (1.1). In Figure 6 the
course of isotherms corresponding to section A [sgere 4) for time$ = 0.01,
0.05, 0.1 ms are shown. In Figure 5 the temperdtis®ries at the selected
points are presented. One can see that on thenpeatrves in the Pb sub-
domains occurs a characteristic transition stopmfthe solid state to liquid
one. Similar stops on the cooling curves in theséh-domains one can observe,
too. The Figure 6 shows the change&aft the same set of points.

\ \ t 001ms

Fig. 4. Courses of isotherms for different momexftsme
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Fig. 5. The profiles of temperature at the selegigidts
a) in the Pb sub-domain, b) in the Al sub-domain
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Fig. 6. The changes &fat the set of points (in Figure are differentdiscales)
a) in the Pb sub-domain, b) in the Al sub-domain

The second example concerns a study of influen¢keo¥olume fraction
of lead particle on the thermal process in the esystFor this purpose,
numerical simulations for the following volumetfi@ctions of particldr = 10,
20, 30 and 40 % have been calculated, assumingcdghstant diameter of
particle d = 100pum and the different sides of the cube 173.65, 137.82,
120.40, 109.39um respectively. The average temperature and avesalig
state fraction in Al and Pb sub-domains in cast mosite are presented in
Figure 7. One can observe that the heating lindgtamsolid state fraction lines

in the Pb sub-domains are close to each other.c@neonclude that total time

of heating and melting of the Pb particle does dejtend significantly on the
volume fraction (for analyzed values) of surrougdidl matrix. This can be
explained that the values of specific heat andldbent heat of aluminum are
higher then heats of lead.
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Fig. 7. The comparison of average temperaturen@)aerage solid state fraction (b)
in the Al and Pb sub-domains for different volurrections of
sub-domains in composite

5. CONCLUSIONS

This paper presents the CVM algorithm which appé¢arise effective for the
numerical modeling of thermal processes in the mas$e for which the
solidification and the melting occur at constamperatures.

Inside our composite system all thermal processesepd in a very short
time. In the early stage of heat exchange betwkenldad particle and the
aluminum matrix the particle play a role of an mt chill. As a consequence
in the vicinity of the particle’s surface the matris under-cooled, i.e. its
temperature is slightly below the freezing poimt.this stage a thin film of
solidified matrix appears and the particle is isigaly heated. When the
temperature of lead-particle exceeds the meltingpezature there is a solid-to-
liquid phase change. After this phase change thekrtbss of the solid
aluminum film starts to decrease, however this -fuld-layer has been
observed during the simulation time. Finally, doethe non-flux boundary
condition the temperatures of the system componeqislibrate. The further
stages of cooling are determined by the boundangitons given on the outer
surface of the casting but this process is notidensd here.
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MODEL NUMERYCZNY KRZEPNECIA KOMPOZYTU Z CZASTKAMI
Streszczenie

Praca dotyczy wymiany ciepta pogdzy osnhowy i czastkami tworacymi materiat
kompozytowy. W szczegéldoi rozpatrywana jest olfjos¢ kontrolna (Al) w ksztalcie
sze&cianu, w ktéregadgrodku umieszczona zostajeastka (Pb). Wymiary rozpatrywanej
objetosci kontrolnej zalea od g:stasci czastek wprowadzonych do osnowy. Zabmo, ze
objetos¢ kontrolna umieszczona jest w centralngjécz odlewanego kompozytu oraz
warunki brzegowe zadane na powierzchni odlewu mfomie wptywaj na procesy
cieplne w tej ohjtosci. Oznacza toze warunki przygte na powierzchniach granicznych
sz&cianu to warunki adiabatyczne. Réwnanianiézkowe i warunki brzegowe zapisano
w konwencji entalpowe] zakladg, ze krzepnécie osnowy i topnienie @stek zachodz
w stalej temperaturze. Rozpatrywasbjetosé kontrolm dzielono na 59szécianéw. Do
obliczen numerycznych wykorzystano metotilanséw elementarnych, przyjnagjze
pola temperatur w cieklej osnowie iastce otowianej §znane w chwili pocgkowej
oraz, ze kontakt mgdzy podobszarami uktadu jest idealny. W trakcie cpsu
obserwowano topnienie gatki otowianej i stygnicie osnowy. W pracy przedstawiono
wyniki symulacji numerycznych w postaci krzywych gnzewania i stygrcia

w wybranych punktach obszardw, jak rowinf@zebieg izoterm w przekroju kompozytu
dla kilku wybranych czaséw. Ponadto zbadano wplymwan udziatu ohgtosciowego
czastki w osnowie na przebieg procesu wymiany ciepta.





