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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 LM6 (A1-12% 
Si) hollow plate-shaped castings computed from solutions developed compare favourably with the 
corresponding experimentally—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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gl. 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- 
tions, 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 
„RM, castings. Most commercial castings, however, have internal cavities formed by 
Placement . 	of cores of different shapes and sizes at desired locations. But even in 
he littplest case of one-dimensional heat conduction, the solution available for solid 
postings Cannot in general be extended to the hollow castings as the heat 
Extraction rates from the mould and the core can be unequal. 
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It has thus become imperative to consider the heat conduction in h otiovi  
separately which seems to have attracted little attention in the paSt. 
have developed mathematical solutions to determine the solidification time s 01": 
plate-shaped and cylindrical castings in sand moulds, after analysing th e th:" 
behaviour of the moulds and cores involved, the details of which have be en  pid*ai,  
elsewhere'. The solutions for the solidification times of hollow plate c ast mg' r, 
presented and discussed in this paper. 

The conventional heat balance method 2-8  has not been applied to determine  
solidification time of hollow castings probably due to non-availability of solution to€ 
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 generalig 
solutions and non-inclusion of sensible heat of solidified layer in the absence 
knowledge on temperature profile in the solidified region have been the other b 
tations. 

Other approximate analytical methods like integral method, variational tecluncit 
perturbation method, embedding technique as also numerical methods have been ea 
to linearize the nonlinear boundary value problems of solidification in general. Hoi 
ever, these approaches, often very lengthy and involved, may not be warranted sr 
determination of solidification time is the main objective and not the exact ten? 
rature distribution in the solidified region. 

While it may not be exactly representative of the actual situation, the assamPla 
of a linear temperature profile in the solidified region has yielded satisfactory rest 
in solidification problems studied earlier 2-u. Likewise the assumption of a consul 
metal-sand interface temperature has also led to satisfactory results 6-7 . 

The only systematic attempt towards the determination of solidification tart 
hollow plate-shaped castings earlier was by Sciamau who used a numerical rnedlet: 
However, his calculations have been very limited due to stability problems of nurael‘ 
calculations due to long solidification times of Al-13% Si plates and experlme 2' 
verification of the results is needed. 

A detailed account of literature on these aspects is available' and will be car .  
cated separately. It is clear, however, that a general solution needs to be deve 10.. 
for better understanding of the solidification of hollow castings and to obtain 
data. 

2. Methodology 

steel  A modified heat balance method with linear temperature profile in the solidisse -  seiy 
Itasibeen employed to obtain the required solutions. The principle is to deternt o:  
rates of heat extraction by the mould and the core separately and to establish the ra°' 
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Considering the scheme shown in fig. 1. half 	 it hollow plate extending 

from  a to b 	the positive X-direction is taken rcve analysis, owina to geometric 
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u = 	a x 7 b, t = 0 
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u u4 	x =-- b, t > 0 

u u. 	x -+ co. 

The temperature gradient within the liquid metal is aletitaed and the superheat is 

assumed to be liberated at um  so that it can be tnerigNi with the latent heat L. 

The governing heat balance equation for the solidification from mould side is 
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Li p 	c-ir 	dt 
C l ) 

'4)u 
The term is evaluated from the 

"()x ix = b  
equation in plane moulds 

= uo  (ui  = uo) elk 
x b 

— • 

2Va1 t 

weli-knen temperature 

• 

distribution 

(2) 

.1c 419101
rn  , 4: 

us- 	u 
f; 	 st 
rutI 
u 	ef- 
t 	sp 

ft 	1 	1 

Lail 

 

HEAT  

b, 
UI 

Am  

C 

$OL ID MOULD 
ilLA22....  . - 

(1) General 
(b) Hollow plate 

1- Solidification of hollow castings. 

\ Ku\  t 	I 	I 
i 	I 

ICCRE 	1  

(c) Hollow cylinders 



T • 
tii  = 

, 	oria* 	v1  Pci 
K* (L* + 1 ) 2 

0 0 

since el  (0) =0, 
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(4: 

integration of which in turn gives, 

2u * Vern — . 	(ri)= 	1  
, 

K* * 
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Simplification of equation (I) after introducing appropriate dimensionless t er  nts to the equation 

Equation (4) is the general solution for movement of solid-liquid interface fr om plant  
mould surface and can be plotted for various values of system parameters term 

214 Va*In  
K* (L* ± 1) • 

In fig. 2 is shown the plot corresponding to LIVI6. 

Likewise, the governing heat balance equation for the core si le is 
ds 	dif.2 	'au • Ll p At= 
dt

2 	= Acc . dr 	 x = a 

:implification and non-dimensionalising which leads to 
K*  (L* 	dc-12 	/12 I 

2) S 	bx* I x* = I . 

Unlike the mould, which is assumed to be semi-infinite the core is of finite thickno 
and thus the well-known error function solution is inapplicable to determine the terapc .  

4 

• • 

(6) 

as  

FIG. 2. Movement of solid-liquid interface from 
mould surface—generalised. 
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%image 
Et. 4. Graphic solution for solidification time of LM6 hollow plates. 

!attire distribution in the latter. The following equation has been found' to be appli
- 

cable for the latter : 

co 
—414* u..= r_ 	i 	(_ 1) n 	 2n + 1 

7r 	2 — i t exp [ (2n + 1) 
n + 1 	— 	2  7T 2  rof4a 1 . COS 	1 	7rx* 

_ 	
(7) 

. 
n=0 

!rani which .(g4.2  
• NC*  4*  r_ 

I may be obtained and substituting this value in 'equation (6) 

mid integrating leads to the 
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Equation (8) is the general solution for the outward solidification around a pl ane en  
Figure 3 represents the solution corresponding to L1146 alloy which indicates the tort  
saturation effect on the advancing solid-liquid interface. 

The coupling condition for solidification of hollow plate is 

I + 	era) = 	{1 — 5j (ti)} 

which follows from .5- 1  + s2  = b — a. 

Equation (9) is the general solution for the solidification time of hollow plate castings, 
In fig. 4 are plotted the 1.h.s. and r. h. S. of equation (9) with respect to ; fet 
different values of bla, for 1_,M6 alloy. The solidification times, T i.•  obtained from 
the points of intersection of corresponding curves are plotted as a function of the 
geometric parameter of bla in fig. 5, which is the final solution for LM6 hollow platt 
In table I are given some numerical results along with the corresponding experinten, 
tally determined solidification times of hollow plate castings made under conditis 
closely corresponding to those assumed in the analytical model. 

It is observed that the agreement Intween mathematical and experimental values 
is quite good in the castings considered (A„, iple  c, 1 - 4). The agreement in the cased 
larger castings was not good evidently due to pronounced end effects. As expected 
the agreement was much better when a three-dimensional mathematical model was 
employed for these castings ; these details will be communicated in a separate paper- 
Thus, it appears that the heat balance approach can be used even when numeric!' 
methods fail due to stability considerations 12 . 

Table I 
Solidification times of LM6 hollow plates 

Plate thickness 
cm 

bla 
ratio 

Solidification time, min % Deviation w.r.t. 
experimental time, 1° 

Calculated Measured 

1.25 1 . 25 3 . 66 3-90 —6-2 
1 - 25 1 - 33 3 - 24 3 . 00 8-0 
1-25 1 . 50 3 . 29 3 . 00 9.7 1.875 2-00 714 7.00 10-6 2.50 1 . 50 13 - 16 13-50 —2- 5 2 . 50 1 - 67 13 - 25 13 - 00 1.9 2 . 50 2 - 00 13-75 13 - 00 5- 8 

Mean quadratic deviation, 

Ire 
C, == 	 71 °%. 
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Drensionles'S geometric parameter :  b/a 

PIG. 5, Solidification time of hollow plates (LM6 alloy)—genualised. 

Nomenclature 

— major area of mould surface in contact with the metal, cm ?  
— total area  _I- ut mould surface in contact with the metal, c m 2  

A 	
area of the core surface in contact with the metal, cm 

; area of the moving solid-iliquid interface from the mould surface, cm' 
— area of the moving solid liquid interface from the core surface, cm

2 

lb 	
half thickness of the core cm 

c  :ha: thickness of the mould, cm 
u 	Pecific heat of metal, cal/gmt nit 	internal  energy of the solidified region from the mould surface, cal. 

d
-.6 

 

internal energy of the solidified region from the core surface, cal, 
--thermAl conductivity of metal, calicnit sec, 
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14 —mean thermal conductivity of mould and core material, calicn ioc see. 
• L 	latent heat of solidification, cal/gm 

LI — modified latent heat incorporating superheat, cal/gm. 

s 	thickness of casting, cm. 

Si 
distance moved by solid-liquid interface from mould surface, cm. 
distance moved by solid-liquid interface from core surface, cm. 

t 	time, sec. 
temperature in solidified metal, °C. 
Temperature in mould, °C 

- temperature in core, cc 
— mould-alloy or core-alloy interface temperature, 

Reimann equation) 
— mean solidification temperature, °C 
- ambient temperature, °C 
— distance, cm 
- thermal diffusivity of ti 
— mean thermal diffusivity 

°C (obtained from a modifi ez 

e metal, cm2isec. 
of mould and core meterial, cm 2isec. 

Dimensionless terms 

Dimensionless distances x* = xla or xlb 

el = 

e2 = Sda 
Dimensionless temperatures : 

u* = (ui — uo)/(u„, ui) 
u; = (i41 	uts)/(u,— uo) or (it, 	u4)/(us  — 14) 
us2 = (u2  	us) or (u2  LOA. -•- u4) 

Dimensionless time : 

a1ta1t 
a 	b 2  

at 
72  = a2  

Dimensionless properties : 
at = 

K* = 

1.* = L'IC (U„,— 
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