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Abstract 

Alloying is a very essential step in the global cast 
house process which has been comparatively li t t le 
studied in recent years. Optimization of the alloying 
process would allow a more rapid adjustment of the 
composition in order to obtain the best quality of molten 
metal and an improvement of the productivity of the 
casting pits. 
The improvement of the alloying process can be 
achieved by : 

i) Firstly, optimizing the existing technique where 
st irr ing is achieved by moving a blade-shaped 
tool back and forth in the molten metal. 

Experiments where under taken in a lab-scale furnace, 
s imula t ing sp read ing of insoluble par t ic les and 
dissolution of soluble particles in water. 
The mathemat ica l modelling of the s t i r r ing process 
has enabled a qualitative assessment to be made of how 
the s t i r r ing paramete rs influence the dissolution of 
alloying elements. 

ii) Secondly, developping a new process which 
consists in pre-alloying the metal in the transfer 
c ruc ib l e s t a k i n g bene f i t of t h e h igh 
turbulence generated by a turbine and the high 
temperature of the metal. 

Again, lab-scale experiments were conducted in water 
and aluminum to evaluate the influence of specific 
parameters, such as rotor diameters, speed ... 

Introduction 

In response to growing demand for high-qual i ty 
foundry products, the Pechiney Group has for some 
years directed part of its research effort at the alloying 
process. 

The objectives are twofold, i.e. : 

i) to systematise and minimise the t ime required 
of the process on average and hence increase 
productivity in the casthouse ; 

ii) to enable alloys to be produced to t igh ter 
compositional specifications. 

This pape r discusses work done to advance our 
unders tanding, and arrive in the molten metal a t a 
mathemat ica l description of the dissolution of the 
alloying elements during stirring operation. 

In the first instance, the effects of stirring parameters 
on the d i sso lu t ion of a l loying e l emen t s were 
investigated in the laboratory, via tests using water as 
the liquid medium and substances chosen to simulate 
alloying e lements . Two m e a n s of s t i r r ing were 
investigated (i) the commonly-used method, employing 
stirring blade, and (ii) a more sophisticated technology 
employing a rotor. 
At present , most casthouses are equipped to use 
method (i), s t i rr ing being carried out in the alloying 
furnace by moving the blade back and forth over the 
heap of alloying elements. Simple though it is, this 
technique yields good results. 

Another method consists in dissolving the alloying 
elements by means of a suitably sized rotor operated in 
the ladle used to convoy the primary metal tapped from 
the reduction pots. The geometry of this transport ladle 
(tall and narrow) is ideally suited to genera te an 
effective and uniform pa t te rn of turbulence, while the 
temperature of the liquid metal also assists the process 
of dissolution. 

The second phase of the investigation, carried out on 
the plant , us ing the normal indus t r i a l facilities, 
confirmed the representativeness of the data obtained 
in the experiments in water. 
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General principles governing the process of 
dissolution of alloying elements in a bath of 

liquid aluminum 

Where two or more phases are in contact in a closed 
system, an exchange of mat ter will occur and continue 
unti l such t ime as thermodynamic equil ibr ium is 
attained. 
In a solid/liquid system of the kind with which we are 
concerned here, two cases have to be distinguished, 
i.e. : 

a) If the melt ing point of the solid is lower than 
tha t of the liquid, the solid mat te r will simply 
melt and the two phases will mix. 

b) If the melt ing point of the solid is higher than 
tha t of the liquid, a process of dissolution will 
take place, whereby atoms or molecules pass 
from the solid into the liquid phase via a 
boundary layer connecting the liquid and the 
surface of the solid. This boundary layer, the 
size of which will vary as solution progresses, is 
the seat of the highest concentration gradients. 

In what follows, we shall consider only the case of the 
dissolution of a solid material (an alloying element) in 
a ba th of liquid aluminum. 

Mass transfer equation 

As long as a concentration gradient exists in the 
boundary layer, which is time-dependent, mat te r will 
be transported through this layer at a rate expressed by 
the equation : 

dM = -kS(C-Ci) (1) 
dt 

2 
Where : S denotes the exchange surface area (m ) 

k the solid/liquid exchange coefficient (m/s) 
C\ the mean concentration at the solid/liquid 

3 interface (Kg/m ) 
C the concentration of alloying element in 

the liquid (Kg/m3) 
M the mass of alloying element in solution 

(Kg) 

At the solid/liquid interface : 

dM = S(Cs - Ci) dx (2) 
dt dt 

Where : dx/dt is the r a t e of displacement of the 
interface (m/s) 

C„ is the alloying element content of the 
solid (Kg/m3) 

Combining equations 1 and 2 : 

dx = kh 
dt 

Where : h = C - Ci (3) 
C i - C s 

In the case of a plane interface (splatters), x is the 
th ickness , z. In the case of a spherical part icle 
(powder), x is the radius, r. 

Resolution of the equation 3 requires a knowledge of 
the exchange coefficient, k, the value of which depends 
on the mode of mass transfer. 
If the value of k is known, dissolution t imes can be 
estimated for the two extreme cases such t h a t : 

a) the alloying elements are spread out evenly, 
forming a layer covering the bottom of the 
furnace ; 

b) the alloying elements are in suspension in the 
melt. 

DissQUiftQii of a layer of alloying elements 

If the mel t is only mildly agi ta ted, the alloying 
elements will form a layer on the bottom of the 
furnace. 
The t ime required for dissolution can be calculated if 
certain simplifying assumptions are made, viz : 

• the surface area, S, of the layer is constant with 
respect to time ; 

• the m e a n concentrat ion, C, in the mel t is 
constant dur ing the process of dissolution and 
equal to the desired final concentration, Cf (the 
variation in the value of C over the range 0 to Cf 
is assumed to be negligible with respect to Cj). 

The dissolution of a layer of thickness ZQ then obeys the 
equation : 

d z = k h 
dt 

Where : h = C f -C i 

C i - C s 

The value of k depends on the mass transfer mode, 
which is in t u r n de te rmined from the Schmidt 
number, S c , where : 

o v kinematic viscosity 
D m molecular diffusivity 
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Either of two cases can occur, as determined by the 
value of S c , viz : 

S c « 1 : The diffusion sublayer will be thicker 
t h a n t h e v i s c o u s s u b l a y e r , w i t h a 
commensurate reduction in the effectiveness of 
the tu rbu lence . This is because the small 
energy-dissipating vortices are localised in the 
viscous sublayer. 

S c » 1 : The diffusion sublayer is th inner than 
the viscous sublayer. 

In the case at issue, we have : 

D m = 10"8 to 10"9 m V 1 

v = 1 0 - 6 m V 1 

Whence : S c = 100 to 1000 » 1 

i.e. a state of turbulent forced diffusion. 

Dissolution t ime, T^, defined as the t ime required for 
complete dissolution of all t he alloying e lements 
introduced, is then given [1] by : 

Td = -Eo_ 
h k 

Where : k = _ϋΐ_ 
5Sc 

u* is the turbulent velocity (m/s), 
genera l ly t a k e n as approx imate ly 
equal to one- tenth of U, the mean 
linear velocity of the fluid (m/s). 

Calculation of the value of k requires a knowledge of 
variations in the value of u*. 

Numerical example : Approximatively 2 hours 
would be requi red for the dissolution in a n 
aluminum melt at 750°C of a 5 cm thick layer of 
grains of manganese. 

Dissolution of alloying elements in suspension 

The assumpt ions made are the same as for the 
dissolution of a layer of alloying elements. The solids 
a re fu r ther a s sumed to be powdered m a t e r i a l s 
consisting of spherical particles. 
Turbulence in the liquid metal is assumed to be 
uniform, so tha t the solid particles are well dispersed 
and do not interact with each other. 
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Dissolution time, T^, can then calculated [2] using the 
approximation : 

rQ5/3 

T d % . 6 D m h & l / 3 

and k = -2r_ (2 + 0.42 (-2r_ (2.25 U2 + 1.82 r2 £-) ^3) ^ 3 ) 
Dm Dm v 

r 0 is the initial radius of the solid particles 
(m) 

r is the radius at time t (m) 
ε is the rate of turbulent energy dissipation 

(W/m3) 

N u m e r i c a l e x a m p l e : Dissolution time for 1 % 
manganese introduced as gra ins of d iameter 
averaging 1.5 mm and in suspension in an 
a luminum melt a t 750°C would be less than 5 
minutes assuming uniform agitation of the melt 
by a st irrer operating at a speed averaging 0.5 
m/s . 

Influence of temperature 

Temperature enters into the calculation via its effect 
on t h e i n t e r f a c i a l c o n c e n t r a t i o n , Cj. T h i s 
concentration is determined via the phase diagram for 
the chemical species in solution in the liquid. The 
higher the temperature and the higher the saturat ion 
concentration of the solid in the liquid, the greater the 
value of the coefficient h. 

Influence of the solid/liauid exchange surface 

The greater the area of the surface over which the 
exchange takes place, the higher the rate of transfer of 
mat ter from the solid to the liquid. The coefficient of 
exchange is a function both of time and of the particle 
size of the solid. For example, several hours may be 
required to dissolve a heap of powdered manganese 
dumped on the furnace bottom, as against only a few 
minutes if the powder is in suspension. 

Influence of turbulence 

Dissolution time varies with the velocity of turbulent 
flow, u*, of the liquid around the solid particles, since 
this determines the value of the exchange coefficient k. 
If the melt is only mildly agitated, an approximate 
value for dissolution time, T J , can be calculated thus : 

Td = z0 u i ] 
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If the part icles a re in suspension, the approximate 
equation is : 

T d = r05/3 Uj(c-l/3 

In both events, dissolution will be assisted by increases 
in the m e a n l inea r velocity, U, of the l iquid, 
particularly in direct proximity to the particles to be 
dissolved. However, once the velocity required to bring 
the solid completely into suspension has been attained, 
dissolution t ime will not reduce significantly in 
response to more powerful stirring, i.e. an increase in 
the value of u*. 

Industrial application 

Rapid and effective dissolution of the alloying elements 
requires a stirring system with a performance close to 
that of a perfectly agitated reactor. Turbulence must be 
uniform t h r o u g h o u t the mel t to achieve good 
distr ibution of the solid part icles in the liquid and 
bring the materials of highest density into suspension, 
thus maximising the area of contact between solid and 
liquid. 

In actual industrial operation, however, i t is not easy 
to evaluate with any accuracy the range of fluid 
velocities in the liquid metal and hence determine a 
value for the exchange coefficient k, especially where 
the stirring blade is employed. This being so, a model 
of this method of stirring, but substituting water as the 
liquid medium, was investigated in order to elucidate 
the mechanism of dissolution. 

The first exper iments in wa te r were directed a t 
determining the influence of st irr ing parameters on 
the horizontal dispersal of insoluble powders, on the 
assumption tha t the greater the dispersal, and hence 
the increase in the solid/liquid exchange surface, the 
more effective the dissolution of an alloying element in 
a luminum. 

The second p h a s e w a s to i n v e s t i g a t e , by 
conduc tomet r i c m e a s u r e m e n t s , t h e process of 
dissolution of powdered sodium chloride in water . 

Stirring by blade-shaped tool 

The experimental da ta obtained using water as the 
liquid medium was used to construct a mathematical 
model of the influence of st irr ing parameters on the 
process dissolution. The predictions of the model were 
then tested by experiments conducted in aluminum on 
actual industrial installations. 

The parameters investigated were : 

• the rate of travel and size of the stirring blade ; 
• the stirring mode ; 
• the mode of introduction of alloying elements. 

Experimental apparatus for tests in water 

The experimental appara tus (Fig. 1) consisted of a 
plexiglas tank , a replica of an indus t r ia l alloying 
furnace in a Pechiney Group casthouse, fitted with a 
stirring blade and containing water. A microcomputer 
was employed to control the operation of the stirrer. 
The tank, st irrer and height of water were all on the 
scale 1/10 as compared to industrial dimensions. 

Figure 1 
Experimental tank and stirring system 

Measurement of the dispersal of insoluble powders 

Powdered silicon carbide was used to s imula te 
powdered manganese. 

The experimental procedure was as follows : the tank 
was filled with water and one or more heaps of the 
insoluble powder deposited on the bottom. The st irrer 
was then operated to spread the powder over the tank 
bottom. 

Photographs of the tank bottom were taken before and 
after s t i r r ing and subsequently processed by image 
analysis to convert the digitised image of the tank 
bottom post-stirring to an analysis in terms of levels of 
grey. The results were used to define (i) initial surface 
area, i.e. the area convered by the silicon carbide 
powder before stirring, and (ii) final surface area, i.e. 
the area covered after stirring. 

A study was then made of how the ratio (ii)/(i), denoted 
E, varied with the different stirring parameters. 
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Measurement of variat ion of salt concentrat ion in 
water 

The grain size of the powdered salt (NaCl) was 50 to 300 
microns. Four probes, located respectively a t the four 
angles of the tank, were employed to measure the 
r e s i s t i v i t y of t h e a q u e o u s m e d i u m in the 
neighbourhood of the probes. This enabled variations 
in average concentration over time to be determined. 

This finding was confirmed by the experimental data 
on the dissolution of soluble powdered materials. Fig. 3 
is a plot of var ia t ions in mean sodium chloride 
c o n c e n t r a t i o n s , e x p r e s s e d a s r a t i o s of f inal 
concentrations on completion of stirring. 

Dissolution time, T j , defined as the time required to 
effect solution of 95 % of the powdered salt, was found 
to be inversely proportional to the rate of stirring, i.e. : 

Experimental results 

Certain parameters were found to have a particularly 
significant influence on the dispersal of insoluble 
powdered mater ia l over the tank bottom and on the 
dissolution of salt in water. 

Speed of travel of the stirring blade 

Tests in water 

It was found from the p r e l i m i n a r y d i spersa l 
experiments with silicon carbide powders (Fig. 2) that , 
wha teve r the g ra in size and mode of s t i r r ing 
employed, the d ispersa l of the insoluble powder 
increased significantly with the speed of travel of the 
stirring blade. 

The extent of dispersal, E, of silicon carbide powders 
was found to vary with the rate of travel (U), as 
follows : 

■U' 0.5 

E ~ U 2.2 
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Figure 2 
Effect of rate of travel of stirring blade on 

dispersal of powdered silicon carbide 

The theoretical analysis concluded t h a t dissolution 
time would be proportional to : 

U for particulate material tending to cover 
the furnace bottom 

-1/3 but U for particles in suspension. 

The two series of experiments jus t described thus 
constitute an intermediate case in which the powdered 
material is not completely in suspension. 

lime (seconds) 

Test 

Rate of travel (m/s) 
Td(s) 

A 

0.12 
105 

B 

0.17 
77 

C 

0.30 
55 

Figure 3 
Effect of rate of travel on dissolution NaCl in water 

The model constructed from the data obtained in water 
t h u s enab led the d i rec t ion and m a t h e m a t i c a l 
correlation of the influence of ra te of s t i r r ing on 
dispersal and dissolution to be determined. 
The r e p r e s e n t a t i v e n e s s of t he se findings was 
supported by the results of tests conducted on an actual 
industr ia l instal la t ion, in which the dissolution of 
manganese sp la t te rs in a luminum was monitored 
over time. 
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Tests on an industrial installation 

Tests were conducted a t two different rates of stirring, 
U l (0.2 m/s) and U2 (0.6 m/s), but otherwise under 
rigorously identical experimental conditions. 

Fig. 4 is a plot of m a n g a n e s e , expressed as 
percentages , dissolved with respect to t ime, from 
which it will be seen that dissolution time halved when 
the rate of stirring was increased by a factor of three. 
Dissolution t ime therefore varied approximately in 
inverse ratio to st irr ing speed raised to the power 0.7. 
This exponent is of the same order of magnitude as 
determined for the dissolution of sodium chloride in 
water. 
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Figure 4 
Effect of rate of travel determined on an 

industrial installation 

Size of the stirring blade 

Tests in water 

Four shapes of s t i rr ing tool, of the kinds in common 
use in foundries, but differing in surface area, were 
employed in comparative tests. 
The powdered sodium chloride was introduced as a 
single heap initially positioned in proximity to the tank 
wall. The stirring mode employed consisted of moving 
the blade to-and-fro jus t above the heap. 

Fig. 5 is a plot of salt, expressed as percentages, 
dissolved with respect to time for the four differently 
shaped stirring blades. 

Stirrer blade 

Area 
m2.10-3 

Shape 

A 

14.4 

B C D 

9.2 

Q 
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1 , 
^ s 

Concentration ( r e l a t i v · ) 
1.25 

100 
Time (seconds) 

Blade 

Td(s) 

A 

30 

B 

50 

C 

106 

D 

96 

Figure 5 
Effect of stirring blade size on dissolution of 

powdered salt in water 

At cons t an t s t i r r i ng speed, i t was found t h a t 
dissolution t imes for salt in water varied with the 
surface area cf. the stirrer blade as follows : 

Td oo S b 
3/2 

The larger the blade, the shorter the time required for 
dissolution, th is because of the s t ronger eddies 
generated by the blade edges. 

Tests in aluminum 

Two sizes of s t i r r e r blade were exper imented . 
However, operational constraints on the plant made it 
impracticable to keep stirring speed constant from one 
test to the other. The rate of travel with the standard-
size tool (A) was 1.5 times that with tool B. 

In each test , ra tes of dissolution of 1 % of manganese 
in the a luminum were determined. 
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Test 
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Figure 7 
Effect of tank wall on dispersal of an 

insoluble powder 

The number of reciprocations required to disperse a 
powder i n i t i a l l y h e a p e d n e a r t h e wal l was 
approximately half the number required for powder 
heaped at the centre of the vessel (except at maximum 
stirring speed, where dispersal was too rapid for any 
appreciable difference to be observed). 

Where the powder is heaped near the wall, the 
turbulence generated by the motion of the s t i r rer is 
amplified by the addi t ional ins tab i l i t i es due to 
circulation of the liquid in proximity to the wall. 

Blade 

T,j, minutes 

A 

9 

B 

14 

Figure 6 
Effect of stirrer blade size determined on the 

industrial installation 

It will be seen from Fig. 6 tha t rapid stirring with a 
small blade is more effective than slower stirring with 
a bigger blade. 

This suggests t h a t r a t e of t ravel has a g rea te r 
influence than size on the process of dissolution. 

Mode of introduction of powdered particles 

Insoluble particles 

A prel iminary invest igat ion was made of how the 
proximity of the walls affected the dispersal, on the 
bottom of the vessel, of an insoluble powder. Fig. 7 
shows the number of times the stirrer had to be moved 
back and forth in order to disperse a heap of powder 
initially located close to the wall or at the centre of the 
vessel, respectively. 

Soluble particles 

Four modes of introduction of the powdered salt were 
investigated, namely : in a single heap (A), in two 
heaps (B and C), and spread completely over the tank 
bottom (D). 

IIH1 

Mode 
of introduction «t 

111 

ttfttf ί 

m 

In tests A and C, dissolution times were found to be of 
the same order of magni tude, indicating t ha t there 
was no point in dispersing the powder as two heaps in 
order to speed up the process of dissolution. 

Dissolution t imes for configurations B and D were 
found to be longer than for A and C. 
Where the powder was introduced as a single heap, 
dissolution times were found to be shorter than where 
it was dispersed (Fig. 8). In the l a t t e r case, the 
turbulence generated by the two consecutive passes of 
the stirrer blade over the powder is only slight, so tha t 
the salt particles do not remain in suspension long 
enough to dissolve completely. 
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Concentration ( re la t ive) 

1.25 

Mode of 
introduction 

Tjj, seconds 

A 

144 

B 

198 

C 

148 

D 

170 

Figure 8 
Effect of mode of introduction on dissolution 

of powdered salt in water 

Tests in aluminum 

Two modes of introduction of alloying elements were 
investigated : as a single heap and as two heaps, 
respectively. 
The standard-size stirring tool was used and the mode 
of stirring was jus t above the heap. 
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Figure 9 
Experiments conducted in aluminum - Effects 

of mode of introduction of alloying elements 

The results shown in Fig. 9 confirmed tha t there was 
nothing to be gained in terms of dissolution t ime by 
introducing the alloying elements as two heaps ra ther 
than one. 

Stirring mode 

Tests in water 

T h r e e m o d e s of s t i r r i n g w e r e c o m p a r e d 
experimentally : jus t above the heap (A and B) and over 
the whole of the tank cross-section (C). 

Test 

Stirring 
mode 

A 

1 

B 

ttf 

C 

t ttdit 
In all three cases, the powder was introduced as a 
single heap near. 
As will be seen from Fig. 10, i t was not found 
necessary to stir over the whole of the tank section for 
the whole of the stirring time. To-and-fro motion over 
the heap of powder was sufficient to effect dissolution. 

Stirring mode 

T(j, seconds 

A 

145 

B 

144 

C 

228 

Figure 10 
Effect of stirring mode on dissolution of powdered salt 

Tests in aluminum 

The two modes of stirring tested were : above the heap 
of alloying elements and over the entire cross-section of 
the furnace, respectively. 
The materials were introduced as a single heap. 



•ßöSDDG K]@GaDi From Light Metals 1991, Elwin Rooy, Editor 

It will be seen from Fig. 11 tha t dissolution times for 
these two st i rr ing modes differed by a factor of two. 
This confirmed the findings of the tests in water, i.e. 
that the most effective stirring mode was motion jus t 
above the heap of alloying elements. 

St i r r ing 
mode <fr 

B !>:..... 
:::::::.-,:· 

MM 
Mn dissolved (%) 

o m e t h o d A 

Ü m e t h o d B 

0 4 8 12 16 20 24 28 32 
time ( minutes ) 

Test 

T(j, minutes 

A 

9 

B 

19 

Figure 11 
Experiments conducted in aluminum / Effect of 

stirring mode 

Stirring by rotor 

The parameters investigated were : 

• rotor operating speed, N (300 to 1100 rpm) ; 
• rotor diameter, D (20 to 30 m m ) ; 
• particle size, d p (diameters 0.15 to 0.30 m m ) ; 
• depth of liquid in the tank, H (100 to 160 m m ) ; 
• distance of rotor from vessel bottom, h (3 to 11 mm) ; 
• type of blades fitted to the rotor (vertical or 

inclined). 

The experimental data obtained fitted an expression 
for the diameter of action, D a , of a rotor over the range 
considered of the form : 

Da 
ND5 /2 
D 1 / 2 

An increase in D a would therefore require an increase 
in rotor rpm and, most importantly, in the diameter of 
the rotor. 
The depth of liquid has no significant influence. 
It was found t ha t there is a l imiting distance, h, 
between the rotor and vessel bottom over and above 
which the s t i r r ing action is insufficient to lift the 
particles. 
A rotor wi th ver t ica l b lades gene ra t e s s t rong 
turbulence and a powerful shear ing action able to 
promote mixing of the currents in the fluid and the 
disintegration of large particles. 

Tests to determine the rate of dissolution of manganese 
powder in liquid a luminum, conducted in a crucible 
with a capacity of 10 Kg and diameter of 180 mm, 
enabled the optimum value of the ratio of the diameters 
of the rotor and crucible, D/Dc to be determined. 
A rotor fitted with four vertical blades was used. 

A study was made of stirring in the ladle by means of a 
rotor, so as to t ake full advan tage of the high 
tempera ture of the metal and of the fact t h a t the 
geometry of the ladle (tall and narrow) lends itself well 
to effective stirring. 

Expe r imen t s were carr ied out in wate r and in 
aluminum with a view to sizing the rotor for thorough 
mixing of the melt. 

Sizing tests 

Tests in water of the dispersal of insoluble powders 
(silicon carbide) by the action of a rotor enabled an 
evaluation to be made of the influence of various 
paramete rs on the diameter of action of the rotor, 
defined as the region below the rotor in which the 
strength of agitation is sufficient to lift the powdered 
mater ia l . 

It will be seen from Fig. 12 tha t the fastest possible 
agitation of the bath required a D/Dc ratio of between 
1/3 and 1/2, which is consistent with s tandard reactor 
design data. 
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Industrial tests 

Initial tests on an industrial prototype made it possible 
to determine : 

• st irring time 
• and turbine rpm 

and optimise : 

• penetration of alloying elements into the melt 
• and the ability of the rotor to wi ths tand the 

effects of the liquid metal a t a temperature of 
800°C 

for all types of alloying elements. 

Process operation 

The system consisted of a motor-driven vertical shaft 
fitted a t its lower extremity, immersed in the melt, 
with a rotor possessing six vertical blades. 
The geometry of the rotor was optimised for the task of 
mixing a liquid with very high density metals tending 
to be not readily dissolved and to agglomerate at the 
base of the vessel. 
The ladle was substantially cylindrical and contained 
a depth of liquid metal of 1 to 1.30 m. The rotor disc was 
600 mm in diameter , one-third the diameter of the 
ladle, and was positioned approximately 20 cm from 
the base of the ladle. 
Alloying elements were introduced via a feed hopper 
positioned above the melt and integral with the rotor 
assembly. 
The full complement of alloying e lements can be 
introduced in one or more ladles, i.e. the process can 
be operated to produce a "concentrate". For example, 
in the product ion of an alloy to contain 1.2 % 
manganese, the concentration in the ladle can be as 
high as 4 %. 
Most alloys, especially those with high loadings of 
dense, ha rd to dissolve, e lements like manganese , 
were investigated. 

The alloying e lements fed into the sl ight vortex 
depression a t the surface of the melt were of several 
kinds : 

• pure meta ls some with high melt ing points 
(powdered iron, manganese, copper, chromium, 
etc... ; 

• master alloys introduced as ingots or splatters ; 
• silicon, as lumps ; 
• m a g n e s i u m . 

Dissolution efficiencies/times for alloying elements 

Dissolution efficiencies and dissolution t imes were 
determined for manganese , silicon, copper and iron. 
The physical properties of these elements are set out in 
Table 1 below. 

Element 

Mn, Fe 

Si, Cu 

Properties 

Rate of dissolution 
and solubility are 
both low 

Rapidly soluble 

Physical form 

Mn : 96 % 0.5/3 mm 
powder 
Fe : 0.5/3 mm powder 

Si : 10/100 mm lumps 
Cu : shot 

Table 1 

A series of tes ts was conducted on 3003 alloy to 
determine efficiencies for these alloying e lements . 
Particulars of the tests are set out in Table 2 below. 

Average weight, per ladle 

Weights introduced, Kg 

Mn 250 
Fe 70 
Si 30 
Cu 20 

5850 Kg 

Target concentration, % 

3.9 
1.3 
0.4 
0.3 

Table 2 

Rotor operating speed was 120 rpm. 

Element 

Mn 
Fe 
Si 
Cu 

Dissolution time, 
minutes 

5 
4 

<5 
<5 

Efficiency, % 

93±2 
99 + 3 

100 + 3 
99 + 3 

It will be seen that less than 5 minutes was required to 
effect v i r tua l ly complete solution of all alloying 
elements, particularly iron and manganese (Fig. 13). 

This exper imenta l resu l t is of the same order of 
magnitude as predicted by the theoretical calculations. 

Hence, the ladle and rotor st irrer assembly can be 
equated to a perfectly agitated reactor in which all the 
particulate matter is in suspension. 
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Figure 13 
Dissolution of powdered manganese 
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Conclusion 

Mathematical modelling of the stirring process, based 
on the results of experiments carried out in water with 
a blade-type stirring tool, has enabled a qualitative 
assessment to be made of how the stirring parameters 
influence the dissolution of powdered materials. 

Although no direct and quantitative transposition from 
water to aluminum is possible, the data obtained does 
indicate the sense of the influence of the stirring 
parameters on dissolution, thus enabling these 
parameters to be optimised for any and all stirring 
systems. 

The principal results yielded by the study in water with 
the blade-type stirrer concerns the major influence of 
the rate of travel of the stirrer blade ; dissolution time 
is inversely proportional to the rate of travel, as 
expressed by : 

Td oo u" 0 · 5 

Tests conducted on an industrial installation yielded 
analogous results, viz : 

T Τ Γ 0 · 7 

T dooU 

The other results of significance obtained relate to : 

i) the size of the stirrer blade : in water, 
dissolution time is inversely proportional to 
blade size : 

Td~sb-3/2 

ii) the combination of positioning of the heap of 
alloying elements and stirrer travel : the 
optimum configuration has the stirrer 
reciprocating just above a heap introduced 
close to the furnace wall, a result confirmed by 
tests conducted on an industrial installation. 

iii) the furnace wall effect : dispersal of the 
powdered material over the furnace bottom 
was found to be improved by having the stirrer 
move over a heap positioned close to the wall. 

This investigation of the mechanisms of dissolution 
has also enabled a process of stirring by means of a 
rotor to be sized which is capable of effecting solution of 
all alloying elements in a time comparable to that to be 
expected in a perfectly agitated reactor. In this case, 
the predictions of mathematical models of the 
dissolution process are in perfect agreement with the 
experimental data obtained on an industrial 
installation. 
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List of symbols 

C s Alloying element content of the solid 
Cf Concent ra t ion in the mel t on completion of 

dissolution 
C Concentration of alloying element in the liquid 
H Depht of liquid in the tank/ladle 
D a Diameter of action of a rotor 
D c Diameter of the crucible 
T,j Dissolution time 
h Distance of rotor from vessel bottom 
S Exchange surface area 
r 0 Initial radius of a particle 
z0 Initial thickness of the layer of particles 
V Kinematic viscosity 
M Mass of alloying element in solution 
U Mean linear velocity of the fluid 
Cj Mean concentration at the solid/liquid interface 
D m Molecular diffusivity 
dp Particle size 
r Radius of the spherical particle 
ε Rate of turbulent energy dissipation 
N Rotor operating speed 
D Rotor diameter 
Ŝ j Size of the stirring blade 
Sc Schmidt number 
k Solid/liquid exchange coefficient 
z Thickness of the alloying element 
u* Turbulent velocity 




