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Abstract

We propose a method for simultaneous treatment of heat and mass transfer processes and porosity formation of

castings produced by Counter Pressure Casting (CPC) method. The method enables us to account for the in¯uence
of the CPC parameters on the mechanical properties of the casting. Numerical results and comparison with
experimental data are given for an axis-symmetric casting (hemisphere with constant wall thickness). 7 2000

Elsevier Science Ltd. All rights reserved.

1. Introduction

The aim of the present work was the creation of an

algorithm for simulation of the porosity formation in

axis-symmetric castings produced by Counter Pressure
Casting (CPC) method. The important features of

CPC method are the possibility for controlling the

form ®lling time and the temperature in the mould,
and improving the feeding of the two-phase region by

applying pressure in the melt during solidi®cation. The

criteria functions, such as Niyama criteria, which
describe the location of the likely porosity, cannot be

used for evaluation of the in¯uence of the pressure on

the process of porosity formation. We have developed

a program module for numerical calculation of the for-
mation of porosity defects (both gaseous and shrinkage

porosity), which can account for the in¯uence of

Counter Pressure Casting process parameters. Within
this approach the porosity formation is described by a
non-linear system of di�erential equations including
the constitutional equations of the alloy, the equation

describing the interdendritic feeding, and mass and gas
content conservation equations.

2. Mathematical formulation of porosity formation

problem

The porosity problem is solved jointly with the pro-
blem for heat and mass transfer. A method is propose
in [1] for treating the heat and mass transfer problem

in a boundary-®tted coordinate system. The equations
describing heat and mass transfer were written and nu-
merically solved in a covariant way in a specially

designed Finite Di�erences Method (FDM)-grid,
obtained after generating of a family of surfaces con-
gruent to the boundaries of the region. With a special

choice of the components Gij of the metric tensor at
the nodes, the surfaces can be considered as coordinate
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surfaces of a boundary-®tted coordinate system. In this
coordinate system the problems of heat and mass

transfer, related to the casting formation, can be trea-
ted simultaneously (Fig. 1).
The equations of heat and mass transfer are

obtained in a covariant way in order to account for
the e�ects of boundary curvature and nonstationarity.
The Navier±Stokes equation is derived from the con-

servation laws in the Riemannian space:
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1=
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ÿ ����
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where u is the velocity; r, speci®c density; Gk
ij, a�ne

connection coe�cients; sij, stress tensor and F, the
external force density.

The heat problem is solved in two regions Ð the
cavity of the mould and the mould itself. In the mould
the heat conductivity equation is:

cr@ tT � lDT �2�
In the cavity of ®lling the heat equation is considered
also in two regions Ð the one with frozen metal where

Eq. (2) is solved and the other with molten metal
where the heat equation becomes

r�c� L@TfS �@ tT � lDTÿ rcu � rT �3�
Here u�t, r� is the velocity obtained from Eq. (1); c,
heat capacity; l, heat conductivity and L, the latent
heat of crystallisation. The crystallisation is described

by the method of equivalent heat capacity

cE � cÿ L@TfS

To solve the above equation the relationship between

the solid fraction fS and temperature T is needed. One
limit of the relationship is obtained from Sheil's
equation, which ignores the solid di�usion as

fS � 1ÿ
�

Tÿ Tm

TL ÿ Tm

� 1
kÿ1

The model describing the porosity formation is
based on the pressure drop evaluation in the interden-
dritic liquid. The local pressure P in the two-phased

region is calculated from a system of two di�erential
equations Ð continuity equation and Darcy law. The
continuity equation�rS

rL

ÿ 1

�
@ fL
@ t
ÿ r � �fLu� � @ fP

@ t
� 0 �4�

indicates that the shrinkage during the solidi®cation
(®rst term) is compensated by the interdendritic ¯ow

Fig. 2. Local boundary-®tted coordinate system generated

over the two-phase region.

Fig. 1. Boundary-®tted coordinate system used for simul-

taneous treatment of the problems of heat and mass transfer.
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(second term) and the growth of porosity fP [2].
Darcy's law

u � ÿ k0
nfL
�rP� rg� �5�

describes the interdendritic ¯ow. The permeability k0
in Eq. (5) is calculated from the liquid fraction fL and
the dendrite cell size d following Blake±Kozeney
equation

k0 � f 3
Ld

2

180�1ÿ fL � 2

The combination of microstructure simulation and
of casting process simulation leads to con¯ict, due to

the considerable dimensional di�erence between these
two physical realities. The grid used for obtaining the
numerical solution of the heat and mass transfer
problem is too coarse for the description of the inter-

dendritic mass di�usion in the mushy zone. In the
present article the di�erential equations describing the
processes of porosity formation are written and solved

in a local coordinate system, generated over the two-
phase region (Fig. 2). The coordinate surfaces are the
isotherms, de®ned by the equation

T�x� � const

and the integral lines of the temperature gradients ®eld

given by

dx i

dZ
� riT�x�x,Z�� �6�

With this choice of the coordinate lines the local coor-

dinate system is ®tted to the boundaries of the two-
phase region. An additional advantage is that the coor-
dinate system is orthogonal. The components of the
metric tensor are obtained in the form
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Since the geometry of the mushy zone is non-station-
ary the local coordinate system is updated at each time

step.
After substituting the velocity of the interdendritic

mass feeding, described by the Darcy's law (5), into

the continuity equation (4) the following equation
describing the local pressure in the mushy zone is

obtained

ADP� B � rP� C � 0 �8�

where
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n
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In the local coordinate system with metric equation
(7), Eq. (8) is written in the form
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where

g � det
ÿ
gab
�
� r 2gxxgZZ

We impose the following boundary conditions for Eq.
(9):

(a) At the centreline and the mould wall of an axi-

symmetric casting

ur � 0;
@P

@ r
� 0

where ur is the r-component of the velocity.

(b) Along the liquidus isotherm the pressure is
equal to the pressure in the molten metal and the
liquid metal ¯ows to feed shrinkage:

uZ �
�rS

rL

ÿ 1

�
uL

where uL is the liquid isotherm velocity

It is assumed that a gas pore is stable provided that
the excess pressure in the gas is su�cient to overcome

the surface tension when the gas phase has a radius
that is small enough to ®t in the interdendritic space
[2,3]. The above requirement is expressed as

Pg ÿ P � 4sGL

d
�10�

where Pg is gas pressure; P, metal pressure and sGL,

gas±liquid interfacial energy. Since the surface tension
barrier to be overcome for the formation of gas pore
within the secondary spacing would be much higher, d
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is the primary dendrite cell size. The primary dendrite
arm spacing depends on the thermal gradient in front

of the dendrites GL and the solidi®cation rate R [4]

d � AGa
LR

b

where A, a, b are constants.
When no porosity is formed, the metal pressure P is

calculated from Eq. (9) by an implicit ®nite di�erence
method. The interaction between the heat and pore
formation problems takes place through the evolution

of the two-phase region. Since the geometry of the
mushy zone is non-stationary, the local coordinate sys-
tem is updated at each time step.
The gas pressure is calculated from Eq. (10) as-

suming the diameter of porosity ®rst being the dendrite
cell size. A new amount of porosity is calculated from
the conservation equation for gas content

�H0 � � �1ÿ fL ��HS � � fL�HL � � a
PgfP
T

�11�

which indicates that the initial hydrogen content �H0�
is compensated by the amounts of hydrogen in the
solid �HS�, liquid �HL� and porosity fraction fP [4,5].

Sievert's law expresses the hydrogen content in the
solid and liquid

�HS � � KSH

������
Pg

p

�HL � � KLH

������
Pg

p
When the porosity is already formed, the metal and
gas pressure are calculated from Eq. (9) using the
amount of porosity before the current time Dt:
The procedure described above is repeated over each

volume element in the two-phase region and at each
time step.

3. Experiments and measurements of microstructure

A counter-pressure unit VP 400 at the Giesserei
Institut, Aachen, was adapted for on-line monitoring
and storage. Pressure sensors and thermocouples were

connected with a measuring unit, consisting of a PC
and specialised software (Fig. 3). This makes it poss-
ible to control the pressure in the furnace, the mould

and mould chamber with an accuracy of nearly 0.05
bar and scanning rate of 9 Hz. Storage of the data
allows the comparison between process parameters and
casting, necessary for systematic experimentation.

Conventional NiCr±Ni thermocouples were installed
for measuring the melting temperature and the tem-
perature of the mould. The temperature was measured

in the top half and the bottom half of the mould at a
distance of 2 mm from the surface mould casting.
Fig. 4 shows the location of the measurement sensors

in the mould and the casting unit. Fig. 5 (test 56)
shows the di�erent pressure and temperature curves
for a form-®lling velocity of 0.02 bar/s and a form-®ll-

Fig. 4. Location of the measurement sensors in the mould

and casting unit.Fig. 3. Counter Pressure Casting unit with monitoring system.
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ing time of 20 s. In test 61 with a form-®lling velocity
of 0.07 bar/s the mould is ®lled after 10 s. After the

®lling the pressure di�erence continued for about 25 s.
To determine the porosity an image analyser (IBAS)

measured the diameter of the pores and their total

area to arrive at a quantitative description. Generally
the level of pressure di�erence, the initial temperature
distribution and the form-®lling velocity have a con-

siderable e�ect on the distribution of pores and density
in di�erent parts of the casting. In the top zone the
cooling rate of the mould has more in¯uence on the

porosity than the pressure di�erence and the form-®ll-
ing velocity. From 20±140 mm zone the porosity
depends principally on the form-®lling velocity. In the
middle and bottom area of casting 56, the porosity in

Fig. 6a, the amount of the measured porosity along
the length of the casting is marked by � symbols, is
higher at lower rates of form-®lling velocity than

during increased form-®lling velocity (casting 61,
Fig. 6b) [6].

4. Numerical results and discussion

The porosity formation in the casting of demon-
stration part (hemisphere with constant wall thickness)

was simulated using the present program module. The

porosity formation in the casting of the demonstration

part was simulated for form-®lling times of about 10

and 20 s, which corresponded to experimental castings

56 and 61. The initial mould temperature distribution

used in the calculations is obtained after simulating a

number of successive test castings so that the tempera-

ture in the top half and the bottom half of the mould

could be ®tted to the temperature measured by the

installed thermocouples. Fig. 6a and b show the distri-

bution of measured (� symbols) and calculated (solid

lines) porosity over the length of the casting for the

both form-®lling times. Fig. 7a and b show the calcu-

lated distribution of pores in the casting for di�erential

pressure of 3 bar. The comparison between the calcu-

lated and measured porosity on Fig. 6 shows satisfac-

tory coincidence.

With the increasing form-®lling velocity the porosity

decreases. The calculated higher porosity both at lower

rates of form-®lling velocity and lower mold tempera-

ture can be explained by the occurrence of a wide

mushy zone in the middle area in these cases. The

obstructions to the interdendritic feeding increases and

the porosity grow to compensate for the solidi®cation

shrinkage.

An important parameter that in¯uences the porosity

Fig. 5. Pressure and mould temperature curves for form-®lling velocity of 0.02 bar/s: (1), pressure in the lower chamber, (2) press-

ure in the mould chamber, (3) di�erential pressure, (4) and (5) mould temperatures.
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formation in a counter pressure casting unit is the

di�erential pressure. The criteria functions, which

describe the location of the likely porosity, cannot be

used to evaluate the in¯uence of the pressure on the

porosity formation. This is possible by using the

present program module. We investigated the in¯uence

of the pressure di�erence in two cases Ð with higher

(test casting 61), and lower amount of pores (56). For

both the cases, the porosity distribution is calculated

by applying di�erential pressure of 3 bar (Fig. 7a and

b) and 5 bar (Fig. 8a and b). It proves that the in¯u-

ence of the di�erential pressure is more valuable in the

case when the width of the mushy zone remains smal-

ler during the process of crystallisation. It is important

to note that the study has not accounted for the fact

that increasing di�erential pressure leads to an increas-

ing cooling rate, which in turn in¯uences the process

of porosity formation.

Fig. 6. Distribution of measured and calculated porosity over the length of the castings 56 and 61.
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Fig. 7. Distribution of calculated porosity in the castings 56 and 61 for di�erential pressure of 3 bar.
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Fig. 8. Distribution of calculated porosity in the castings 56 and 61 for di�erential pressure of 5 bar.
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