Simulation of Heat Flow in Aluminum
Sand Casting

El Hassan E. M. Khalafalla & Hashim A. A.

El Hashimi *

uadla

QlE 3 T 0SS asmiga) pise 8 )hall bl Ludyny 38)5) oda g
el Jlac) o Wil JalSE in el e (3L Gl JaY L

sl sU cpaay d splall 3)lall JEY d¥ sae Jdad ehal &
5 sasanall Gl Aiph Hladiuly ¢ sl dlewy Lgad) dagydl ALK
6.1 Blaal) (Dle zaliy
shal & 28l cclusall & ASluall 8] Alaally (Blaty Lasd Dilaglaall Ala) daus
Cle sanas dpall Al Ail5d (alsd Aadiuly 3l e Loaall 5Kl
Bhall ol aliie gy gl . Auagaally Y] Jad ddavae
Jilall Wyl 3 LGEE Cun A8 puse Allal Cllilly Al 8 Agl)
cilaal et Qs JaY z3sall el Chall slae cud L ogysaall
Agleall e ) 8 gaial ds il )il clews gyl ¢ L) ]

* Department of Production Engineering, Faculty of Eng. & Tech.
Nile Valley University

Shendi University Journal - Issue No. 8 - January 2010 15




Simulation of Heat Flow in Aluminum Sand Casting

Abstract
This paper deals with the study of heat flow in a T-shaped alu-

minum casting in sand mould, in order to contract the design
process envelope to be integrated with foundry practices concur-
rently.

A two-dimensional non-linear numerical analysis of transient
heat transfer during the complete cycle of unit thick slice of
casting was performed using the finite differences method and
the MATLAB Rel.6.1 package.

The numerical simulation was carried out on model and constant
physical material properties, simplified sets of boundary and ini-
tial conditions, were introduced in the model due to the lack of
information regarding the real casting process in foundry. Uni-
form initial temperatures distribution in sand and alloy were as-
sumed, for case of casting already infused in the mould. Due to
axisymmetry, only the right half of the model was simulated to
reduce analysis. The effect of thermal radiation and thickness of
outer boxes of mould on the process were neglected.

The results of temperature, cooling rate and temperature gradi-

ent distributions in the aluminum casting and mould during the
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solidification process were shows that the geometry of the sec-
tion influence the regions at which solidification starts and ends.
Meanwhile the heat flow-related properties shows that, the last
solidified regions could be the most probable locations of de-
fects. The results obtained show concrete agreement with the
previous works, that reflected the defects criteria and demon-

strated the behaviour of the system logically.

Keywords: casting, finite element method, Simulation,
nonlinear transient thermal analysis, defects.

1- Introduction

The metal casting process is the simplest, most direct route to a
near net shape product, and often the least expensive. This proc-
ess in its fundamental form requires a mould cavity of the de-
sired shape and molten metal to pour into the mould cavity [1].
The production of molten metal and mould to make castings has
traditionally been an art form, an expression of human creativity
carried out both for aesthetic and practical reasons. The com-
puter simulation of casting process has emerged as a powerful
tool for achieving quality assurance without time consuming

trails. Simulating the solidification of molten metal in the mould
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enables predicting the location of shrinkage defect and optimiz-
ing the design of feeders to improve the yield. It has been re-
ported that simulation studies can reduce by as much as 25% the
casting defects, manufacturing costs and lead time [2]. Simula-
tion of heat flow in casting process enables visualization of the
progress of freezing inside a casting during the solidification
phase and identification of the last freezing regions or hot spots.
This facilitates the placement of and design of feeders and feed-
ing aids in order to maximize yield while ensuring casting
soundness without expensive and time-consuming trails runs. It
is also a valuable tool for product designers as it allows the so-
lidification of a casting to be considered during the design phase
[3].

The feeder design can be verified by casting trials to find the lo-
cation and distribution of shrinkage porosity. Besides being ex-
pensive and time-consuming, shop floor trials may not provide a
complete and correct picture, leading to unexpected defects dur-
ing regular production. This can be overcome by virtual casting
trials using simulation software for defect prediction and yield

optimization[4].
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Numerical methods for solidification simulation have received
considerable attention from researchers in the past three decades
[5]. The casting shape is broken down into a number of simple
elements and the heat conduction equation is applied to them
over a number of time steps in order to obtain the temperatures
at different nodes. Finite difference (FDM), finite element
(FEM) and recently geometric methods such as boundary ele-

ment (BEM); modulus vector (MVM) have been used[6].

Numerical simulation of the casting process has gradually
moved from research to practical application in the last few
years. Several packages based on either FDM or FEM are cur-
rently available and being used in the industry. A typical itera-
tion involves solid modeling, mesh generation, material selec-
tion, specification of boundary conditions, numerical computa-
tions and finally post-processing for viewing the results (usually
plotting of colour coded temperature at different time steps and

displaying macro-and micro shrinkage cavities)[7].

The problem of heat flow in the model is simplified assuming
that alloy is already infused into sand mould. This non-linear

transient thermal analysis problem is numerically solved using
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finite elements coupled with finite differences methods. Con-
duction occurs between the alloy and the sand mould, and con-
vection occurs between the sand mould and the ambient air. It
was supposed that solidification process starts at temperature
level of 640°C and finishes at 620°C and that the latent heat of
solidification releases in this range. Because of small cross sec-
tion and weight of inner and outer box of casting, we neglected
their influence on the process. Radiation phenomena are also ne-
glected.

2- Mathematical Model

In heat transfer problems, the governing equations represent the
balance of mass, momentum, and energy for a medium. Apply-
ing the principle of the conservation of energy to a system repre-
sented in a Cartesian coordinate system results in the following
transient two-dimensional heat diffusion equation:

2 2 .
6T+Ka—T+q:Cpa—T

ot by o1 (1)

Where T = temperature ( ¢ ), K =thermal conductivity in

W /m°C

x and y directions ( ), 7 = heat generation rate per
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J/Kg°C

unit volume (j/s.m?), C — material specific heat ( ), P

3
= material density ( Kg/m yand = time (s) [8].

3- The finite elements model

Application of the finite element method for solution of equa-
tion (1 (proceeds by dividing the problem domain into finite-
length, two-dimensional rectangular elements and discretizing
the temperature distribution within each element as:

mehMumzm+mmwn@+mmwn@+menm=W@MV@Q3

Where Ti,j,mn are nodal temperatures, x and y axis of local

(element based) coordinate system (the element coordinate sys-

tem orientation is as described in figure2-(c)), ! is the time and

m?>

Ny NN, N, : . .
v are the nodal interpolation functions. The tempera-

ture distribution for a typical element in terms of shape func-

tions is given by:

=N NN v 3

s N R R
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Where [v] is the row matrix of interpolation functions and )
is the column matrix (vector) of nodal temperatures. The nodal

temperatures are functions of time[9].

4. Numerical modelling

Applying Galerkin’s finite element method to equation (1) to

obtain the residual equations:

2 2
T T .
J'[N]T K9 g9~ +q_Cpal dd=0
4 52 .,vayz ot

4

The residual equations can be rearranged and expressed as:

I[Cl [N]” aTj I[Cz [N]” aTj IC4 N

- I IN"C, dA+J' Cl@x(N]TaTj dA +J' Czay(N]TaTj
()

K [ ]
Where: C, = K. ;G = TGy = 7 and Cys= Cr [9]. Utiliz-

ing equations (2) and (3), the integrals in equation (5) can be
written in detailed matrix form as:
e [ eft hand terms

* and 2" integrals:
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IC[a[zv] aTj ., and ICZ[ N]TﬁdeA gives

Ox
! and !
L« . 1 9 | [ K ] U respectively,
T y Tm
T,
kK K K, K,
In which [K] [K] K& B K| are the element conductivity
K. K, K.k,
K. K K, K,

matrices in x and y directions.

3" integral:

in which
C C C C
c, ¢, «C, ¢, .

[ C ] = | ¢ o is the element
C C C C

consistent capacity matrix.

e Right hand terms

1*" integral:
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L[N]TC; 74 {fQ(e)}

Is the element forcing vector due to internal heat generation
using Green's Theorem, the 2™ and 3" right terms in equa-
tion (5) can be written in terms of integrals around the ele-
ment boundary (i.e. area integrals in terms of line integrals

around the element boundary) as:

LCI ;([N]Ta;j dA =IQC1 [N]Taa—: cos 0 dQ

(6)

0 ror = ror sin
chay[[N] ayj dA —fQCz (V] . 0 dQ

(7)

Where € represent the element boundary, and 9 measure the

angle to the unit normal. Equations (6) and (7) contribute to the

k]

derivative boundary conditions for conductance matrix

(e)
. |E
and thermal load matrix ] [8, 9].
The derivatives of the interpolation functions have now been ex-
pressed as ordinary derivatives, as appropriate. Equation (5) is

most often expressed as:
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[C(e)]{ -T(e)}+ [K(e) {T(e)}{ fQ(e)}JF{ f;e)}

(8)
@
] {fQ }
K . .
Where 1s the element conductance matrix, element
©
1}
forcing vector due to internal heat generation, is element

gradient vector due to boundary condition(s) and [ ()] is the
element capacitance matrix which was developed and as implied
by its name, indicates the capacity of the element for heat stor-
age.

The model assembly procedure for a transient heat transfer
problem is that, element nodes are assigned to global nodes and
the element capacitance matrix terms are added to the appropri-
ate global positions in the global capacitance matrix, as with the
conductance matrix terms[9]. Hence, on system assembly the

global equations are:

(i} + ) ir)= (g} + (5,
©)

5. Finite Difference Method
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The finite element discretization procedure has reduced the two-
dimensional transient heat transfer problem to algebraic terms in
the spatial variable via the interpolation functions. A commonly
used approach to obtaining solutions for ordinary differential
equations of the form of equation (9) is the finite difference
method. The finite difference method is based on approximating
derivatives of a function as incremental changes in the value of
the function corresponding to finite changes in the value of the
independent variable. Applying the procedure to the transient
heat transfer, the time derivative of the nodal temperature matrix
in equation (9) is approximated using forward difference
scheme (Euler’s method) as:

[C]ira. )= [cl{re)} - [K]{T @)} At + {F, () At + {F, (1)} At (10)

Where ' is the time step. Note that, if the nodal temperatures
are known at time ’ and the forcing functions are evaluated at

time ’, equation (10) can be solved, algebraically, for the nodal

t+ At

temperatures at time [9]. Denoting the time at the /™ time

=1I(A .
step  as t =1 t), i = 0, 1, 2... then gives:
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-1

o = T, =[] K17}, e + €] {F,
fori=0,1,23,... (11)

Since there is no heat generation inside the system, the heat gen-

{FQ}:

: 0 :
eration force vector term equal to zero .To begin the solu-

. t=0
tion procedure the state of the system must be known at ,

in addition to applicable boundary conditions[9].

6. Material Properties of Sand Mould and Casting Alloy
Figure 1-(a) presents the geometry of the aluminum alloy part.
The characteristics of sand and aluminum alloy are given in ta-
bles 1 and 2 [1]. It assumed that the physical properties for sand
mould and aluminum alloy (liquid) are independent of tempera-
ture changes. The two-dimensional analysis of one unit thick
slice was performed. Figure 1-(b) gives the geometry of the
model. Half-symmetry was used to reduce the size of the model.
The right half is the portion modeled figure 2-(a, b). Finite ele-
ments model consist of 72 2-D thermal solid elements, 48 for
the sand mould and 24 for the alloy, with total number of nodes
in the model of 91 figure 2-(a, b). The element has four nodes

with a single degree of freedom (temperature) at each node. The
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fixed mesh, rectangular bilinear finite element was used figure2-
(c). It has equal length (L) and width (w.) of (1cm). Boundary
and initial conditions on the boundary of the model, excluding
axis of symmetry, we supposed constant value for film coeffi-
cient (hy = 11.443 w/m? °C) as well as air temperature (T,
=30°C). In addition, we supposed uniformly distributed initial
temperatures of sand (Tsung =30°C) and alloy (Tpe,=670°C).

Scm

4 cm

4 cm

2em 4em
yle

(a)
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'Yy

)
|
|

(b)
Figure 1: (a) Aluminum T-section part (b) Model geometry
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Line of symmetry

%, ¥ local eoordinate system
X, Y global coordinate system
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(b)

(©)

Figure 2: (a) Finite element model and position of observed
nodes (b) Right hand half of model and line of symmetry (c)

Geometry of one finite element
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Table 1: Material properties of sand mould [1]

Physical quantity

value

Thermal conductivity

E=15wim°C

Specific heat

¢y =1117 J/ Kg°C

Mass density

o =1600 Kg/m®

Film coefficient (sand-ar)

B e =11 443 wim®eC

Tnitial temperature

T, = 30°C

Table 2: Material properties of casting alloy [1]

Physical quantity

value

Thermal conductivity

£,=9403 wim~C

Spectfic heat

C, =1080 J/ Kg°C

Mass density

o, =2385 Kg/im®

Heat of fusion

A =395995 J/ Kz

Pouring temperature T,=670°C
Liqu dus temperature T, = 640°C
Solidus temperature T =820°C
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The nonlinearity of the problem imposed subdivision of time
domain on many subdomains. Therefore, time domain is sub di-

vided into 0.1 divisions ( ar=0.1 s). At the end of each time step,
the nodal temperatures are calculated in order to obtain new
equilibrium state. In order to avoid numerical instability (the
growing of error while marching in time axis), the maximum
time step size was controlled by the description of the loading
input and the minimum time step size by defining its value
based on the following relationship:

ITS = A* /4a
(12)
The ITS is the instability time step and 2 is the conducting

length of an element along the direction of heat flow. The ¢

value is the thermal diffusivity, given by KIpC The K value is

thermal conductivity, P is the mass density, and C s the spe-

cific heat[10,11]. If the above relationship is violated, unwanted
numerical oscillations and values of calculated temperature out-
side of the physically possible range may occur[11]. The maxi-
mum time step size found is 0.5 second.

3. Results and discussion

The results of the simulation are shown in figures 3 to 9. The
temperature distribution in the sand mould and alloy, after time
intervals of t;= 2.9s, = 29.7s, t;= 121.5s and t;=4x10"s are
shown in figures 3-(a, b) and 4-(a, b) respectively. A family of
temperatures history of the casting and mould configuration at
intervals of 300 and 10° seconds are presented in figure 5-(a, b).
The changes in temperature field distributions relate to model
geometry with closer contours at the start than at the end of so-
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lidification figure 3-(a, b). During the cooling period of 2.9s af-
ter pouring, 97.30% of casting nodes at temperatures above lig-
uidus temperature (Tr) and alloy solidification process initially
takes place at this moment at temperature level of (T = 640

¢ ). The first point that solidifies lies at the top-right corner of
the T-section flange shown as node N75 in figure 3- (a). The top
- and bottom-right portions of mould represent the coldest
zones. At the end of solidification (te,q = 29.7s), 97.3% of cast-
ing nodes at temperatures below its solidus temperature (T =

620 € ). The last point solidifies lies at the left innermost
above the intersection between the flange and the web of the T-
section by lcm (i.e. one quarter of flange depth) as shown in
figure 3-(b) as node N50. The T-section takes about 26.8 sec-
onds to solidify. While the casting was undergoing the cooling
process, the mould heated and approached a maximum tempera-

ture of 424 € at time of 121.5s from pouring figures 4-(a) and
5-(a). Node N39 is the location of maximum temperature in the
mould and its temperature increased about 14 times from 30 to

424 °C figures 4-(a) and 5-(a). By the time the reminder of

mould nodes are at a temperature between 346 and 31 ¢ ,
while the casting temperature decreases to values between 514

and 495 'C . Then after, the whole of system undergoes the
cooling process until approaches the thermal equilibrium state at

temperature level of (T, = 30 °C ). The temperature history of
the model before the equilibrium state at interval of 10*s and
temperature distribution just before this state at 4x10"s are illus-
trated in figures 5-(b) and 4-(b) respectively.
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maodel ermperaure distiouion after 2.2 sec.

DisAnce forn bottorn of rnodel along line of syrormetny 0 dissction gm)

Cistarce fom rodel line of syrometny in < direction grn

mdodil termperature distibution after 20.7 sec.

Distance forn bottorn of radel along line of symrnetny 0 ¥ diection Gy

Distance Forn rmodel line of syrnmetryin = drection &)

(b)

Figure 3: (a) Temperature field distribution [ "¢ ] at the start of

solidification (b) Temperature field distribution [ "¢ ] at the

end of solidification
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miodel termperature distibuion after 121.5sec.

Distance o bottorn of rmodel along line of syt o v disction Enn)

Distance form rmodel line of syrretny in = direction m)

(a)

Model Empemure distibution afer 40000 s=c.

Distanze forn botiorn of rodel along line of syremetny in ' dirscton o)

Distance forn modeal line of syrormetry in < directon g

(b)

Figure 4: (a) Temperature field distribution [ "¢ ] at mould

peak temperature (b) Temperature field distribution [ ¢ ] as

model approach thermal equilibrium
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model temperture history after 300 sec.
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(b)
Figure 5: (a) Temperature history [ "¢ ] after 300 sec. (b) Tem-

perature history [ "¢ ] after 10* sec.
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The cooling and heating rates distributions in the casting and
sand mould of model at start and end of solidification moments
are illustrated in figures 6-(a, b). The distribution relates to
model geometry. At start of solidification the top- and bottom-

right corners of flange and the bottom-right corners of web

nodes N75, N47and N17 have the highest value of 5 "¢ /s, be-

cause they are surrounded by more area of cold sand. The re-

minder of casting varies between 4 and 1 C s except node N50

undergoes no change. During this period the mould heated and

node N39 has a higher value of 17 "C Js. The far away top- and

bottom-right corners undertake no change. The remainder of

mould heating rate varies between 10 to 1 C Js. The distribu-
tion follows model geometry with narrower terrain towards the

end of solidification. At this moment all casting nodes have a
constant cooling rate of 2 C s except nodes N17, N47 and N75
of a value of 1 "© /s. While the mould heating rates drop down

to values between 4 and 1 ' /s. The top- and bottom-right cor-

ners still undergo no change. The cooling rates history of nodes
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N75 and N50 over a time period of 60s are presented in figure 7
-(a, b), where the solidification process starts and ends at these
nodes respectively. In general the cooling rates are higher near
the mould metal interface than the casting interior. Also the

cooling rates are higher in the beginning and decreases as the

solidification progresses.

Model cooling & heating rates distribution after 2.9 sec.

Diztanee from bottom of model along ne of zymmetry in Y drection [cm)

1 2 3 4 5 <] 7

Diz&nc e from maodel line of symmetry in X direston (o)

(a)
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Model cooling & heating rates distribution after 297 sec_

Dismnce from bottarn of model along ine of symimetry n Y drectiion (om)

1 2 3 4 5 L] 7

Diz|anc e from model line of syrmetry in X direston [cm)

(b)
Figure 6: (a) Cooling and heating rate distribution [ ¢ /s] at

start of solidification (b) Cooling and heating rate distribution [

"¢ /s] at end of solidification

Hode (H75) cooling rate history after 60 sec.
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Node (N50j cooling rate history after 60 sec.

Cooling rate (Chs)

|
20 40 50 a0
Time (seconds)

(b)

Figure 7: (a) Node (N75) cooling rate history [ "¢ /s] after 60
sec. (b) Node (N50) cooling rate history [ ¢ /s] after 60 sec.

The thermal gradient distributions in the casting and sand mould
of model at the start and end of solidification intervals are
shown in figure 8-(a, b). The distributions relate to model ge-
ometry with wide terrain. At start of solidification the bottom-
right corner of the web N17 has the highest value of 205K/mm.
The reminder of casting varies between 204 to 1K/mm. During
this period the mould heated and node N39 of a high value of
193K/mm. The rest of mould varies between 133 and 1K/mm.

The top- and bottom-right regions of the mould with zero gradi-
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ents that are thermally balanced. The thermal gradient distribu-
tion in the mould and casting at the end of solidification relate to
model geometry with wider terrain. At this moment the casting
gradient drops as the time proceeds to values between 151 to
1K/mm, however the gradients nodes N43 and N50 their gradi-
ents increase from zero to 1K/mm. The mould gradient drops
down to values between 69 to 1K/mm, excepting its farthest
bottom-right portion still have zero gradients that are in thermal
equilibrium. The thermal gradients history of nodes N75 and
N50 over time period of 60s is presented in figure 9-(a, b),
where the solidification process starts and ends at them respec-
tively. Generally the thermal gradients of casting at the locations
near mould wall are characterized by high gradients, whereas
the middle regions of casting have low gradients. Also the gradi-
ents are higher in the beginning and decreases as the solidifica-

tion proceeds.
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Model therm al gradient distribution after 2.9 sec.

Diganee from bottom of modd along line ofsymmetry in Y drecton (em)
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Model thermal gradient distribution after 297 zec.
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Disance from model line of symmetry in > direction [cm)

(b)

Figure 8: (a) Thermal gradient distribution [K/mm] at the start

of solidification (b) Thermal gradient distribution [K/mm] at the

end of solidification
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Figure 9: (a) Node (N75) thermal gradient [K/mm] after 60 sec.
(b) Node (N50) thermal gradient [K/mm] after 60 sec.
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It 1s obvious that the conducted work is an attempt to bring the
foundry practice to a more scientific basis towards virtual foun-
dry and to integrate the design process concurrently with heat
transfer. Moreover, the simulation results can be manipulated in
many ways to track other related phenomena. The current work
provides variety of mapping systems that aids in inferring valu-
able information used by different interested in and aware of
relevant fields. The following comments were deducted on the

model performance:

® The model demonstrates plainly the phenomenon of progres-
sive and directional solidification that casting prevails. The
mould material stimulates the insulating effect and reduces the
rate at which heat is extracted. This reflects that the retained
heat in casting is exchanges to raise the temperature of the
mould. During the solidification phase the general profile of
the cooling rate decreases and the thermal gradient increases

as the time proceeds.
® When the depth of web is one half the breadth of flange and

the modulus of flange is greater than of the web, the last re-

gion solidified lies inside the largest inscribed circle of the T-

Shendi University Journal - Issue No. 8 - January 2010 44




Simulation of Heat Flow in Aluminum Sand Casting

section and above their intersection along the line of symme-
try by one quarter of the flange depth figure 3-(b). This result
commensurate with Chvornov's rule and precisely identify the
position of the last freezing region (hot spot) in contrast to this

rule, which roughly indicate this region.

® The thermal gradients of the last freezing region in the model

is always less than the minimum critical value for alloy ( Ge
= 2K/mm), figure 9-(b), This outcome rigorously confirms
with thermal gradient rule, that when its value falls at any time
().

below a critical minimum value , shrinkage voids are

were most likely formed[4].

® Observing the last freezing location in the model, it is charac-
terized by high temperature, low gradient and high cooling
rate relative to its adjacent regions, specifically towards the
end of solidification. This finding strictly matching the rule
that suggest the location of shrinkage defects, are of high tem-

perature, coupled with low gradient and high cooling rate.
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7. Conclusion

This model enables, taking into account all assumption imposed,
an insight to be gained into details of temperature, cooling rate
and temperature gradient changes during aluminum alloy solidi-
fication and the complete cycle of heat flow process in the
model. In addition, quantitative determination of these proper-
ties is available with logical perspective behaviors of the sys-
tem. According to the results of the analysis, the start and end of
solidification locations are geometrical driven. Geometry of
sand mould has an important impact on heat transfer process
through material, as well as on temperature, cooling rate and
temperature gradient distribution in the model. So, additional
analysis of mould geometry influences on the solidification of
aluminum alloy, with all related boundary and initial condition
taken into account, is necessary to conduct in order to define the
type and level of these influences.

The result obtained could be also used for further coupled ther-
mal structural analysis in order to investigate the occurrence of
other casting defects. In addition, new transient heat transfer

analysis of this model with new, forced cooling condition should
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be conducted in order to determine the best cooling condition
regarding the appearance of this residual stresses.
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