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Solidification times of hollow plate-shaped castings in sand moulds—
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Abstract

A modified heat balance method was used to determine the solidification times of hollow plate-
shaped castings under one-dimensional heat conduction. Solidifiction time values of LMé6 (Al-12%
Si) hollow plate-shaped castings computed from solutions developed compare favourably with the
corresponding €xperimentally—determined values. Criterion for the applicability of the model based
on relative mould surface area and core surface area has been indicated.
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1. Introduction

It is well recognised that the knowledge of solidification times of castings would be
of immense value to foundrymen in the production of sound castings. While experi-
mental determination of solidification times is often convenient for particular condi-
ons, mathematical solutions can be more general and can cover a much wider range
of heat transfer conditions.

Mathematical solutions for solidification times of castings are available mainly for

lid castings. Most commercial castings, however, have internal cavities formed by
lacement of cores of different shapes and sizes at desired locations. But even in

¢ ; Implest case of one-dimensional heat conduction, the solution available for solid
Easllngs Cannot in general be extended to the hollow castings as the heat

Xiraction rateg from the mould and the core can be unequal.
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It has thus become imperative to consider the heat conduction i holigw
separately which seems to have attracted littlc. attention in the past. Them\
have developed mathematical solutions to determine the solidification y; iy
piate-shaped and cylindrical castings in sand moulds, afler analysing tpe =
behaviour of the moulds and cores involved, the details of which havye been %‘
clsewhere!. The solutions for the solidification times of hollow plate castgﬁ
presented and discussed in this paper. -

mes gf

The conventional heat balance method®-® has not been applied to dete
solidification time of hollow castings probably due to non-availability of solution
outward solidification around cores of finite thickness and also the limitations of s
an approach to track the movement of solid-liquid interfaces. Lack of generaliy |
solutions and non-inclusion of sensible heat of solidified layer in the abseng §
knowledge on tempecrature profile in the solidified region have been the other fy,
tations.

l'mim i

Other approximate analytical methods like integral method, variational techui
perturbation method, embedding technique as also numerical methods have been &
to linearize the nonlinear boundary value problems of solidification in general. Hs
ever, these approaches, often very lengthy and involved, may not be warranted v
determination of solidification time Is the main objective and not the exact temx
rature distribution in the solidified region.

While it may not be exactly representative of the actual situation, the assumpl
of a linear temperature profile in the solidified region has yielded satisfactory resu-
in solidification problems studied earlier®!!, Likewise the assumption of a comu
metal-sand interface temperature has also led to satisfactory results®7.

The only systematic attempt towards the determination of solidification tume
hollow plate-shaped castings earlier was by Sciama!? who used a numerical mﬂ""
However, his calculations have been very limited due to stability problems of nll{ﬁ"""'_‘
calculations due to long solidification times of Al-13% Si plates and expenm
verification of the results is needed.

A detailed account of literature on these aspects is available' and will be 00'"-‘:1#
cated separately. It is clear, however, that a general solution needs to be devel

for better understanding of the solidification of hollow castings and to obtain U
data,

2. Methodology

: o ipad [0
n A modified heat balance method with linear tempcrature profile in the Sﬁ"'d-‘ﬁ"fd.I .
hasg been employed to obtain the required solutions. The principle 1s to deternu: :
rates of heat extraction by the mould and the core separately and to establish the mo*
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.. 1iquid interfaces from both sides by Comsaditme au overall heat balance
f the solid -1 profile was assumed to be lnear frome sahlification temperature to an

| or core-metal interface temperamers A corresponding  diffe-
Te = mould-metal o : . .
iant M of sensible heat was lncorporitad weae heax halance equation. This
ase

e ced for consideration of a nonhnear pactd differential equation which
- thetlrlle location of the solid-liquid mtertaces “oamg  unknown a priori when

duction 10 metal is considered iﬂdﬂ'md! The present method facili.
e umination of solidification time 2t the wmazamt at which the solid-liquid
r o -
ated the ?:(:n the mould and the core sides  EeryR.

. oing the scheme shown in fig. 1. hall the wewom of hollow plate extending
Cons,lderlﬂf . the positive X-direction is takem £O0C amalhvsis. owing to geometric
a to

 from tial and boundary conditions assmmmNl are

' u= U, GZ X <Z b! =

u=u' x-')m-

The temperature gradient within the liquid metal ¥ wepdocted and the superheat is
«med to be liberated at u, so that it can be mergxid with the latent heat L.

The governing heat balance equation for the solnliwvataon from mould side is

’ d'gl dH‘l _ - ..?E!': ! (l)
The term %—? o o is evaluated from the welkknown temperature distribution
( -
tqation in plane moulds .
xX—2>b 2)
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Simplification of equation (1) after introducing appropriate dimensionjeg, terms |
, fad,

to the equation
T

K* (L* + é) f dE, = —u f i_*‘fﬁ
h - AVrfa” v ' i

0
integration of which in turn gives, since & (0) = 0,

& (n) = o Wl ] V1.

K* (L*+ 1) | f
Equation (4) is the general solution for movement of solid-liquid interfy

| ) ce from
mould surface and can be plotted for various values of system parameter P

S term
ZH: ‘\/a.*f?l'
K*(L* + §) °
In fig. 2 1s shown the plot corresponding to LMS.
Likewise, the governing heat balance equation for the core sile js
ds, = dH ou
YpAx 2 4+ 2 <k )
PAtar ¥ ar A*‘K’“'Dx’x=a b

timplification and non-dimensionalising which leads to

| d':g Dut
- (L* = ") ' di = bxi

2 v

== 1.

Unlike the mould, which is assumed to be semi-infinite the core is of finite thicks
and thus the well-known error function solution is inapplicable to determine the temp”
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h. 4. Graphic solution for solidification time of LM6 hollow plates.

ruwre distribution in the latter. The following equation has been found! to be appli-
Wle for the latter :

o0

2n + 1
= E o P l— @+ 1) o4 2

n=gQ
fom which O 4a . : . Yequation (6)
Which 3x*, x+ = | May be obtained and substituting this value 1mn 4 |

g .
Megrating leads 1o the equation

K‘(L'-}-} 8u; o* < ("'l)m—sinlgn-l-ljrr
5 )+ G2 (7o) i= pa [ Z (2n + 1)? 2

#=0
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o0
-1 . 2n+1 ’
~ > Grrdp in g e (=G ey ]
n=o 3 E'
Equation (8) is the general solution for the outward solidification around 4 plane g

Figure 3 represents the solution corresponding to LM6 alloy which indicateg the ..
saturation effect on the advancing solid-liquid interface. ot

The coupling condition for solidification of hollow plate is
{14 & (1)} =bla {1—¢& (1)} A
which follows from s, + §; = b —a. "

Equation (9) is the general solution for the solidification time of hollow piate casting
In fig. 4 are plotted the l.h.s.and r.h.s.of equation (9) with respect to 1 y
dJifferent values of b/a, for LM6 alloy. The solidification times, Tye, ODtained frop
the points of intersection of corresponding curves are plotted as a function of t
geometric parameter of b/a in fig. 5, which is the final solution for LM6 hollow plate.
In table 1 are given some numerical results along with the corresponding experime
tally determined solidification times of hollow plate castings made under condition
closely corresponding to those assumed in the analytical model.

It is observed that the agreement batween mathematical and experimental vahs
is quite good in the castings considered (4,,/4. < 1-4). The agreement in the caseol
larger castings was not good evidently due to pronounced end effects. As expect
the agreement was much better when a three-dimensional mathematical model ws
employed for these castings ; these details will be communicated in a separate papr
Thus, it appears that the heat balance approach can be used even when numerict
methods fail due to stability considerations!2,

Table 1

Solidification times of LM6 holiow plates
—-—————————_______—________—__—___—_——"

Plate thickness bla Solidification time, min % Deviation w.r.I.

cm ratio —_— experimental time, %
Calculated Measured —

1-25 1:25 366 3-90 —_5"2

1-25 1-33 3-24 3-00 8-0

1:25 1:50 3-29 3-00 9-7

1-875 2:00 774 700 10°6

250 1-50 13-16 13-50 —25

2:50 1-67 13-25 13-00 1'9

250 _ 2'00 _ 13*75' r13-00 _ 5-8 _ R

Mean quadratic deviation,

y % e .
s = T“‘?'l/..
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Dmensionless geometric parameter, bia

Be. $. Solidification time of hollow plates (LM6 alloy)—gen>ralised.

N°!!Itmclature
A

A —major area of mould surface in contact with the metal, cm:
A'l —total area of mould surface in contact with the metal, cm”
—area of the core surface in contact with the metal, cm?

jq ~area of the moving solid-liquid interface from the mould surface, cm;
u" —area of the moving solid -liquid interface from the cOrIC surface, cm
b ~half thickness of the core cm
tH :E;lzigﬁicﬁz:fs ?f the lmoulld, iné

. O metal, cal/gm
H'; :linterna.l energy of the solidiﬁf;‘fi region from the mould surface, {:al.
K ternal energy of the solidified region from the core surface, cal,

~ therma conductivity of metal, cal/em°C  seC,
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k. — mean thermal conductivity of mould and core material, caljem®C
1 w " l SEC*
. [ —latent heat of sollc!lﬁcatlon, ca /gm
— modified latent heat incorporating superheat, cal/gm.

_ thickness of casting, cm.
— distance moved by solid-liquid interface from mould surface cm

51 ; g &
_ distance moved by solid-liquid interface from core surface, cm

¢t —time, S€C.
— temperature in solidified metal, °C.

— Temperature in mould, °C

U

u: — temperature 1n core, °C

u, — mould-alloy or core-alloy interface temperature, °C (obtained from 4 Modig
Reimann equation) 1.

u, — mean solidification temperature, °C

— ambient temperature, °C

x  —distance, cm
— thermal diffusivity of the metal, cm?/sec.
— mean thermal diffusivity of mould and core meterial, cm?/sec,

Dimensionless terms

Dimensionless distances : x* = x/a or x/b
& = S,/b
¢ = Syfa
Dimensionless temperatures :
u* = (U — ug)/(tim — u;)
Uy = (4, — Uo) /(s — 1) or (u; — Ue) (i == 14y)

= (e — w)l(u— ) of (uy — u)f(tm—-u)

Dimensionless time

2 4 5 o, f
T al b2
at
1:1 = "".‘-,
- al
2 ag

Dimensionless properties -
a* = afa,
K* = K|K|
L* =L'|C(U,— Uy
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