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Control of the continuous rheocasting process

Part 1 Heat flow model

M. A. TAHA, N. A. EL-MAHALLAWY, A. M. ASSAR
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Ain-Shams University, Abasia, Cairo, Egypt

In the continuous rheocasting process, a semi-solid alloy is obtained from the exit port of the
apparatus at a given rate and with a given fraction of solid. This solid fraction is dependent on
the corresponding temperature within the solid-liquid range which should be controlled
accurately by the process parameters for a given rheocaster stirring chamber. For this purpose
a heat flow model has been established for the continuous rheocasting of Bi—-17 wt% Sn
alloy. The heat transfer calculations are based on the solution of the two-dimensional partial
differential equations using a finite difference method. An excellent agreement between calcu-
lations and experimental results is found. Computations are carried out in order to find the
influence of stirring chamber dimensions on the alloy exit temperature and therefore, the
volume fraction of solid. The influence of input metal temperature and metal flow rate on the
exit temperature and volume fraction of solid are also found.

1. Introduction

During the last decade, considerable research work
has been directed towards the improvement of alloy
properties in the as-cast condition by applying some
innovative casting processes [1, 2].

One of the processes which shows remarkable
improvement in soundness, homogeneity and struc-
ture is the rheocasting (or stir-casting) process.
Research on this process was started by Spencer ez al.
[3]in 1972. The process consists of vigorously agitat-
ing the alloy in the solid-liquid temperature range,
to produce a highly fluid semi-solid slurry, which
is then cast at a temperature between the liquidus and
solidus. There are two techniques, either batch-type or
continuous-type rheocasting. The continuous type is
the more promising in practice [4].

Many publications have appeared on the process,
studying slurry rheological behaviour and as-cast
properties such as soundness, structure, homogeneity,
mechanical properties and deformability [4-12].
These publications indicate many promising aspects
of the process and the as-cast properties. However, the
application of the process on an industrial scale is still
very limited due to the difficulty in controlling the
process parameters.

The present work is a contribution to solving this
problem and is divided in two parts: the present paper
and a second one on the rheological behaviour analy-
sis. The research plan includes all the steps needed for
producing a continuous flow of alloy slurry with a
given volume fraction of solid, G,. These steps are
illustrated by the flow diagram shown in Fig. 1. In this
paper a heat transfer model, which gives the tem-
perature gradient produced in Bi—17wt % Sn alloy
contained inside a continuous rheocaster, is presented.
The influence of rheocaster dimensions and other
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process variables on the temperature of the slurry thus
produced is obtained.

2. Experimental set-up

The continuous rheocaster (Fig. 2) consists mainly of
an upper cylindrical crucible made of austenitic cast
iron and a lower smaller cylindrical stirring chamber
located on the same axis. The upper chamber (cruc-
ible) has 175 mm internal diameter and 240 mm height
while the lower chamber (stirring chamber) has
39.6 mm internal diameter and 200 mm height. Four
electrical resistance coils of 4 kW are used to heat the
upper chamber. These coils are connected to a trans-
former with a built-in temperature controller to
regulate the temperature inside the chamber within
+ 2K. Additional resistance coils, used to heat the
stirring chamber, are also connected to another trans-
former with a temperature controller. The tempera-
ture of the air-gap existing between the coils and the
stirring chamber was also controlled within + 2 K. At
the same time a cooling coil (copper tube) is installed
around the stirring chamber and connected to a water
bath with a digital temperature controller, where the
temperature was controlled within +0.1 K. The heat-
ing and cooling coils were used to produce an appro-
priate temperature gradient in the alloy along the axis
of the stirring chamber. The value of the temperature
gradient will determine the temperature and conse-
quently the volume fraction of solid at the exit port.
Metal flow through this port was controlled by the
vertical position of the stirrer, which is a stainless steel
bar (35.6mm in diameter and 510 mm long) with a
hemispherical lower end. The lower part of the stirrer
which is inserted in the stirring chamber has a special
shape in order to get an efficient agitation. The stirrer
was powered by a 1.8kW, 3000r.p.m. d.c. motor

1379



Start

- Alloy physical
properties

- Flow rate at
certain GB

Heat & mass flow
analysis

Continuous rheo-
cagter diwensions
and specification

I

Experimental
results

i

Study of the rheo-
logical behaviour

¥

Resultant flow rate
and structure

Y

Forming process l

Figure 1 Flow diagram for producing required slurry continuously.

connected to a speed control unit to achieve a constant
speed during the variation of the torque. The alloy was
solidified gradually during its downward flow in the
stirring chamber, while it is subjected to vigorous
agitation provided by the stirrer. To prevent the freez-
ing of the alloy below the exit port in the case of
non-continuous flow, an additional resistance heater
was placed at the exit port of the rheocaster to heat its
vicinity to a temperature equal to the exit temperature
of the slurry to within 5K. Five chromel-alumel
thermocouples were set in the wall of the stirring
chamber along its height and were connected to a
five-channel chart recorder.

3. Rheocasting experiments

Before starting the process, the charge in the upper
and middle chamber was heated to a temperature
above the liquidus by various superheats ranging
between 15 to 45 K. After complete melting, the stirrer
was set in motion at the desired speed. The power in
the bottom coil was set so as to keep the exit nozzle
temperature at the appropriate level. Once the slurry
temperature had reached the required level and conse-
quently the desired volume of solid fraction, the stain-
less steel stirrer was raised from the exit port and the
slurry started flowing out. The flow rate was controlled
by adjusting the position of the stirrer inside the stir-
ring chamber. The amount of heat extracted from the
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Figure 2 Schematic representation of continuous rheocaster.

stirring chamber was controlled by the input tempera-
ture of the cooling water and the temperature of the
controlled furnace (consequently the atmospheric
temperature around the cooling coil). Since the
amount of heat was kept constant, therefore the
volume fraction of solid at the exit port of the stirring
chamber was inversely proportional to the flow rate
and input temperature. During the flow of metal
slurry in the stirring chamber, the input temperature
was kept above the liquidus. Once the thermocouple
readings indicated that a steady state had been reached,
the metal slurry was quenched in a cooled copper
mould (4 g) with a cylindrical cavity (8§ mm diameter,
8 mm height).

4. Heat flow model

In the continuous rheocasting, the molten metal flows
from the reservoir and enters the stirring chamber
(Fig. 2). The stirring chamber is subjected to radiative
heat from the furnace, natural convection from the air
present in the furnace—chamber gap, and to conduc-
tive cooling by the cooling coils. At the bottom of the
stirring chamber, a resistance furnace is present to
keep the temperature of the atmosphere equal to the
exit temperature of the slurry. As the stirring action is
mainly circumferential, therefore axial convection is
assumed to be negligible and heat flow is considered to
be by conduction only in both liquid and semi-solid
states. The melt flows downwards in the stirring cham-
ber with a constant speed, so that a steady-state con-
dition is reached and the process can be considered
similar to steady-state continuous casting, described
by the following partial differential equation:

T T 1\dT dr
K| — - - | — — —_ =
|:dzz+dr2+<r>dr:|+q CPV(dZ) 0
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Figure 3 The mesh points and their positions used in the computa-
tions.

where K is the thermal conductivity, 7 is the tempera-
ture, z and r the axial and radial coordinates respec-
tively, ¢, the specific heat and V' the axial displacement
velocity of the slurry. g corresponds to the evolution
of latent heat due to the change of phase and is given

by the equation
g = latent heat x V(dG;/dz) 2)

The boundary conditions are:

atz =0 T=17T,dT/dz =0
atz = L d7/dz = 0

atR =10 dT/dr = 0

atR =R, dT/dr = Q,d*T/d* =0

where O is the net conductive, convective and radia-
tive heat flux.

4.1. Method of solution

Equation 1 is solved using the finite difference method.
A network is placed on the longitudinal section as
shown in Fig. 3. The set of linear equations is solved
using the Gauss—Seidel iterative method [13]. The
iterations are stopped when the error is less than
0.1K. In order to speed up the iteration, an over-
relaxation factor OMEGA = 1.1 was used.

4.2. Determination of thermal parameters

The thermal conductivity of the liquid metal K and
of the mixture of liquid plus solid Ky are calculated

TABLE 1 Physical properties of Bi—17wt % Sn alloy {14, 15]
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Figure 4 (O) Experimental and () calculated temperature distri-
bution of Bi—17 wt % Sn slurry along the height of stirring chamber

at flow rates 5.65 x 107%and 12.65 x 10 *kgsec™', the shear rate

being 270sec™!.

using the linear Rule of Mixtures, and the conduc-
tivities of the liquid pure metal and that of the solid
phases whenever present. It is to be noted that the
conductivities of the two phases are very close to each
other (K, = 10.1Wm 'K}, K; = 102Wm~'K™").
The thermal and physical properties of the alloy used
in the computations are given in Table I. Some ther-
mal resistances are needed for the computations,
namely the resistance between the copper and the
outer surface of the stirring chamber, ETA, the resist-
ance between the alloy slurry and the inner surface of
the stirring chamber, GAMMA, and the resistance
between the alloy slurry and the stirrer, PHI. A com-
parison between the experimental and computed results
is made in terms of the temperature distribution along
the axis of the stirring chamber for different flow rates,
ranging between 4.85 x 10 *and 14.6 x 1073 kgsec™!
and for four different shear rates of 270, 450, 675
and 900sec™'. A sample of these results is shown in
Fig. 4, where an excellent agreement between compu-
tation and experiments are found for the heat resist-
ances ETA = 0.00l m®*KW~!, GAMMA = PHI =
0m?K W', These values are reasonable since a ther-
mal resistance exists between the outer surface of the
stirring chamber and the copper cooling tube while no
resistance exists between the slurry and both the stirrer
and stirring chamber.

5. Effect of stirring chamber
dimensions on exit temperature

The dimensions of the stirring chamber which have

the main effect on the exit temperature and the corre-

sponding volume of solid fraction are the height of the

stirring chamber and the number of cooling coils per

unit height of the stirring chamber, i.e. the rate of heat

Thermal conductivity of the liquid alloy (T = 486 to 573K)
Thermal conductivity of the solid alloy (7" = 486 to 433K)
Density of the alloy

Latent heat of fusion

Liquidus temperature

Solidus temperature

Specific heat

10 1Wm'K™!
102Wm'K™!
0.0093kgm™3
39501 JK~' g~
486 K
412K
180.4 kg K

1381



500

< 480 %

(N \A

;460 |

hd o

3 X

2

g 440 |

£

2 L

% 420 | .
400 L— : ‘ :

8 12 16 20

Height of the stirring chamber.Lx162(m)

Figure 5 Effect of stirring chamber height on the exit temperature
and the corresponding volume fraction of solid. (®) 500K, (x)
510K, (0) 520K, (2) 530K.

extraction. As the cooling rate is slow in the stirring
chamber the solidification of the alloy is considered to
be under equilibrium conditions, and the phase distri-
bution in the mushy zone can be calculated using the
lever rule. The relation between the temperature 7'and
fraction of solid G, is given by

48.5

G =l-5%s5-7

©)

The effect of the height of the stirring chamber, L,
on the exit temperature T, is shown in Fig. 5. At the
same number of cooling coils per unit height, and flow
rate, and at different values of input temperatures 7.,
the exit temperature decreases with increasing height
L. This result is reasonable since the amount of heat
extracted from the outer surface of the stirring cham-
ber, Q,, increases with the height L. The effect of the
number of cooling coils per unit height, N,, on T, and
the corresponding G, and the cooling rate ¢ is shown
in Fig. 6. The exit temperature decreases gradually
with increasing N, from 50 to 60, above which it
decreases rapidly. The corresponding solid fraction G,
at the exit port increased from 0.39 to 0.58 by increas-
ing N, from 50 to 80. As the primary cooling rate
has the major effect on the structure of the rheocast
material it is found that & increases from 8 to
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Figure 6 Effect of number of cooling coils per unit height around
stirring chamber on (®) exit temperature, (O) corresponding
volume fraction of solid and (x) cooling rate.
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Figure 7 Effect of heat extracted from outer surface of stirring
chamber on 7,,. O, = (M) 4 x 107>, (®) 9 x 1073, (x) 13 x
1073 kgsec!.

14.5K sec™ ' as N, increases from 50 to 80. This behav-
iour is reasonable as the rate of heat extraction
increases with N, at a given flow rate.

Fig. 7 shows the effect of rate of heat extraction Q,
on the exit temperature at different flow rates. The
curves in Fig. 7 show a relatively slower rate of tem-
perature drop at higher exit temperatures followed by
a higher rate. This is due to the different rates of latent
heat evolved which are higher at temperatures closer
to the liquidus than to the solidus (see Equation 3).
Fig. 7 also indicates that as the flow rate increases,
higher rates of heat extraction should be achieved to
reach a given exit temperature, which is a reasonable
result.

6. Effect of input temperature and
metal flow rate on the exit
temperature and the corresponding
solid fraction

Fig. 8 shows the effect of input temperature 7; on the

exit temperature, volume fraction of solid and the

primary cooling rate. Increasing T; from 500 to 530 K

leads to an almost similar increase of T,, from 447 to

472K, and therefore a corresponding decrease in G,

from 0.44 to 0.22 as well as a decrease in the cooling

rate from 9.1 to 3.55K sec™".

Fig. 9 shows the effect of metal flow rate @, on T,
G, and &. Increasing the flow rate leads to increasing
both T, and ¢ and to decreasing G,. From the figure
it is observed that increasing Q, from 1 x 107 to
13 x 107 kgsec™ ' results in the increasing of T,,.

7. Practical significance

The assessment of a heat flow model based on the
solution of the steady-state conduction equation is
found successfully applicable to the continuous rheo-
caster. The results of the model are important in the
design of the rheocaster, thus reducing time and mat-
erial losses during operation.
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The dimensions of the stirring chamber, the number References

of cooling coils and the specifications of heaters are
first determined for a required range of exit tem-
perature and maximum flow rates for a given alloy or
alloys. During operating the rheocaster, the process
variables can be readjusted based on the results of the
model. Moreover, a cooling rate can be calculated
from the model which can be used to predict the size
of the microstructural parameters [16].

8. Conclusions

From the above results and discussions the following
conclusions can be drawn: The slurry exit temperature
and corresponding G,, are mainly affected by the melt
input temperature, 7;, and the number of cooling coils
per unit height of the stirring chamber, N,. It is also
affected by the slurry flow rate, Q,, and the height
of the stirring chamber, L. The exit temperature
increases with increasing T; and Q,,, and decreasing N,
and L.
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