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Abstract:- Many metal treating processes desire delivery of 

lighter solid chemicals well within the molten metal in a 

container in connection with metal’s improved physical 

properties through purification. In fact, mixing of some 

indentified lightweight chemical compounds/fluxes within 

appropriate heavier molten metal is very significant. The present 

work attempts on the  scope of analysis and design  of capsule 

injection containing flux in order to obtain chronological event 

such as  penetration up to a desired depth, explosion/ dislodging 

and  finally mixing. 

       A mathematical model is developed to predict the motion of 

the flux filled capsule within liquid molten metal container, it’s 

heating up leading to melting/ explosion/ rupture/dislodging for 

subsequent desired mixing flux particle with molten metal based 

on some assumed initial velocity, temperature of the molten 

metal, and size of the capsule. 

I. INTRODUCTION 

echanical mixing of particle of some specified 

chemicals/ fluxes with some appropriate molten metals 

is becoming increasingly important in metallurgical refining 

processes 
[123]

.  Either mechanical pushing of perforated 

chamber containing flux or pneumatic injection of flux is now 

being used successfully and has considerable Potential. 

However some meager work on single particle and pellet 

movement in liquid metal concerning mixing and dissolution 

has been reported. It is felt desirable to study the motion of 

single shaped particle / pellet or thin walled capsule 

containing some flux with regard to the following aim: 

(i) Trajectory of lighter shaped particle/ particle or 

capsule in heavier molten metal bath, 

(ii) Penetration length/depth, 

(iii) Heating effect, and 

(iv) The possibility of collapsing/ dislodging of capsule 

for the desired mixing within molten metal 

concerning expected chemical reaction in order to 

improve physical characteristics of the metal. 

       The operation such as magnesium treatment/impregnation 

in liquid cast iron for obtaining nodular cast iron is most 

common and requires special mechanism as magnesium has 

lower density and high inflammability. In fact controlled 

mixing well within liquid iron considering safety aspect is 

always desirable as there is every possibility of uncontrolled 

explosion while treating magnesium under high temperature. 

Design of container with perforation and mechanical pushing 

has some shortcoming as not only mechanical pushing of 

container is hazardous but also container size with perforation 

needs change with quantity of treatment. It is envisaged that 

desirable treatment of liquid metal such as that of liquid cast 

iron with magnesium may be obtained by injecting number of 

capsules containing desired amount of magnesium containing 

flux.        

II. BACK GROUND 

      Since the discovery of S.G Iron/Ductile/ nodular cast iron, 

many procedures have been used by the addition either alloys 

or pure magnesium for its production. The amount of such 

addition depends on quality of iron for treatment.  

      Practitioners
[12] 

who use mechanical system at present, 

keep fluxing agents such as magnesium ferrosilicon or 

magnesium coke or nickel magnesium or pure magnesium in 

desirable quantity in a container/shell of either a perforated 

and machined graphite or sheet metal and pushing 

mechanically this container safely into a bath (may be in a 

closed pressure vessel) of liquid iron of desirable temperature 

and fluidity. 

     However, the occurrence of many technological processes
2
 

in the field of metallurgy is associated with the delivery of 

solid particles in the liquid bath. The motion of these particles 

in the molten slag and metal, their subsequent heating, 

melting, mixing with the bath, etc is very significant. Such 

processes, in particular, include method of a melting of 

unclean iron/steel, mixing it with either pelletized or granular 

flux to desirable level concerning purification of product/melt. 

After falling onto the slag, the pellets drop to the slag metal 

interface, approaches this interface with a velocity, obtains 

some degree of heating determined by the duration of its 

residence in the slag layer. At the phase boundary, the final 

heating occurs, followed by smelting and refining of the liquid 

metal. On this basis, the question of the residence time of the 

M 
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pellet in the slag, its velocity of the motion through the heated 

slag and metal, and the condition motion is significant for the 

technology.   

     The penetrating behavior
3 

of a single particle impinged on 

liquid surface has been studied with cold model experiments. 

Although the injection process is now being used successfully 

and clearly has considerable potential, very little work has 

been reported on the penetrating behavior of powder/granular 

particles melts. Research papers in this regard focused on 

following criterion: 

 Penetrating length. 

 Trajectories of particles 

 Impact velocity 

 Energy dissipation related mixing, heating, melting, 

etc.     
 
  

Nomenclature 

        A    =   Surface area, m
2
 (ft

2
)  

        c     =   Specific heat, W/kg- 
0
K (Btu/lb-s-

0
F

 
)  

        D    =   Diameter, m (ft) 

     F1-2    =   Radiation exchange factor                                                                                                                                 

         g    =   Acceleration due to gravity, m/s
2
(ft/s

2 
)  

        Gr   =   Grashof number 

    H, h    =   Heat transfer rate, Heat transfer Coefficient,   

                     [W, W/m-K (Btu/ft
2
-s-

0
F)] 

         K   =   Constant 

         k   =   Thermal conductivity, W/ m-
0
K (Btu/ft-s-

0
F) 

         L   =   Length / depth, m (ft) 

        Ln   =   Natural logarithm 

        lb   =   Pound (force, slug. ft/s
2
)   

        m   =   meter, Mass kg (lb) 

        N   =  Newton (Force, kg-m/s
2
 ) 

       Nu    =   Nusselt number 

       Re   =   Reynolds number 

       Pr    =   Prandtl number 

       p     =    Projected area 

      S,s  =  Steel, displacement of capsule from the free surface 

of the molten metal, mm(Ft)  

         t   =   Time[ sec(s)], Thickness of capsule[ m] 

         T  =   Temperature,  
0
K  or  

0
R 

         v  =   Velocity, m/s  (ft/s) 

        V  =   Capacity/ volume of capsule, m
3
 (ft

 3
)  

        X  =    Constant 

       , δ  =    Del, differential increment 

          Б  =    Volume coefficient expansion of steel  

          ∆  =     Differential increment 

          Є  =    Emissivity  

          µ  =    Dynamic viscosity, N-s/m
2
 (lb-s /ft

2 
)  

          ρ  =    Density, kg/m
3 
 (lb -s

2 
/ft 

4
  ) 

          ξ  =     Drag coefficient 

        ζ    =     Stefan Boltzmann constant   

Subscripts   

        a    =      absorbed  

       c     =      Capsule, convective heat transfer 

   co, ci  =      Capsule cover ( outside, inside) 

        d    =      Displaced liquid 

         i    =      Instantaneous, inside, initial  

       id    =      At the interface of molten liquid and    

                       environment during downward motion/at the       

                       exit capsule injector  

       iu    =        At the during upward motion 

       ld    =        Displaced liquid or liquid 

         f    =        Flux (mainly magnesium containing), final 

         n   =        n 
th

 time level 

    n +1   =        (n+1) 
th

 time level 

          p  =         pellet, projected 

          s   =         Steel casing of the capsule 

           r   =         Radiative heat transfer 

           o  =         Out side 

        up   =         upward   

  1, 2, k   =         arbitrary      

Superscripts 

           m     =     Index of Grashoff   number in Eqn.---- 

III. PRESENT WORK 

         Either pure magnesium powder or magnesium 

ferrosilicon or nickel magnesium or any equivalent 

magnesium containing flux or a suitable flux is designed to be 

kept in capsules (enclosable light metallic shell) and a number 

such capsules (Fig. 1) be injected into a ladle containing liquid 

iron or steel (Fig. 3) or any suitable liquid metal by means of 

a specially designed injecting (mechanical-pneumatically 

operated) device (Fig. 2 ). The entire desired model is 

expected to accomplish the following: 
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i) L/D ratio of capsule ≤ 10, thickness of the along 

circumference ≈1 to 1.5 mm, 

ii) Piercing depth /length to be attained by capsule 

within liquid metal depends on its escape 

velocity (≤ critical escape velocity) from the 

injecting device, 

iii) Critical depth depend on size, type of capsule, 

quantity of flux, density, temperature, viscosity 

of liquid slag and melt and escape/entering 

velocity. 

iv) The capsule to be heated quickly heated to the 

temperature of liquid melt and to 

dislodge/rupture/ punctured at depth ≤ critical 

depth. The ratio of the  mass of capsules to 

liquid mass ≈ zero 

v) Escape/ejected velocity of capsule is dependent 

on pneumatic supply pressure, 

vi) Immediately after dislodgement of a capsule 

within liquid metal, all the powdered flux 

contained within it come out and mix with the 

molten mass to produce desired structure. 

Injection of capsule at various locations to 

provide homogeneous characteristics. 

vii) No of capsule injection depends on the r.p.m of 

the injecting device.  

viii) The liquid metal is expected to be covered some 

quantity of slag   

 

        Location of dispensing/ injection of capsule are very 

important, as: (i) concentration of mixing of flux evenly to 

be distributed, (ii)   there are possibilities of refractory 

layer/wall of ladle /vessel containing liquid metal getting 

damage metal due to being hit /strike by high velocity impact 

of capsules. In fact, either strikes with considerable velocity 

or explosion or both by any capsule on or near refractory 

wall are not at all desirable as all mentioned that there is a 

high chance of getting damaged. The desirable condition is 

that all the capsules to get punctured well within the liquid 

mass. Thus the escape velocity of each capsules, its depth of 

travel within liquid mass and temperature rise to get 

punctured is extremely important in order to ensure proper 

and effective processing. A gun/ejector [Fig.2] is designed to 

provide single or multiple capsules/bullets the necessary 

escape velocity to the molten mass/liquid in a ladle consists 

of a considerable deep liquid metal mass with less/minimum 

dense slag at its top surface. Due to too the approximation of 

cold ambience, the slag on the metal surface solidifies and 

cover as crust on the liquid metal. Before treatment, slag 

needs to broken and removed by slag removal scraper. The 

theoretical treatment considered as follows:  

Dispensing of a Capsule or Capsules at some desired 

velocity from a Capsule Injector [Fig. 1, Fig.2 & Fig. 3]: 

 A configuration of a Capsule, Capsule Injector and 

dispensing of capsule with some velocity into liquid metal in 

a ladle is shown in above figs. The system design permits 

capsule/ bullet from upper housing to enter in the capsule 

containing chamber of the injector/ dispenser one by one by 

gravity in sequence depending on available space. Either by 

crank /connecting rod combination through electric drive or 

hydraulic actuation or mechanically, each occupied Capsule 

(in bottom dead center) is carried to the other end of 

 

Fig.1  Schematic of Capsule 

                     
Fig.2:  Schematic of Capsule Injector 
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Fig.3:  Schematic of Capsule injection within liquid metal in a ladle 

 ( top dead center) the stroke which has not only  with  of  

pressurized air connection  supplied at the top the chamber  

from a reservoir  but a  suitable opening at the bottom to let a 

capsule be released to  a close opening conduit/lance. Thus a 

concern capsule is getting released /emitted /dispensed under 

the influence of gravity and pressurized air. The design also 

permits accurate stroke length and flexible adjustment against 

any back lash. The schematic against stroke length control is 

shown in Fig. 4  

It is necessary to estimate the various time such as: (i ) the 

time [tg ] to be taken by a falling capsule from supply 

container/ conduit  to occupy void / designed space in the 

injector  under the action of gravity, (ii) the time of  

coinciding of holes /hollow spaces ( tc ) between supply 

conduit containing capsule along  and space  earmarked for a 

capsule in the injector during it stay along bottom dead centre 

position  and the time (t1) of release of capsule from 

 

 

Fig.4: Schematic on the limitation/ control stroke length 

from location in  injector to exit / attached conduit /lance 

during it stay along the top/ other dead centre  position and 

under the action gravity as well as air under constant pressure 

from  supply reservoir. It is therefore desirable that tg > tc and 

tc ≥ t1.Some dimensional detail of designed develop steel 

cased capsule and capsule injector are as follows: 

        Designed & developed Capsule & Injector have 

following features: (i) length of the capsule= 11.0 cm, its 

diameter = 2.14 cm & mass = 116gm (filled with powdered 

flux of 28.5gms),   mass of the displaced liquid 

iron/steel=280gms,  (ii)Stroke length of injector (2R): 200 

cm. coupled with A/C motor of 1440 rpm & reduction gear 

box ratio- 500.0.  As it is necessary to estimate time duration 

(tg )  to be taken by capsule to fall through a distance equal to 

its length under the action of gravity:       

    l= ½ (gtg
2 

)  or tg = √[2l/g]  = 0.15 sec  and from Fig.5 & 

Fig.6. The following inference can be  
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Fig.5: Schematic for analyzing of capsule occupying time from upper supply 

conduit to the hollow ear marked space in the injector under the effect of 

gravity. 

 

Fig.6: Schematic to assess injection /dispensing time of capsule from the 

space earmarked for capsule in the injector to the exit under effect of air 

pressure and gravity. 

      Sin α = 11cm/ 200cm = 0.055,    or  α= Sin
-1

 0.055  

radian= 3.15
0
      or 2 α = 6.3

0
  

 Therefore the time tc , part of cycle time in sec.,  when hollow 

parts of upper housing containing capsule  and hollow space  

of injector for capsule almost coincide = 2 α /360  of the cycle 

time =0.0175 of the cycle time of the injector. As this cycle 

time is dependent on rpm of the system. The Table 1 is 

indicative of such actual cycle time vs. rpm: 

Table 1.  Cycle time-tC , part of coinciding cycle time tc & 

time  of release t1 - vs. Output rpm of the injector. 

 

Sl. 

No. 

Motor 

rpm. 

Reduc

tion 

gear 

ratio 

Out 

put 

rpm

. 

One cycle time 

tC or the 

duration per 

revolution / out 

put rpm 

Part of cycle 

time 

tc= 0.0175 . tC , 

actual release 

time t where     

t<t1 ≤ tc 

1 1500 500 3 
(1min=60s)/3=      

20.0sec 
0.35sec 

2 -do- 300 5 12.0 sec 0.21 sec 

3 -do- 250 6 10.0 sec 0.175 sec 

4 -do- 200 7.5 8.0 sec 0.14 sec 

 

From the above Table -1and as tg > t is acceptable, the present 

system is needed to be operated under 6 rpm as at 7.5 rpm and 

above the value tc or t1 is about 0.14 sec or less (which is less 

than tg = 0.15) and this situation there may be a high chance of 

seizure / capturing of capsule within the passage between 

hollows supply and injector. The seizure situation is not at all 

desirable and it may damage not only a capsule but also the 

Injector. In order to analyze the velocity of capsule from the 

exit of lance / out let conduit either balancing of energy or 

force to be carried out as indicated below:   

As the work done during constant pressure process [Fig.6 & 

situation t < t1]:  

                        1 = p [v2 – v1]         …     …          (1) 

& Work done during constant pressure followed by 

polytrophic expansion [situation t >t1]:  

W =W1 + W2 = p [v2 – v1] + {p v2/( n-1)}[1-{pf /p}
(n-1)/2

]   … 

                                                      (2) 

Where n is index for polytrophic expansion. Thus the velocity 

gained by the capsule may be obtained from the Energy 

balance: 

(1/2) m [V2
2
 – V1

2
] = W = W1 + W2= p [v2 – v1] + {p v2/( n-

1)}[1-{pf /p}
(n-1)/2

]…                                                           (3) 

As in the present case t is always less than t1 and for which a 

capsule is always subjected and released only under the 

influence of reservoir /supply pressure. The work during is 

W=W1 = p [v2 – v1] or the capsule is under influence constant 

force of:    pA+ mgh         …                                            (4)                                                                                                                                    

where pA  is due force on a Capsule projected area A under 

constant pressure p and mgh is the gravitational force.  

 or        ma = pA+ mgh or a = [pA+ mgh]/m,  …              (5) 

where m is the mass of each capsule,  a is developed 

acceleration and thus the exit velocity V =   

V2 (considering the initial V1=  0 )  and  L, the length exit pipe 

(including the height of capsule within injector)   

   = ½ a t
2
   or t = √(2L/ a) or V= V2 = at    …                   (6) 

    

 



International Journal of Research and Scientific Innovation (IJRSI) | Volume IV, Issue II, February 2017 | ISSN 2321–2705 

www.rsisinternational.org Page 17 
 

Table: 2 : Exit velocity of  Capsule Bullet with respect to supply pressure and exit conduit length 

Sl. no 
Supply Pressure,     

pg→(bar) 

Load = pg A + mg 

( Dyne) 

 
[Load in dyne &m, mass of 

Capsule is 116 gm] 

Acceleration a= 
Load /m Dyne/gm 

= cm/sec2 →     

(m/ sec2) 

Conduit length 

m→ ( meter) 

Time of traverse 

(sec) = t≤t1 
Where t1 = 0.149 

sec [considering the 

r.p.m. of the 
Injector is 7.5] 

Velocity of exit 

(m/sec) 

1. 2 bar 71.3 x 105 dyne 614 m/sec2 1.0 m 0.057 sec 35.0 m/sec 

2. 2 bar 71.3 x 105 dyne 614 m/sec2 2.0 m 0.0807 sec 49.5 m/sec 

3 2 bar 71.3 x 105 dyne 614 m/sec2 3.0 m 0.0988 sec 60.0 m/sec 

4. 2 bar 71.3 x 105 dyne 614 m/sec2 6.8 m t1 = 0.149 sec 91.48 m/sec 

5. 4 bar 141.14 x 105 dyne 1216.0 m/sec2 1.0 m 0.04 sec 48.64 m/sec 

6. 4 bar 141.14 x 105 dyne 1216.0 m/sec2 2.0 m 0.057 sec 69.32 m/sec 

7. 4 bar 141.14 x 105 dyne 1216.0 m/sec2 3.0 m 0.07 sec 85.41 m/sec 

8 4 bar 141.14 x 105 dyne 1216.0 m/sec2 13.5 m t1 = 0.149 sec 181.184 m/sec 

9. 4 bar 141.14 x 105 dyne 1216.0 m/sec2 13.5m t1 = 0.149 sec 181.184 m/sec 

10 6 bar 214.96 x 105 dyne 1854.0 m/sec2 1.0m t1=0.0328 sec 60.8 m/sec 

11. 6bar 214.96 x 105 dyne 1854.0 m/sec2 2.0 m t1 = 0.0464 sec 86.0 m/sec 

12. 6bar 214.96 x 105 dyne 1854.0 m/sec2 2.5 m t1 = 0.0519 sec 96.2 m/sec 

13 6 Bar 214.96 x 105 dyne 1854.0 m/sec2 3.0 m t1 = 0.0568 sec 105.03 m/sec 

14 6 Bar 214.96 x 105 dyne 1854.0 m/sec2 3.25 m t1 = 0.0592 sec 109.8m/sec. 

 

Movement of Capsule in liquid Metal in a container/ladle  

The equation of motion of either flux pellet or capsule flux 

in liquid medium
 [2] 

to be deduced from force balance as 

indicated below:   

 mc [ dv/dt]  =  g.(mc - md ) – ξ .(ρld/2) .v
2
.Ap                   (7) 

In the case spherical pellets, the above equation reduces to 

the following form: 

  mp[ dv/dt]  =  g. (π/6).(Dp
3
). (ρp -ρl) – ξ.( ρldv

2
/2).( π.Dp

2
/4)    

…    …   …                                                                       (8) 

 Where mc , the mass of a capsule[ ρco. π.Dco.tco.l + ρf. π(Dci 
2 
 

/4 ).l + mass due to its Nose cap & bottom plug]. 

Therefore ρc , the density of a capsule is  mc/Vc & that of 

displaced liquid (ρld) is mld /Vc.  Where Vc , the volume of 

the displaced liquid= π.Dco.l + volume of cap of capsule 

and bottom plug. 

However when mp, the mass of spherical pellet = ρf. π ( 

Dp
3
)/6 & on simplification   of Eqn.(8) reduces to (spherical 

pellet): 

       d(v)/dt = g. (ρp -ρl)/ ρp – (3/4 ). ξ. [ (ρldv
2
)/ (ρp.Dp )]. 

However in this work, the focus of interest is on the 

trajectory of high speed ejected capsule within a liquid mass 

that is expected to be chemically treated. The desired high 

speed of a capsule is designed to obtain through specially 

developed capsule injector (Fig.1 & Fig.2) Therefore on 

simplification of Eqn.(8) reduces to:  

d(v)/dt = g( ρc - ρld)/ ρc – ξ .[(ρld/2) .v
2
.(π/4 ) Dco 

2 
]/ mc    (9) 

              ξ is primarily a function Reynold’s number(Re ) that 

varies with instantaneous velocity can be worked as follows 
[     

]
 . The value of   ξ is determined as:  ξ =24/Re (the Stoke’s 

formula for laminar condition) for Re< 2 or ξ =18.5/Re
0.6

 

(for transient condition: self-similar condition) for 2 ≤ Re< 

500, or ξ =0.44 (the Newton’s formula) for 500≤ Re< 

(2x10
6
) 

The Eqn.-9 after simplification may be written as:  

                             d(v)/dt =  K1.g  -  K2 v
2
     

 Where    K1 = g.( ρc - ρld)/ ρc    &     K2 = ξ .[(ρld/2).(π/4 ) 

Dco 
2 
]/ mc     

Therefore  the Eqn.(9) using separable variable, reduces to: 

      d(v)/ [g.(K1/ K2) - v
2
 ]   =   K2dt   or   d(v)/ ( vk

2
 - v

2
)   =  

K2dt     …     ….     …                   (10)  

Where    vk
2
 =   g.(K1/ K2).  

Downward/ forward motion of a capsule inside molten 

metal: 

As the, density of flux is very less compared to that of 

displaced liquid (either slag or metal), hence ρc will always 

less than (< ) ρld  and  K1  remains negative and therefore the  

Eqn. (9) reduces to : 

           d(v)/ ( vk
2
 + v

2
)   = - K2dt  …                    (11)

  

by   Integration     of Eqn. (10)   or ∫[d(v)/ ( vk
2
 + v

2
)   = - ∫ 

K2dt     the expression reduces to:  

   (1/ vk) . tan
-1

 (v/ vk) =  -(K2) .t  +C    and  at  t= 0.0 , v = v 

id or   C =  (1/ vk) . tan
-1

 (vid/ vk) or 

[ (1/ vk) . tan
-1

 (vid/ vk) ]   -  [(1/ vk) . tan
-1

 (v/ vk) ]   = -(K2) .t   

   Or          1/K2 [ { [(1/ vk) . tan
-1

 (v/ vk) } -  {  (1/ vk) . tan
-1

 

(vid/ vk) } ]  =   t  
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Or  1/(K2 vk) [ { [ tan
-1

 (v/ vk) } -  { tan
-1

 (vid/ vk) } ]  =  t  (12) 

The Eqn.(12) valid  within a range from v = vid to v= 0.0      

Upward/ reverse motion of a capsule inside molten metal:  

    Once the capsule loses its Kinetic energy of forward 

/downward motion, upward/reverse motion takes place due 

to the buoyancy effect. Considering the change in the initial 

condition at t=0.0, v=vup =0.0, the Eqn.(10) reduces to :   

 [ 1/( vk  ) ]. tan 
-1

( vup/ vk)=  - K2 t   or  v = vup = vk [ tan ( - 

vk. K2 t )] …      …                                                         (13) 

    Therefore using equation Eqn. 12 , the downward velocity 

vt at any time t with some initial assigned velocity vid may be 

determined and similarly upward velocity may be estimated 

using Eqn. 13. However, instantaneous displacement /depth 

of travel of capsule and velocity may be estimated as 

follows: 

 mc [d(v)/dt]n = g (mc - mld)  - ξ n-1 (ρld/2)v n-1
2
( π/4) dco

2
                            

  or                                                                                   (14)         

 mc [d(v)/dt]n+1 = g (mc - mld)  - ξ n (ρld/2)v n
2
( π/4) dco

2
 

     Moreover for evaluating the value of velocity at nth 

interval of time, the value ξ based on previously calculated/ 

found out value the velocity of capsule during (n-1)th interval 

of time to be taken into consideration.  However, time grid 

needs to be considered based stability criterion I.e.    (v n+1 / 

v n) ≥ 0.9. Therefore for the present case the interval of time 

( ∆t ) may be considered as small as 0.001 sec.  

    As the velocity vld and the drag coefficient vary 

continuously, the depth/ displacement of travel by a moving 

capsule may be calculated at any time may be obtained as 

follows:  

S n+1 = Sn  + 0.5 [( vld )n+1   + (vld)n]   ∆t                               (15) 

    Assuming the ejection velocity vid =50 m/sec, no slag 

interface, liquid metal density 7.2 gms/cm
3
 [7200kg/ m

3]
 and 

liquid metal (steel/iron) metal viscosity at 1400
0
C -1500

0
C is 

83.0 mill poise
 [8]

. The estimated velocity and depth of travel 

(positive down ward wise) versus time profile is provide in 

Table -3. 

Table-3     Expected velocity (downward + ve) , depth of 

travel (down ward +ve) in liquid iron/steel   versus time. 

Sl no Time 
Velocity 

(m/ses) 

Depth in 

mm 

1 0.0 50.0 0.0 

2 0.01 16.0 285.0 

3 0.02 7.5 390 

4 0.03 5.0 453 

5 0.04 3.5 495 

6 0.05 2.7 527 

7 0.06 2.2 552 

8 0.1 1.2 615 

9 0.2 0.06 640 

10 0.22 - 650 

11 0.3 -0.5 630 

12 0.4 -1.0 580 

13 0.5 -1.2 490 

14 0.6 -1.5 380 

15 0.7 -1.5 245 

16 0.8 -1.5 95 

              

      Analysis on heat transfer or heating of any capsule 

during its movement within liquid mass:  

      As already mentioned that, it is desirable to get capsule 

dislodged/ punctured due to heating while its movement well 

within molten liquid metal. Heat is transferred to a capsule 

from molten liquid in the following manner: 

      Heat received by capsule from highly heated /fluidic 

molten metal through →  Film Convection (ha)c  + Radiation( 

ha)r  →  Heat absorbed/gained by steel casing (Hs )+ Heat 

absorbed by flux  (Hf  ) . The mathematical expression
 [7,9,10,11]

 

is as follows:  

 hc .Ac [Tld – (Tc) ] + (Fld-c )c .A . σ.[Tld 
4 

-  (Tc)
4 

] = mc .  

cc[(Tc)f – (Tc)i ] + mf .cf  [(Tf)f – (Tf)i ] …                         (16)   

      Where   mf .cf  [(Tf)f – (Tf)i ]  =[ ( 2πL kc) (Tco -Tci)]/[ln 

(do / di)],  the radiation heat exchange between the penetrating 

relatively cooled Capsule and surrounding molten mass is 

considered to be that between two infinite parallel plane 
[ 9 ] 

, 

F1-2 = [ 1/εld  + 1/εc -1 ] 
-1

 

      εld is the emissivity of molten liquid/slag , εc  is  the 

emissivity of molten metal/ cast iron and  the  specific heat of 

molten iron/steel may be estimated from the following 

polynomials :  

      cc   = -9.05762 + 0.0536419 (T c)n -0.0001174 (Tc)n 
2
+ 

1.2542x 10 
-7

(Tc)n 
3
 W/kg-K. 

                                  For (Tc)n ≥ 583
0
K , cc = 486 W/kg-K 

      Considering, amount flux with respect to metallic made 

capsule, and its powder state, heat gained by it comparatively 

negligible and therefore, contribution of mf .cf  [(Tf)f – (Tf)i ]  

is not taken into account. In order to estimate, the incremental 

increase of capsule temperature during its movement in 

molten metal, the Eqn. 16 may modify to: 

                  {  hc .Ac [Tld – (Tc)n-1 ] + (Fld-c )c .A . σ.[Tld 
4 

-  
(Tc)n

4 
]} ∆t = mc .  cc[(Tc)n – (Tc)n+1]   …  …                      (17) 

           Where, Tld the molten metal temperature may 

considered constant, (Tc)1,  beginning  cold body temperature 

of the capsule ,  the Eqn. becomes: 

   Or    (Ts)n+1  =  [ {  hc .Ac [Tld – (Tc)n ] + (Fld-c )c .A . σ.[Tld 
4 

-  (Tc)n
4 
]} ∆t - mc .  cc (Ts)n ] / mc .  cc …                            (18) 

           Heat transfer from the molten differs from that of 

common liquids (water and organic compounds) and gases as 

molten metals have high value of thermal conductivity. The 

Prandtl Number of common liquids and gases is around 1.0 or 

higher, where as for molten metal’s this value is much less 

than 
[  ]

. However, for molten steel/iron, Pr is in the range of 
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0.12-0.19. Therefore the proportion of heat transferred by 

conduction to that of by convection is higher in molten 

metal’s.  It is estimated that heat transfer occurs by natural / 

free convection if capsule velocity becomes less than a certain 

minimum velocity of 0.1 m/s.  

           In this work, the following relevant heat transfer 

coefficient (hc ) for free and forced  convection  are 

considered.  

Free Convection:  Nu = X. Gr
m

 . Pr 
0.4

                           (19)  

For Gr ≥10
9
 ,  X =  0.106  &  m = 0.33  

For Gr <10
9
,   X =  0.52    &  m = 0.25 

          Where the Grasshof Number (Gr) is defined as Gr = [ 

L
3
ρ

2
g β ∆T] /µ

2
  and the Prandtl number (Pr) is defined as Pr 

= [ µ. cp]/k 

Forced Convection: For laminar flow,   Nu = 0.53( Re Pr ) 
0.5

       

                                                                                           (20)  

          For buoyancy – opposed turbulent forced convection 

above laminar range and below  

 Re < 15000, the expression for Nu is correlated 
[  ]

 as follows 

    Nu = 0.56. Re 
0.47

 Pr 
0.4

   …               …                    (21) 

         For 15000 <Re < 400000, the following modified form  

of Churchill & Bernsteir   correlation is used for flow across a 

single cylinder 
[  ]

, 

          Nu = 0.3+[ ( 0.62. Re
0.5

.Pr 
0.33

). {1+ (Re/ 28200) 
0.5

}] / 

[1+ (0.4/Pr) 
0.67

] 
0.25

…                                                         (22) 

        For the present work, the correlation stated in the 

Eqn.22 has been used for the estimation of heat transfer 

coefficient by forced convection. Instantaneous temperature   

(Tc )n+1  has been found to depend mainly on hc i.e. convective 

heat transfer is more significant that of radiation.  

         With the increase of temperature of the capsule, 

temperature of the flux as well as entrapped gas will increase. 

Pressure of the entrapped air/gas will also increase not only 

due to increase of surrounding temperature but also due to 

generation volatiles expected to be evolved from the flux. 

However minimum increase pressure is due to the increase of 

surrounding temperature based on following relation: 

  (p g ) n    = [(pg )i  Tn 
0
 K ]/ Ti 

0
 K  ….                              (23)    

          If the inside developed pressure of the entrapped gas 

/air in the capsule is more than the hydrostatic pressure head 

around the capsule within the molten liquid, then there is high 

possibility /tendency of end cover of the capsule to be 

dislodged. And this will enable free mixing of flux powder to 

mix with molten liquid concerning refinement. The estimated 

time vs. temperature profile of capsule, etc is given in Table-

4. 

 

Table -4 Estimated Temperature profile of Capsule , pressure developed, etc vs. time 

Sl no 

 

Time in 

sec. 
Tld

0K 
A(m2), d2/ d1, 

L (m) 

mc (gm), 

mf(gm), 
mdl(gm) 

cp 

(KJ/kg0K) 

cld 

(KJ/kg0K) 

hc 

(KJ/m2 
-sec.-0K 

Tc 
0K 

pf 
 

(bar) 

 

1 0.025 1673 

64.6x 

10-4 , 21/17, 
0.09 

82.0,30, 

240 
0.486 1.1 70 583 - 

2 0.05 do do do 0.485 do 70 718 - 

3 0.075 do do do 0.5 do 65 883 - 

4 0.1 do do do 0.5 do 60 1025 - 

5 0.125 do do do 0.5 do 53 1153 2.12 

6 0.15 do do do 0.52 do 45 1273 - 

7 0.175 do do do 0.52 do 33 1333 - 

8 0.2 do do do 0.54 do 30 1383 - 

9 0.225 do do do 0.54 do 20 1483 - 

10 0.25 do do do 0.57 do 18 1503 2.6 

11 0.275 do do do 0.57 do 18 1525 - 

12 0.3 do do do 0.6 do 18 1540 - 

13 0.325 do do do 0.64 do 18 1550 - 

14 0.35 do do do 0.64 do 18 1555 - 

15 0.375 do do do 0.68 do 18 1558 - 

16 0.4 do do do 0.68 do 18 1560 2.88 
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IV. DISCUSSION 

    The entire work has been carried out analytically as well 

as experimentally. It was found from literature that 0.7 kg of 

pure magnesium powder is required for treating 1 ton 

i.e.1000kg of liquid iron in order to obtain modularization ( 

for improved  the machining ability). Capsules are designed 

developed that each contains a measured quantity of 30 gms 

of pure magnesium powder/flux. Therefore about 6 to7 

capsules are needed for treating 250 kg of liquid iron. The 

injector has so designed that dispensing of 10 to 20 capsule 

can be accomplished in a minute.  

    Experimental ladle for handling 225 to 275 kg of liquid 

iron occupies a depth of 765 mm to 900 mm approximately.  

The following observations have been noted which are 

corroborated by experimentation:  

    Initial velocity (50 m/sec.) of the capsule moving in the 

molten liquid reduces rapidly; reaches a zero value (estimated 

0.22 sec.) & reverse motion of its starts. 

    Depth of penetration depends on initial velocity, depth of 

the slag layer (in this work it is not considered) & mass 

composition of the capsule.  

    Rate of Increase of the capsule temperature depends on 

the decrease of the capsule casing thickness ratio i.e. d2/d1.   

    The puncture of the capsule noticed (explosion sound with 

strong ripples of liquid mass) between t=0.17 to 0.2 sec.  

From Table 3 & Table -4, it is indicated that at 0.17sec to 0.2 

sec the capsule is at 390 to 500 mm depth. At its temperature 

at this juncture is expected about 1100
0
C. The puncture of a 

capsule is designed/expected to occur due increase of its 

inside pressure which may either rupture wall of capsule or 

dislodge its end cover.   

      Lesser dispensing velocity of capsule may be used for 

lighter molten liquid as well as for smaller size ladle. 

      The adopted capsule as well its appropriate injector is 

meant for treating liquid iron/steel of about 250 kg. Bigger 

size capsule (carrying capacity of 100 mg of flux) with 

appropriate injector may serve the purpose for treating liquid 

iron / steel up to 2-3 ton. 

For treating 100 -150 ton modified design is needed. 

 

V. CONCLUSION 

     A few experimental trials have been carried out with initial 

velocity 50-55 m/ sec. The controlled explosion has been 

noticed to take place in each case between 0.18 to .22 sec. 

after dispensing. The trial was conducted in liquid iron with 

pure magnesium flux. Successful modularization obtained. 

Observing the validity and safe working of system, 

investigation on commercial scale is proposed. It is believed 

that this developed technique will fine similar various 

applications concerning treatment of liquid metal.   
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