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ABSTRACT 

To investigate the volatility of magnesiurn at iron \ 

making temperatures, low temperatuJ;'e modèlling was carried 

out using liquid nitr?gen as the volatile species. To ~imu­

late the release of magnesium vapour as it would occ,ur from 

"modified" magnesium bullets shot into mol ten iron, liquid 

nitrogen was plunged into water and the subsequent evolution 

of vapour was recorded on video tape. 

The addition was observed to release nitrogen vapour 

in a series of bubble bursts. The nature of the gas flow 

was invéstigated with respect to cOntainer d~~~~~ians or 

quantlty of nitrogen added and the rate of heat tran~er. 

Anal~sis yielded a three step boilin~ procesSi the initial 

ejection of more than half the addition as the addition 

" \ 

\ 

begins to boil, the steady statel:;ioiling o~ the remaining 

nitrogen and finally the disPlace~nt of th~' :aseous addi­

tion from its container by thetrrounding liquid. The data 

generated from the low ternperat re model agreed favourably 

with previous work done in Î id<metals. 
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RESUME 

Une étude de la volatilité du magnésium aux températu+es 

de l'acier en fusion a été éffectuée en utilisant un modèle à 

basse température où les matériaux volatiles étaient remplacés 

par de l'azote liquide. Le dégagement de magnésium gaseux 

provenant d'un cylindre de magnésium 'modifié' lancé dans du 

fer en fusion était simulé par de l'azote liquide plongé 

dans de l'eau et le comportement de la vapeur était enregistré 

a l'aide d'un magnétoscope. 

Il fut ob~rvé que la vapeur d'azote s'échappait sous 
"-.--

ferme de violentes séries de bulles. La nature' de l'écoulement 

du gaz fut étudiée en fonction des dimensions du récipient, 

de la quantité d'azote utilisée et du transfert de chaleur. 
, 
l 

L'analyse a montré que l'ébullition se faisait en trois 

étapes; l'éjection initiale de plus de la moitiée de l'azote 

quand l'ébullition commence, l'ébullition continue et 

constante de l'azote restant et, finalement, le déplacement 

du gaz res-tant; dans le récipient par le liquide environnant. 

Les résultats obtenus à l'aide de ce modele à basse 

température se sont avérés en accord avec des travaux 
~ ,.... '{ ~ ~ . 

precedents fa1ts sur des metaux en fus1on. 
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CHAPTER 1 
v 

INTRODUCTION' 

1.1 GENERAL 

Many additives commonly used in the iron and steelmaking 

industri~; fO~ de~ulphurization and/or inclusion modification 
,~ J / ( 

contain either~calcium or magnesium. Although t~ese elements 

are added in a vtrietY of forms, they are unique d~e to their 

volatile nature v, t temperatures associated with iron and 
\ 

steelmaking. Thus in the production of raw steel, calcium 

and magnesium may enter the flowsheet at two places; the first 

between the~-ast furnace and steel production facility, while 

the second would follow the production of" raw steel. 
-~ 

The iron product of a blast furnace known as 'hot metal' 

is essentially liquid iron saturated with carbon (>4% C). A 

number of other impurities are also present in blast furnace 

irone Typical impurities and their concentrations are shown 

below 1. 

Impurity Weight % 

C 4.3 

Mn 0.9 

Si 0.7 

S p 0.03 

Sulphur i5 one of the most notorious impurities in steel. 

The detrimental effects of high sulphur levels include 

increased amounts of surfac~ cracks during processing and an 

, 
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increased inclusion content which in turn adversely affects 

the physical and mechanical propereies of steel. For the 

2 

most common steel grades sulphur levels must be maintained 

below 0.05% S with 0.02% S usually considered as acceptable 2 . 

As J.P. orton3 noted, 'AlI ste~ill operators and metallur-

gists spend a considerable portion of their working liveS-

trying to deal with the sulphur problem, trying to balance 

its undesirable effects with the cost of eliminating it.' 

The main source of sulphur found in hot metal derives 
'" 

from the metallurgica1 coke used in blast~furnace ironmaking. 

Unti1 recent1y aIl sulphur control was done through the 

selection of low sulphur coal and the maintenance of a favour-

able sulphur partition coefficient between the hot metal and 

blast furnace slag. To obtain low hot metal sulphur levels, 

larger slag volumes are needed to achieve effective sulphur 

~oading. This is detrimental to a blast furnace's fuel. 

efficiency as the coke rate must increase to melt the addi-

tional flux. 

Since the late 1960's and early 1970's the practice of .. 
removing sulphur from the hot metal outside the blast furnace 

has received considerable attention fz:an both steelmaking researchers 

and operators. Known as externa1 desulphurization, this step 

al10ws the blast furnace operators to increase the hot m~ta1 

~u1phur level up to 0.08-0.10% S. The subsequent processing 

step 10wers the hot metal sulphur content to the desired level 

of 0.02% S. 

1 
1 ,.. -"-"_~~""",,,, .. _____ ... ~ .......... ' 
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The advantage to the blast furnace operations are signi­

ficant. During a two week trial at Dofasco4 when the hot 

metal sulphur content was increased from 0.02% to 0.045%, 

there was a 13% increase in hot metal production. This was 

due to a 4.3% increase in the wind rate and an 8.8% decrease 
" 

in the coke rate. Other advantages which were cited include, 

increasing the alkali removal rate from 60% to 80% and an 

increased burden permeability. The high sulphur practice and 

better alkali removal allowed Dofasco to con~ider less expen-

sive raw materials which previously had unaccertable irnpurity 

concentrations. The net savings,when comparing the cost of 

desulphurization to the blast furnace saving for the trial, 

was quoted as 69%. In view of this trial Dofasco went to 
.. 

a complete external desulphurizatien practice and blast 

furnace hot metal levels of 0.06-0.08% S. Based on experiences 

typical of Dofasco's, many steel producers have added external 
l 

desulphurization of hot'metal te improve their existing facil-

ities. 

In steelmaking, the majority of impurities originally 

present in the hot metal are reduced to speqified levels. 

These impurities would include carbon, silicon and manganese. 

Sulphur is one of the elements which i5 difficult to remove 

during conventional steelmaking. For the majority of the 

grades which receive sufficient hot metal desùlphurization, 

sulphur i5 not a problemi however, an increased demand for 

1 
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low sulphur pipeline grades has necessitated a further de sul-

phurization step following steelmaking. Pipeline steel 

requires a thorough desulphU'rization as the sulphur specifi-

cation for this grade calls for a maximum of 0.005% S. 

Pipeline grades also require secondary refining for 

inclusion modification and removal. This involves agglomera-

tion of the oxide inclusion particles in the steel,o so that 
" 

they will more readily float to the slag covering the refined 

steel, thereby improving the cleanliness and mechanicpi prQ-

perties of the steel. 

1.2 THE PRESENT STUDY 

The addition of calcium and magnesium is the basis of 

most external desulphurization proce~ses. The pure substances 

are rarely added for several reasons. Magnesium ~hich boils at 

1363 K
S unG~r '~ôrmal conditions, exerts high vapour pressures 

when it is plunged into hot metait typically at 1533 K. Cal-

cium which is even more reactive thc:;m magne sium , is 'rarely 

used in t~e elementàl form as it readily oxidizes in the 

atmosphere. The large potential for calcium oxide formation 

requires m~table calcium compounds to be used in co~erCial 

practice. Another volatile system involves the use of a calcium 

reagent during secondary refining of steel. Here again, the 

sarne difficulty as was cited above for the magnesium arises. 

Calcium normally boils at l757,K5 and is therefore very readily 

1 
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vapourized at steelmaking temperatures of 1900 K. 

A1though both magnesium and calcium are thermodynamically 

excellent desulphurization agents the processes for adding them 

have yet to be perfected. The industrial solution to the high 

,( ~:pour pressures associated with these elements is to use a 

~riety of di1uents to reduce the overall vapour pressure of 

the addition. Recent1~ppeumatic techniques whereby nitrogen 

or argon is used both as a carrier gas and diluent have gained 

popularity. Surprisingly little fundamenta1 work has been 

carried out on the vapourization process associated with either 
, 

the desu1phurizing reagents or pure calcium and magnesium. 

The ,present study has been oriented toward magnesium desu1phur­

ization of hot meta1 since the problems of metal volati1ity 

in this system outweigh those for calcium refining of steel. 

On1y a few studies have dealt with magnesium vapour and 

6,7 
its dissolution kinetics . To the author's knowleqge, no 

work has been carried out in the area of the heat transfer 

and hydrodynamic phenomena associated with the boi1ing of a 

volatile addition. The pres7nt study was therefore initiated 

to investigate the phenomena of volatile additives. Due to 

the fear of explosions and other prob1ems' associated with 

introducing magnesium ta iron, a low temperature analogue of 

the system was first deve1oped. 

In model1ing an addition technique, a patented madifica-

tionVof Sumitomo Metal Industry's bullet shooting technique 

J 

.; , 
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for adding buoyant addition~ was selected. 8 This technique 

is known to have good potential for quickly exposing large 
/" 

/' 

6 

quantities of the volatile buoyant addition to the melt. The 

bullet shooting technique will also permit the "fast and simple 

.~ntroduction of pure magnesiurn. Before expanding into the 

modelling of bullet shooting technology, a review of hot metal 

desulphurization and steel refining ,is first presented. 

1.3 THERMODYNAMICS OF HOT METAL DESULPHURIZATION 

The desulphurization of hot metal is based on the use of 

one of three reagents - magnesiurn, calcium carbide (ca.c 2) or 
'J1 
':yme (CaO). AlI three are thermodynamically excellent desul-

-
phurizing agents, but they aIl have associated kinetic problerns 

whicn has lirnited the perfection of any one desulphurizing 

process. The chemical therrnodynamics of tbese reagents will 

be summarized using the excellent review of desulphurization 

processes by Mucciardi. 9 Upon inspection of the the~odynamics 

it should be clear that the solution to the kinetic problerns 

of the de~ulphurization reactions could result in'an extremely 

efficient process for sulphur ~e~val. 

Magnesium has a very strong affinity for sulphur, forming 

rnagnesium sulphide according to the reaction: 

( 1.1) 

Here, the underlined elements refer to those dissolved 

in liquid iron with their concentrations at the one weight 

/ 

r_ 
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( percent standard' state. Recently,there has been sorne debate 

as to the precis~ mechanism of magne'sium desulphurization. 

preliminary research indicated that desulphurization occurred 

~';t the magne~ium bubble-melt interface and that the rate con­

trolling step was the diffusion of sulphur to this -interface. IO 

Wo~k by Irons and' Guthriell ,12 has shown that magnesium readily 

( 

( 

dissolves in iron and that it is the reaction of dissolved 

magnesiurn with dissolved sulphur that predominates during de­

sulphurization operations. 'The concen~ion profiles for 

desulphuri~tion proposed by,rrons and Guthrie12 are shown in 
• 

Figure 1.1. The solid phase referred to in Figure 1.1 includes 

srnall inclusion (~2 ~m diameter) and solid interfaces in the 

bath which could support rnagnesium sulphide formation and 

precipitation. 

Through this mode of reaction very low sulphur levels 

are possible from both kinetic as weIl as thermodynamic con­
/ 

sider~tions. The equilibrium constant for equation 1.1 (at 

1533 K) is given by Ironsb as: 

log K = log{{fMg • %Mg) . (fs . %S)} = -5.05 . (1.2) 

Assuming the activity of MgS solid to be one, the activity 

coefficients for dissolved sulphur and dissolved magnesium (at 

1533 K) are given by the following equations: 6 ,13,14 

and 

log fS = -0.028(%S) - 1.82(%Mg) + O.ll(%C) 

log f Mg = -1.41(%Mg) 

'. 
\ 

1.38(%S) - 0.1.4 (%C) 

(1.3) 

(1.4) 

j 

l 
i , 
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Solving equations 1.2 - 1.4 yields the fol1owing resu1t at 

1533 K: 

Q 

-1.408(%S) - 3.23(%~g) - 0.03(%C) + log(%Mg) 

+ 10g(%S) = -5.05 (1. 5) 

The equi1ibrium curve for a typical hot meta1 averaging 

4.5% C is shown in, Figure 1.2. Clearly magnesium can effect-

ively eliminate dissolved su1phur if equilibrium is approached. 

Another excellent desulphurizer from a thermodynamic 

viewpoint i9 calcium carbide. The removal of su1phur via 
p 

CaC2 is described at 1533 K by the f0110wing equation: 

caSes) + 2C(S) = caC2 (S) 
+ S 

The equilibrium constant for the above equation ist
4 

log K = log fs (.%8) = 5 712 _ 18750 • T (K) 

where 

log fs = -0.028(%S) + O.ll(%C) 

(1. 6) 

(L 7) 

(1. 8) 

Therefore, at a hot meta1 content of 4.5%C and temperature of 

1533 ~:K, equations 1. 7 and 1.8 reduce to: 

-0.028(%8) + 10g(%S) = -7.014 (1. 9) 

Solving Eq. 1.9 yie1ds a sulphur concentration of 

9.7 x 10-8 %S in equilibrium with the calcium carbide at 1533 K~ 

J 

j 
1 

1 
~ 
! 
1 , 
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This is far lower than the 0.005% sulphur required for most 

low sulphur grades. 

The last reagent, lime, ls also therrnodynamically an 

excellent desulphurizer. Sulphur elimination is achieved by 

lime according to, the following reaction: 

Ca5(sf + Q:= CaO(S) + S -

The equilibrium constant and assoclated activity data at 

are given below: 14 li. 

log K = log 
fS(%S) 5693 
fo(%O) =,T(K) - 1.528 

where 

log fo = -0.20 (%0) - 0.45 (tC) - 0.09 (%8) 

and log fS = -0.028(%8) + O.ll(%C) - 0.18 (%0) 

Solving Eqs. 1.11-1.13 yields the follow1ng result: 

0.062(%5) + 0.56(%C) + 0.02(%0) + tog(%8) 

- log(%O) = 2.186 

(1.10 ) 

1533 K 

(1.11) 

(1.12 ) 

(1.13) 

(1.14) 

,~ ~suming that the melt cOntains 4.5% C and that only a 

small amount of oxygen (i.e. 5 x 10-4 %) is solu~le in hot 

metal, a SOlution_:o equation 1.14 f~l %5 y~elds a sulP~ur 

levei of 2.3 x 10 %S at 1533 K. Thfs value 1s much closer 

to the lowest sulphur levels that steelmakers demand but if 

equilibrium was achieved it would bè/ an excellent grade by" 

any standard. 
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As shown above aIl three desulphurizing agents, magnesium, 

calcium carbide and lime, should provide excellent 'resuIt:s,. 

Industria1 and laboratory studies have shown far 1ess than 

perfect results for desulphurization using these reagents. A 

chemical efficiency of 50% wouid be considered good practice 

by most steel mill operators.. Chemical efficiency is· 

defined as the weight of reagent X which participated in the 

desu1phurization reaction to the weight of X added to the 

iron treated. This treatment ignores the amount of reagent X 

disso1ved into the iron, and for most situations this is quite 

accurate since calcium has an overaii 1imited 50Iubility in 

iron while magnesium solubility is low for high sulphur levels 

(>O.Ol%S) • 

The prob1em with calcium carbide and lime is the fact that 

the chemical reaction occurs at asolid-liquid interface. ,For 
" 

bath CaC2 and CaO particles the initial CaS'reaction product 

tends to coat the rernaining reagent avai~able for desulphuri-

t
· lS. 16,17 b za ~on. Subsequent desulphurization i5 limited y the 

diffus ion of the s ulphur through the CaS boundary layer. This .. ' 

concept is shown schematically in Figure 1.3. Other variables 

which limit desulphurizatlon are diffusion of sulphur ta the 

solid - liquid interface and the sulphur levei in the melt. 

As a particle i5 consmned, its rate of consumption 

decreases as ~he reaction product layer thickens. To solve 

this, finer reagent particles should be selected so as to 

increase the net surface area available for reaction. This 

, 

~~----------
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Fl,gure 1.3 The Effect of Calcium Su1phide on CaC
2 Particles nnring Desu1phurization. 
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has a secondary beneficial effect in terms of the time it 

takes for the lighter lime particles to ri se through the hot 

metal. From Stokers law, rising times are inversely propor­

tional to particle diameter. Thus, smaller particles will 

take longer to rise through the iron bath. For both calcium 

14 

carbide and lime, the efficiency of the process is related to 

the particle distribution and hence may be optimized through 

control of this pararneter. 

The problems associated with magnesium desulphurization 

are related to its extremely high vapour pressure. This 

problem will be more completely examined in section 1.5. 

1.4 STEEL REFINING 

A major portion of secondary steel refining is performed 

using calcium based reagents. Calcium is both an excellent 

desulphurizer and deoxidizer. Another valuable aspect of 

calcium additions is the modification and removal of oxide 

and sulphide inclusions. Calcium is usually alloyed with 

silicon so as to moderate the vapour pressure of calcium. Un-
" 

like magnesium, calcium exhibits a very low solubility in steel 

with values of 0.032 weight % dissolved' calcium in pure iron 

being reported at 1873 K. la Since calcium does not exhibit 

excessive vapour pre~sures at steelmaking temperatures (see 

section 1.5) its vapourization can be suppressed through the 

addition of a calcium silicon alloy. Another important 

reason for alloying calcium is the fact that the pure species 

t ... ·t'-~"" • 
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rapidly oxidizes in the atmosphere. Handling of such a 

material ~buld require sophisticated transport equipment using 

inert gas shielding. The alloy which is commonly used is 

known as calcium silicide and ls generally composed of 30% Ca, 
9 

63% Si and 7% Fe. Other possible alloys comprise of Ca and 

19 Si mixed with ~anganese, barium, aluminum and irone 

Since calcium is very reactive, special procedures must 
1 

be taken so as to insure that the calcium performs the desired 

refining. The ,proc~dures sho.uld guarantee that the oxygen 

content of the steeÙ particularly the dissolved oxygen, is 

as low as possible'. 'ror this reason. the stee l must be fully 

alumi.num killed and the use of dolomitic lime for ladle refrac­

tories is recommended. 20 The reaction products, particularly 

CaS, readily revert to dissolved sulphur and CaO in the 

presence of free o\xygen. To eliminate back reactions wi th the 

atmosphere, a CaO-CaF2 synthetic slag is used to cover the 

steel during treatment;l Once added to the melt, calcium 

first eliminates all of the dissolved oxygen forming CaO. As 

the dissolved oxygen approaches lower levels (20-30 ppm) the 

calci.um then eliminates the dissolved sulphur and modifies 

the remaining oxide particles.' This process has been summarized 

20 
by Pircher and Klapdar and is presented in Figure 1.4. 

There are two types of inclusions which precipitate during 

the solidification of steel, spherical or globular inclusions 

22 
and intergranular films. The globular inclusions which have 

a ~igh oxide content are not too detrimental to the steel as 
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they retain their shape during hot rolling. ~onversely, 

inclusions which are intergranular fn nature tend to promote 

hot shortness in hot rolling. These inclusions which are 

genera~ly MnS also tend to decrease the mechanical properties 

4 
transverse to the rolling direction. The calcium treatment 

tends to el~inate aIl of the MnS type inclusions through 

the presence of extremely low sulphur lev~ls in the melt. 

The inclusion found in calcium modified melts 'are generally 

21 
round multiphase structures. Picher and Klapdar ha~e found 

that the inclusions tend to be spinels of the CaO-A1 2 0 3 type 

containing dissolved sulphur. Since these round inclusions 

are relatively harmless, the calcium treated steel is nearly 

i h Il h h k di i d 'l' 4 isotrop c wit exce ent t roug -thic ness rect on uctl lty. 

1.5 PURE MAGNESIUM AND CALCIUM ADDITIONS 

To date, the author was only able to find a few industrial 

addition systems where pure magnesium or calcium is used without 

the aid of a carrier gas. 23,24 Th h th 1 t e reasons w y e pure e emen s 

are rare~ used are due ta the high vapour pressures they 

exhibit at operating temperatures. As previously mentioned 

in hot metal desulphurization, which typically takes place at 

1600 K, elemental mag~esium 15 237 K over its normal atrnos-

pheric boiling point (1363 K). For calcium the problem is 

not as large, but calcium whlch normally bails at 1757 K ls 

116 to 160 K over its boïling point in most steel refining 

operations. 
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Being so unstable, the additives tend to have large 

vapour pressures at the melt temperature. These pressures 

can be thermodynamically evaluated at high temperatures via 

the Clausius-Clapeyron equation: 25 

(1.1-5) 

where P1,T1- refer to the vapour pressur~ and temperature (K) 

at any point; 

P2 ,T2 - refer to the va pour pressure and temperature at 

any point other than point li 
/ 

R = ideal gas constant 

6Hv = ~nthalpy of vapourization per unit mass of 

material. 

If point one is taken as the normal boiling point of 

the specimen considered then'the vapour pressure at a highe~ 

temperature can be evaluated. The reader is reminded that 

the Clausius-Clapeyron equation describes the vapaur pressure 

of species A over pure species A. For pure magnesium ~nd 

calcium additions othis should hald true since the gaseous 

phase rapidly evolves from the pure species in the melt. 

Applying the Clausius-Clapeyron equation to rnagnesium in hot 
5 

metal: 

Pl = 101. 3 kPa T2 = 1600 K 

Tl = 1363 K R = 8313.6 J/kg mole K 

t.Hv = 1.46 x 108 J/kg mole 
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1. 46 x 10 8 J/kg mole l l 
P2 = 101.3 kPa exp{83l3.6 J/kg mole K (1363K - 1600K)} 

= 683.1 kpa 

Magnesium would therefore exhibi t a vapour pressure of 

over six times atmospheric pressure at a hot metal temperature 

of 1600 K. It is this high vapour pressure which causes the 

magnesium to boil in a violent fashion?-6 Any containment of 

the magnesium vapour can lead to explosions within the melt 

as ,the high pressure gas is released. 

Another weIl documented problem is the flashing that 

6 15 23 26 
occurs when the magnesium vapour reaches the melt surface.' , , 

upon' contact, Magnesium vapour instantly reacts wi th any oxygen in 

~he surrounding atmosphere, leading to the copious generation 

of oxide smoke. The vapour pressure curves for both magnesium 

and calcium have been given by de Barbadillo 26 and are presented 

in figure 1. 5. 

Some work presently being çarried out at McGill Univerkity 

gives an excellent indication of the explosive potential of 

ma~nesium. Briefly, the investigation is into the possibili­

ties of wire feeding pure magnesium into the hot metal. In 

the preliminary experiments bare Magnesium wires were fed into 

the hot metal and the results proved to be Most spectacular. 

Figure 1.6 shows the sequence of events that occur as a 3.2 mm 

magnesium wire is fed into the melt. As is evident from the 

photographs, the magnesium tends to readily vapourize and react 
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(a) t 0 

(b) t = 10.0 ms 

Figure 1.6 A 3.2 mm Diameter Magnesium Wire being fed into Molten Iron at 
20 mm/s. 
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Cc) t 20.0 ms 

(d) t = 30.0 ms 

Figure 1.6 (cant.) 
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(e) t 40.0 ms 

'l ( f) t = 50.0 ms 

Figure 1.6 (cont.) 



-\ 
,,\ -
\-

Figure 1.6 (cont.) 

24 

Cg) t = 110 ms 

Ch) t 200 ms 



/ 
/ 

/ 
( 

( 

25 

with the surrounding atmosphere. The brilliant flashes 

characteristic of magne sium vapour are weIl docurnented as 

noted above. 

1.6 ADDITION TECHNIQUES 

Ta overcome the problems of reactivity and ~apour evo-

lution associated with the common,desulphurization agents l a 

number of sophisticated systems have been developed. Each 

system has both its merits and areas which could use improve-

ments. Since the present study is more oriented towards 

addition techniques t~~n ta thermodynamics and chemical kinetics, 

the addition techniques will be reviewed from a mechanistic 

vieWEoint. AlI of the major techniques will be reviewed ir­

respective of whether their' usage is more toward hot metal or 

steel applications. 

, 
1.6.1 pneurnatic Techniques 

Pneurnatic injection, techniques are presently the most 

popular method of introducing a large variety of desulphuriza­

tion agents. The technique basically copsists of the injection 
1 

of the reagent through a submerged ~efractory coated lance 

with the aid of a carrier gas. In several cases, additional 

solid reagents are added to aid the reaction mechanisms 

associated with the primary desulphurization reagent. The 

technique is used to inject calcium carbide, lime, magnesiurn 



. ( 

( 

26 ' 

powders, magnesium granules and salt coated magnesiurn granules 

into hot metals. Pneumatic injection is also used to add 

calcium silicide to steel. AlI of these techniques are sum-

marized in Table 1.1 and will be briefly reviewed below. 

Calcium carbide injection was developed simultaneously 

by Nippon Steel Corporation and August Thyssen Huette during 
9 the late sixties. The system has undergone constant evolution 

since its conception. One of the most significant improvements 

was found when calcium ~arbonate was mixed with the calcium 

carbide in a 1:3 ratio. The calcium carbonate reqcts as follows: 

caCo3 {s) = cao(s) + cO2 (g) (1.16 ) 

The carbon dioxide produced from the caCo3 decomposition has 

been reported to hinder nozzle blockage and aid in the dis-
27 

persioQ of the calcium carbide particles. As a dispersant, 

the calcium carbonate is claimed to double the chemical effi-
28 

ciency of the calcium carbide. Virtually all calcium carbide 

based injection systems use caC03 to improve the performance 

of the operations. 

One of the main problems with calcium" carbide injection 

involves the handling of CaC2 . ~hen exposed ta moisture CaC2 

readily decomposes into acetelyne and lime. Acetelyne (C2H2 ) 

ls extremely flammable and potentially explosive if a large 

volume of the gas is ignited. To minimize this danger, . 

sophisticated safety devices and procedures must be utilized. 

1 
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Pro·cess 

Calcium Carbide 
Injection 

Lime Injection 

Lime-Mag 
Process 

Magnesium 
Granules 

Magnesium 
Granules· 

Salt-coated 
Magnesium 
Granules 

TN/CAB 
Process 

* t 

.-

TABLE 1.1 

Popular Pneumatic Techniques 

Injectants 

CaC 
witrt CaC03 

CaO 

Mg powder .plus 
lime 

Salt coated -
Mg granules 
d III 0.5-2 mm 

Mg granules 
d .. 1-2 mm 
plus lime 

Mg granules coated 
by MgCl

2 
and NaCl 

based salt compound 

Calcium si1icide 
30% Ca, 63% Si 
7% Fe 

Carrier Gas Melt 

Nitrogen Hot Metal 

Nitroge~ Hot Metal 

Nitrogen Hot Metal 

Air/Nitrogen Hot Metal 

Nitrogen Hot Metal 

, Nitrogen Hot Metal 

Argon Steel 

* Typical 
Chemical Efficiency 

20% 
40% 

7% 

75% based on 
Mg desu1phurization 

11% when CaO is 
considered 

48% 

55% based on 
Mg desu1phurization 

10% when CaO is 
also considered 

51% 

---..... 
15% 

~ 

Reference 

27, 28 

30 

35, 36 

33 

31 

34 

16, 21 

The typical chemica1 efficiency for hot metal desulphurization pertains to the reduction of the 
su1phur level from 0.04% S to 0.02% S. For steel desulphurization the typical chemica1 efficiency 
is related ta achieving a sulphur 1evel of less than 0.010% S • 
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The calcium carbide must be stored, fluidized and transported 

using nitrogen. Air tight storage and handling facilities 

are also required. 

The acetelyne problem is further compounded when the wet 

_ deslagging of the hot metai torpedo car is performed. Normally, 

after desulphurization the high sulphur slag remaining in the 

torpedo car ls discarded into pools of water. In calcium car-

bide based systems, thls has led to explosions due to the 

acetelyne produced by the reaction of the unreacted cac2 left 
29 

in the slag with the water. 

One of the first pneumatic systems developed was the 
i! 

injection of lime into hot metal. The industrial injection of . 
\ 30 

lime at the Sidmar Steelworks has been described by Beyne. 

This system combines lime with natural gas as the carrier gas. 

The natural gas was chosen to supply a strong reducing atmos­

phere at the lance opening thereby assuming that any Ca"S which 

had 'been formed would not reoxidize back to CaO. The chemical 

efficiency, quoted Dy Beyne to be. 7%, has since been substan-
31,32 

tiated by other similar systems. 

A variety of systems have been based on the injection of 

magnesium powder or granules. The first rnagnesium injection 

systems were ?6veloped in the U.S.S.R. during the late sixties. 
--..J. ' 

Soviet researchers were considerably ahead of Western experts 
33 

when Voranova et al. reported on the state of the art of external 

desulphurizing systems in 1974. After examining several systems 

(Mg/lime, Mg/d\lomite) the Soviet researchers had decided that 

\ 
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the injection of salt 'coated magnesium granules offered the 
r 

best results. By 1974 this was the preferred technique for 
\ 

the Soviet steel i~dustry. The purpose of the salt was to 

2'9 

passivate the magnesium vapourization and hence, help eliminate 

nozzle blockage. It was to be nearly six years before this 

system was introduced in the Western steel industry:4 Other 

advantages of this system,is the safety'aspect of using.the 

larger magnesium granules. The granules are reported to be 

much more stable and do nct have the explosive potential that 

ma~nesium powders have. Granules are also reported to have 

much better flow properties than the corresponding powder. 3l ,34 

) In 1976, Koros was awarded a patent for an inj ection 

process combining magnesium and lime powders: 5 ,36 Known as 

the 'Lime-Mag process' the details of the injection equipment 

is schematically shown in Figure 1.7. In this process, large 

quantities of lime are injected with magnesium powder. Koros 

has stated that the lime acts as a ~agnesium dispersant, 

36 
nucleating small magnesium bubbles. The efficiencies based 

only on magnesium desulphurization are excellent as seen in 

Table 1.1. The main disadvantagesof the Lime-Mag process are 

the generation of large slag volumes due to the unreacted lime 

and the dang~;:,i of ,handling magnesi um powder. 

31 In 1980 Engh et al. presented the results of an injection 

system using magnesium granules and lime. This system was said 

to eltminate the transport and safety problems associated with 

the magnesium powder while maintaining a good chemical efficiency. 
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Figure 1.7 Schematic of the Lime-Mag Desu1phurization Process. 
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,Based on 54 injection experiments Engh achieved good results 

but not near the excellent chemical eff~ciency that Koros 

obtained~6 " 

31 

There·has been little fundamental work do ne on any of the 

injection processes. Work do ne by Irons and Guthrie37 on the 

dissolution kinetics of magnes~urn vapour in pig iron yields 

sorne insight as to twhy chemical efficiencies for most injection 

systems are approximately less than or equal·to 50%. They 

found that as the magnesiurn vapour is diluted by the inert 

" carrier gas, the dissolution efficiency of the magnesium is 

dramatically reduced. Since this is the first s,tage of the 

desulphurizipg reaction there should also be a corresponding 

drop in the chemical efficiency. The results of the calcula-

tions by Irons and Guthrie are shown in Figure 1.8. It is 

this re4uction in dissolution efficiency due to dil~ti~~~~ 
makes improyements in the injection processes difficuft. . / 

The last pneumatic process cited is the TN/CAB process 
. 21 

developed by Thyssen Niederrhein A.G. in the mid sixt~es. 

Used for the more chemically sensitive steel system, the pro-
lf"1 J.~., 

cess 'involves injection of calcium silicide with argon. €are-

ful precautions must be taken to ensure that no oxidizing slag 

is carried over to the tre,atrnen~ vessel. Moreover r an 
- ,~ 

inert lime-calcium fluoride slag cover must be added to the 
1 

melt. The low efficiencies which are observed are norrnally 

attributed to the powerful oxidizing capacity associated 
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with calcium coupled with calcium's limited solub~lity in 

steel. l8 
1 

1 fI 

1 • 6 • 2 Mag-Coke 

The plunging of magnesium impregnated coke was one of 

33 

the first large scale treatment systems for the desulphuriza-

tion of hot metal. This compound, more commonly referred ta 

as 'Mag-Coke', was used to moderate the vapourization of the 

magnesium. Mag-Coke is typically 46% M9. 4 Generallya steel 

canister containing the Mag-Coke is plunged into the hot metal 

using a graphite or a refractory coated T-shaped bell. A 

schematic of the plunging ~ssembly is shawn in Figure 1.9 while 

Figure 1.10 shows a photograph of a plunging belle When the 

Mag-Coke,is plunged into the hot metal, the magnesium vapourizes 

and escapes through hales in the belle 

There have been numerous investigations into the Mag-Coke 

process. Chemical efficienJies are typically 44% for hot 

t l l h h f 0 05 - 0.02% S.
4,30,35,38,39 

me a su p ur c anges rom . The 

main drawback ta Mag-COke usage is the time assJe+ated with 

each treatment. 9 ,36 Since only one drmn can b~ added at a 

t~e, and a typical torpedo car requires at least two drums, 
,~ 

the net'process is time consuming. Other complaints with 
~ ~~ 

Mag-Cake, include the cast of the reagent, the amount of fume 

gen~rated by the plunging procedure and the lack of control 

over the rate at which the Magnesium gas is released:6 As 
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Figure 1.10 Plunging Bell Typically used for Mag-Coke Treatments. 
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a resu1t Mag-Coke has been s16w1y phased out in favour of the 

pneumatic techniques previous1y mentioned. 

1.6.3 Addition of Pure Magnèsium 

Due to the vapourization problem mentioned in section 1.5 

the addition of pure magnesium' has not yet been mastered. 

There have been sorne interesting procedures proposed and these 

will be brief1y discussed. 

Soviet researchers were the first to try and Dmmerse 

Magnesium into iron in a controlled fashion. Using a comp1ex 
24 

vapourizer shown in Figure 1.11 Polovchenko et al. tried 

adding magnesium ingots as early as 1963. The original test 

work invo1ved plunging pure Magnesium lUmps or 'bars. The 

violent reaction and subsequent ejection of iron led to inno-

vat ions in the procedure. To de1ay the Magnesium vapourization 

the Magnesium was coated with a thin layer of refractory clay. 

This moderated the vapourization enough to limit the sudden 

release of a large amount of magnes ium gas. Lat~r work on the 

prQcess refined the coating thickness and material. In one 

case magnesium lumps were coated with 20-40 mm of a waterglass 

*40 material. The alternative procedure involved immersing mag~ 
o 

nesium bars which were coated with the sarne material but on1y 

to a thickness of 3-5 mm~l The performance of these two 

systems is shown in Table 1.2. The U.S.S.R. st~el industry 

abandoned this process for reas9ns unknown for the pneumatic 
V 

* Waterglass - a substance composed of salts or silicates of 
potassium or any of the alkali group metais. 
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Figure 1.11 Schema tic of the Vaporizer Equipment Used ta Desu1phurize 
*ot,Metal with Salid Magnesiqm where 1) Refractory Coating. 
2) Bell, 3) Counterweight, 4) ROd

i 
5) Cauplini Rad, 

6) Lid, and 7) Charged Magnesi'-um. 4 
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( TABLE 1.2 

Operating Data For a Submerged Magnesium Vaporizer 

Su1phur Content % 1 

Consumption of Magnesium Chemica1 

Be fore After (kcj/t of hot meta1) Efficiency 

- - - - - - - M a g n e s i u m L u m p s - - - - - -
0.022 0.010 0.44 20.8 
0.021 0.009 0.37 24.7 
0.030 0.012 

'\ 
0.48 28.6 

0.030 0.010' 0.37 41.2 
0.037 0.013 0.46 39.6 
0.037 0.012 0.54 35.2 t 

0.043 0.013 0.57 40.0 

1 0.060 0.010 0.60 63.3 
0.070 0.012 0.65 68.0 

1 

0.078 0.011 0.86 59.4 
0'.125 0.008 1.10 81.0 

(, Average 45.6 

( , 
- - - - M a g'n e s i um Bar s - - -

'1 

0.035 0.010 0.34 38.5 1 
0.037 0.009 0.37 40.9 1 • 
0.043 0.010 0.42 42.7 1 
0.048 0.005 0.54 45.4 r 

{ 
0.057 0.005 0.52 58.1 1 
0.064 0.009 0.47 66.4 

1 , 

0'.064 0.007 0.51 64.6 
0.068 0.003 0.65 60.3 
0.070 0.010 0.48 70.0 
0.076 0.009 0.56 67.9 
0.079 0.007 0.60 ~ 68.7 
0.080 0.008 0.61 _- ---\,68.4 
0.080 0.010 

~ 
0.54 - 75.4 

0.085 0.007 O. 6~_~ ---- 72.6 
0.087 0.003 ________ -0-: 7 5 67.3 

, 0.102 0.010 ---------~, 0 . 68 79.5 
\ 0.107 0.005 0.83 72.5 ' . 

0.113 0.010 0.72 82.0 
0.119 0.007 0.81 80.8 
0.120 0.008 0.78 83.5 

AV<i!rage 65.3 
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injection of salt coated magnesium granules. The author 

suspects that failure of the plunging bell and a lack of con-

trol of the rate of Magnesium vapourization were among the 

reasons for the switch. 

A process similar to the Soviet process was developed by 

the French in the mid 1970's. 42 Known as the MAP Process, it 
1 

consisted of a plunging procedure using coated magnesium bars. 

The coating which was refractory and highly insulating was 
1 ? 

applied at a thickness of 2-5 mm to three sides of a magnesium 

ingot. The ~ourth side was covered with the sarne mate rial 

but only to a thickness of 0.1 - 0.2 mm. Th~idea was that 

only one side of the ingot would break down a~ thus release 

the magnesium vapour in a controlled fashion. A small charge 

of the magnesium bars is show~ in ~igure 1.12. Although 

Jarysta
42 

claimed that the process was viable for both the 

large scale desulphurization of hot metal and the innoculation 

of smail amounts of cast iron, no results on the chemical 

efficiency of the process were presented. 

The possibility of adding pure magnesium wire has been 

investigated by Ashton et al.
43

,44 The idea was to in je ct a 

fine m~gnesium wire of a 3.2 mm diameter from the bottom of 

a treatment ladle. A nitrogen shrouding gas was also injected 

with the wire. Pilot plant tests based on a treatment of 

250 kg of iron showed the technique to have problems resulting 

in chemical efficiencies averagineg 22% in going from sulphur 

levels of 0.05 - 0.015% S. The authors found that the nitrogen 
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Figure 1.12 Making up a P1unging Charge using Three Coated Magnesium Bars. 
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shrouding gas injected with the wire had detrimental effects 

on the dissolution of the magnesium vapour. The three problems 

they high1ighted were the dilution of the Magnesium vapour 

by the nitrogen, the removal of magnesium which had been 

previously dissolved in the melt by the rising nitrogen bubbles 

and increased oxidation of the magnesium at the melt surface 

due to the vigorous stirring from the nitrogen gas. Lowering 

the gas flow rate was found to improve the chemical efficiency 

but aiso increased the probability of nozzle blockage. The 

authors claimed that in light of the small melt size treated 

that the results were comparable to sirnilar pilot plant scale 

work for Mag-Coke and Magnesium injection proce~ses. The 

safety, simplicity and low cost were claimed to be the chief 

advantages of the wire feeding technique. 
23 Following Ashton's ideas Hieber and Watmough recently 

developed a magnesium wire system of their own. The system 

involved the injection of'steel clad 3.2 mm magnesium wire 

into a s~all treatment ladle (1000 kg). The process is shown 

·schernatically in Figure 1.13,. Although the authors achieved 

good Magnesium recoveries, the chemical efficiency for desul-

phurization is quite poar, the highest value being 9%. The 

results of the tests are shown in Table 1.3. The low efficiencies 

May be attributed to the flashing and large amount of MgO fumes 

which were report~d. 
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TABLE 1.3 

Operationa1 Resu1ts ~or the Injection of 
Steel C1ad Magnesium Wire 

Content % Magnesium Consumption 

43 

Chemica1 

After (kg/t'iron) Efficiency % 

0.011 1.67 6.3 
0.007 1.67 8.1 &1 
0.007 1.68 8.0 
0.006 1.67 8.6 
0.004 " 1. 76 9.0 
0.004 1. 93 8.2 
0.006 1.93 7.4 
0.010 1.93 5.8 
0.004 2.03 7.8 
0.006 1. 93 7.4 
0.005 2.00 7.1 
0.004 1.85 8.1 
0.008 1.85 6.5 
0.011 1.93 5.1 
0.008 1.83 6.6 
0.009 1. 93 . 5.8 
0.006 2.02 6.7 
0.014 1.85 4.1 
0.010 2.02 ~.2 
0.006 2.00 6.8 
0.012 1. 63 5.5 
0.004 2.00 7.5 
0.005 2.01 7.1 
0.011 1. 75 5.6 
0.006 2.01 6.7 
0.006 1.8~ 7.3 
0.006 1.85 7.3 
Q.014 1.18 6.4 

Average 6.9 
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1. 7 SUMMARY 

A survey of the past and present techniques for de sul-

phurizing both steel and hot metal has been presented. It 

has been shown that although magnesium and calcium based de-
, 

sulphurization are thermodynarnically superior,extensive kinetic 
/ 

or co nt acting problerns associated with each of the processes 

has prevented their full potential to be realized. The author 

has also distinguished between the 'volatile,and non volatile 

addition systems, detailing those problems associated wit~ the 

volatile systems. Diiution of magnesium or calcium vapour was 

noted as a particular problem towards attaining high efficiencies. 

This thesis will be concerned with techniques a~ed at adding 

pure materials without the aid of a carrier gas or moderating 

compounds. 
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<nIAPTER 2 

BULLET SHOOTING TECHNIQUES - PREVIOUS WORK 

2 • 1 INTRODUCT l ON 

The present chapter is devoted to reviewing the state 

of the art in bullet shooting teclmology. A thorough under-

standing of this area was essential for the development" of the 

low temperature model. This model is detailed at the end of 

this chapter. 

The addition of buoyant additives to steel has been a 

general problem which has recently received considerable 

attention. To reach the final melt specifications, a wide 

variety of refining agents which include calcium and magne sium 

must often be added to steel. Typical non-gas evolving addi-

tions invariably used in steelmaking include aluminum,ferro-

silicon and ferromanganese. 

A considerable amount of work has been done on understanding 
1 

and improving methods of adding aluminum to steel. The problem 

with aluminum is associated with its buoyancy. To obtain good, 

reliable recoveries of aluminum it is best that the addition 

melts below the steel surface. This improves rnixing between 

the steel and aluminum limiting the amount of aluminum oxidation 

by the surrounding atmosphere and overlying slag. Since aluminum 

and rnagnesium have similar thermal and physical properties, it 
> 

is possible that some of the techniques developed for "adding 

buoyant aluminum additions can be adapted for rnagnesium additions. 

1 
j 
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Recently developed ~echniques fOr adding aluminum to steel 

include wire feeding, b~llet shooting and the plunging of 

aluminum rods or rings. The, technique gaining the :-most populari ty 
jC'" 

for alurninum is wire feeding. It ~ill be appreciate4 from 
, 

sections 1.3 and 1.6.3 that wire feeding of bare mag1esium 

wire would be difficult, in fact, while attempts havi been 

made the process has not really been maste~ed. The problem 

wlth magnesium wire is ,the relatively high surface area to 

" volume ratio. This yields high heat fluxes to/the wire resulting 

in rapid boi1ing of the rnagnesium. The bubbl~s which are'sub-

sequently formed, are re1eased at a shallow depth and do not 

/have sufficient time to react with the irone This was clearly 

shown by the wire feeding experiments- shown in Figure 1.5. To 

circurnvent these prob1ems, Hieber_and watmough
23 

tried injecting 

a steel clad magnesiurn wire into molten irone From their 

resul ts, shown in Table 1.3, t~ey met wi'th limited success. 

An alternative method of adding buoyant additive~'has been 

the shooting of a projectile of the material deep into the 

" . bath. Although the bullet shooting technique was conce1ved 
45 

by Hardy and Scott in the 1930's, it wou1d be 1966 befor~ 

Sumitorno Metal Industries
8 

initiated a developmental program 

for shooting aluminum into liquid steel for deoxidation purposes. 

The idea was that if a suitably sized aluminum projectile were 

to be fired deep into the steel bath, it would a1low the a1uminum 

ample time to melt and' mix with the steel before being lost to 

slag or air~oxidation: 
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For the present work this addition technique was selected 
/ 

for investigation for sev~ral reasons. Bullets have the 

advantage that they can be quickly immersed deep in the melt 

without any continuous contac~, with the melt surface by either 

the injection equipment (submerged lance) or the addition 

itself (wire feeding). A bullet shooter is unique since it 

can be fairly remotely located with the bullet being transported 

ta the melt by a long barrel. The compact bullet shooting 

equipment can be easily fitted into most melt shops. The 

author also felt that a large number of gps evolving bullets, 

randomly scattered in the hot metal, could yield high chemical 

efficiencies. 

HoweveF 1 before outlining the present investigation into 
o 

the possible usage of magnesiurn bullèts for hot metal desul­

phurization, previous work on aluminum bullets is now reviewed. 
~ 

2.2 ALUMINUM BULLETS 

Tanoue et al. 8 first pUblished the developmental work 0(;' 

Sumitomo Metal Industries in 1973. In this report they detailed 

their research on the hydrodynamics of bullet shooting. Since 

it was impossible to follow the motion of the bullets in opaque 

steel, a water mode 1 was cons tructed to study the pro cess. 
, <' 

Woodeo. bullets were used 50 the density ratio of steel (7070 

kg/m3 ) and aluminum (2700 kg/ml) could be modelled. As is 

weIL known, water can be an excellent medium for mddelling 

hydrodynamic phenomena in liquid steel since the kinematic 

viscosities of the two are quite s~milar. On this basis, 

, 
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rr:anoue et al.
8 

performed extensive water model tests to evaluate 

the behaviour of a bullet shot into a liquid steel bath. The 
~ ù 

experimental apparatus which was used for this study is \ 
, \ 

detailed in Figure 2.1. 

The hydrodynamic' stages of a bullet shot into steel has 

been sununarized by Aoki •46 Th lit i t f e process was sp n 0 our 

stages, the surface collision followed by the bullet moving· 

down to its maxirnmn depth, the buoying up of the addition and 

finally the melting and dispersion of the aluminurn. These 

stages are shawn schematically in Figure 2.2. 

Based on tneir experiments and hydtodynamic analysis, 
, 8 

Tanoue et al'. were able to idE?ntify the m~in parameters des-

cribing sUb~~aG~~~Qtion 0f,the bullets. hey, experimentally 
1 ",~ .:;:..._ ....... -4 _ _ •• ~ , ( ~ 

" 
found that each bullet decelerated. to approxi tely haif its 

initial velocity upon impacting the bath surface When evalu-

ating the maximum depth which a bullet would reach hen fired 
'8 

into the melt Tanoue et al. found that a critical aspe t ratio 

existed. Bullets whose length to diameter ratio (L/D) 'wa 

greater than 11. 5 were found to be affected less b~ the drag 

forces resul ting in.:a deeper penetration of the melt. With 

longer prQjectiles the bullet' s rnornentum increases while the 

drag forces remain relatively constant for a given initial 
\ 

velocity. Based on this analysis, Sumitomo Metal Industries 

selected a bullet measuring 25 mm in diameter by 400 mm in 
46 

length and weighing approximately 0.44 kg. A photograph of 

a typical aluminum bullet is shown in Figure 2.3'. A larger 

f\l ~ 
1 ' 
i 
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9 
Typical Aluminum Bullet used at Sumitomo Metal Industries. 



( 

< , 

bullet of 0.71 kg measuring 30 mm in diameter by 450 mm in 

length was also used. 46 

51 

Aoki 46 indicated 90% of the time that the projectile is 

submerged corresponds to the buoying up stage of the process. 

Since the bullets are compar~~ively light they rapidly reach 

their terminal velocities. This velocity can,be described by 

balancing the bullet's buoyancy and drag forces: 47 

where 

(2.1) 

Pf = density of the molten steel 

Ps = density of the addition 

VB = volume of the bullet 

U = terminal velocity of the rising bullet 

~ = cross sectiona~ area of the bullet perpendicular 

to' the flow 

CD = drag coefficient 

g = acceleration due to gravit y 

rearrang1ng, 

(2.2) . 

8 
To simpl1fy the above equation, Tanoue et al. introduced two 

{J 

terms: 

(2.3) 

and 

n = (2.4) 
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rearranging equation 2.2: 

- P )g 2 (Pf Pf Va 2 s u = ( 
Co P ) Ps ~ 

(2.5) 
f 

= (È.) ! 
n (2.6) 

8 Using the water model Tanoue et al. evaluated n as a function 

of the bullet aspect ratio (L/D) for various bullet diameters. 

Their results are shown in Figure 2.4. For the bullets which 

Sumitomo chose, n = 100 m- l and b = 15.25 m/s 3 yielding,a 

tfrmina~ velocity of 0.39 rn/s. If the bullets were shot to 
, 

the bottom of the l~dle they would then have its entire depth 

of approximately 3 m through which to rise. Since the'buoying 

up of the bullet accounts for 90% of its time in the melt, 

a bullet should remain immersed for about 8.5 s. 
8 Tanoue et al. evaluated the melting time for the aluminum 

bullets by immersing aluminum rods of corresponding diameters 

into a 1 ton high frequency induction furnace. During these 

experiments th~ formatio~of a,~arge encapsulating steel shell 

on the aluminum bar was ob§erved. However, the full ramifica-

tions of the shell were. not evaluated and the melting times 

were d~termined experiM~ntally. The results of these tests 

are shown in Figure 2.5. 

Based on this developmental program, Sumitomo Metal 
~ 

Industrie~ installed a full scale bullet shooter in two of 

their melt shops, at the Wakayama and Kashima Steelworks. A 

schemat1c of a' bullet shooter is given in Figure 2.6. The 

1 

1 
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Shooting 
Deviee 

Figure 2.6 Aluminum Bullet Shooter used at Sumitomo Metal Industry's 
Wakayama and Kashima Works. 9 

Figure 2.5 

10 
Completion Fusion 

-CJ) -

1 
Incomplete Fusion Ronge 

~O 20 30 40 50 
BULLET DIAMETER D, (mm) 

8 
Melting Curves for Aluminum Bullets after Tanoue et al. 
where Tl 19 the Melting Time, T i9 the Time of 
Submergence beneath the Bath Su~face and x i8 the 
Maximum Penetration Dep~h. 
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• 46 8 results presented by both Aoki and Tanoue et al. showed that 
"\ 

the amount of aluminum required to meet an average grade was 

reduced by 20%. More importantly, the scatter in the soluble 
, 

aluminum was reduced to one·third Of that obtained by adding 

aluminum shot or ingots. 

Quring the early seventies alconsiderable amount of 

research was also carried out at McGill University, on the 
9,48,52 thermal and hydrodynamic aspects of addition techniques. , 

To evaluate the preliminary work don~ at Sumitomo, a similar 

series of bullet shooting experiments were conducted at 
50,51 

McGill. Using similar equipment, the results from the 

water mode19 agreed with three hydrodynamic stages of bullet 
1 
Il 

shooting and that a critical aspect ratio (L/D) in the order 

of 10 must be exceeded to acguire bullet penetration. However, 

the maximum depth of bu'llet penetration was found to be 30% 
" 

lower for the McGill test work.' This discrepancy was attributed 

ta Tanoue et al. 's 8 underestimation "of the drag fq~ces acting 

on the bullet. The results of the McGill study are shawn in 

Figure 2.7. 

2.3 THERMAL ASPECTS OF BULLET'SHOOTING 

A major area of contention between the two groups involved 
<f , 

the thermal aspects of bullet shooting. Base~on previous 

studies48 , 49 ,5~ the McGill researchers wereJ aware that the extent 

of steel shell formation was critical in predicting actual re­

lease times for an addition. The melting mechanisms proposed 

......... ' ........ ' .... 0 ... ___ '''.-· --... --.. ----
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by Guthrie et al.,50 and in fact observed by Tanoue et al. 8 

are given in Figure 2.8. As a cold aluminum addition enters 

the bath a large steel shell freezes around it encapsulating 

the addition. The heat of fusion released from the freezing 

steel,plus the convective heat transfer in. the melt quickly 

57 

melts the aluminum. However, the,surrounding shell often takes 
-.,.; -

much longer to melt resulting in aluminum release times which 

are much longer than the corresponding me~ting times. In 
\ 8 

evaluating the release time for aluminurn rods, Tanoue et al. 

evidently did not appreciate the consequences of steel. shell 

formation on the dispersion of the aluminum. More detailed 

work on shell· formation by Guthrie et al.,50 predicted that 

the results obtained by Tanoue et al. 8 were too short. Based 

on these results, Mucciardi9 ,52 then performed a full experi­

mental evaluation of the thermal aspects of the bullet shooting 

rnethod. 

T f 11 d 'b th h 1'1 f t' M ' d,9 o u y escr~ e e s e orma ~on process" ucc~ar ~ 

developed a mathematical model describing events which occur 

as a bullet is irnmersed in a steel bath. His results showed 

the extent to which the shell could limit the addition's dis-. 
-·1 

persion. The results for Mucciardi's model are shown in Ffgure 

2.9 for a low value of melt superheat. 5l It is clear that,the' 
/ 

aluminum has melted and the bullet has resurfa~ed before th~ 

steel shell has even reached its maximum thickness. Under'these 

conditions aluminum 'WOUld surely react with the surrounding 

atmosphere rather than with the steel it was intended to 
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Figure 2.8 Typical Events when a Cold Addition ia Made to 
Molten Steel (a) t D 0: Instant of Immersion; 
(b) t - t: Solid Steel Shell; (c) t • t : 
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deoxidize. The reader is reminded that the time for the shell 

~ to me1t back, shown in Figure 2.9 as 14 s, is due to the low 

superheat of 30 K. This superheat is not typical of most 

steel p1ant~perations. As the superheat is increased, the 

kinetics for the shell to melt back are correspondingly boosted. 

To confirm the predictions of the model, Mucciardi set up 

an experimental program to establish the release times for 
9 aluminum bullets. The heart of the experimental apparatus 

was a forcer' sensing device which measured the net force the 

aluminum addition exerted against a precise load cell. The 
'i .. ~ 

entire apparatus is depicted in Figure 2.10. The èxp~1mental 

procedure consisted of immersing the aluminum cylinders and 

monitoring the force exerted against the load cell as a 
~ 

function of time. As the buoyant aluminum was released the 

net upward force quickly decreased. This decrease in force 

was registered by the load cell and stored using a G.E 4020 

process control computer. The release time or effective 

melting time was correlated by M~cciardi and is presented in 

Table 2.1. These times correspond to the 'initial re1ease of 

the aluminum fram the steel shell. Using the force monitoring 

equipment, Mucciardi was also able to evaluate the length of 

time it took for the aluminum to be released into the bath. 

This value is a1so presented in Table 2.1. 

Mucciardi tested two types of aluminum cylinders. Most 

of the samples were aluminum cylinders measuring 20 mm in 

diameter by 152 mm in'length. A typical test sample is shown 

, 
"-----_._--~ '-'--~~' --, -

~_ .. >." 
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Figure 2.10 Force Sensing Apparatus used by MucciardP ta Detect the 
Release of Aluminum from Aluminum Wires and Bullets. 
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( 
Table 2.1 

Melting Times for Conventiona1 Bullets9 

Expt. Bath Time Until tlle Total 
No. Superheat (K) Ini tial Al REHease (s) Me1tirtg Time(s) 

1/21 48 4.8 6.6 

6/30a 48 q4.4 5.2 

1/20a 50 4.4 5.6 

2/l9b 52 4.1 5.9 

5/19 52 4.6 6.4 

l/lg 74 3.8 4.6 

5/18 76 3.5 4.6 

( 7/30 c 103 
. 

3.2 4.9 

') 

a - Bullet shaped cylinder was used 

b - Cylinders were only barely immersed befow the bath surface 

c - Sample was 25.4 mm in diameter vs 20.0 mm for aIl other 
specimens 

( 
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in Figure 2.11. Tc better s~u1ate the a1uminum bu11ets, some 

tests were done using samples which were pointed at both endS. 

The overa11 dimensions of these samp1es were the same as with , 

cy1ind'rica1 samp1es. A schernatic of both types of bu11ets is 
, '\ 

shown in Figa/e 2.12. 
l'i 

The resu1~s shown in Table 2.1 indicate that the melting . 
or re1ease time for the aluminum is in the Srder of 4-5 s. 

When comparing this to Mucciardils total immersion time of 

approximate ly 6.5 s (see Figure 2. 7) i t is obvious that the 

bullets a~e meltlng èlose to the surface of the steel bath. 
J 

Using a single shot air powered gun Mucciardi, Barnhurst and 
9 

Guthri~ tested this hypothesis at Dofasco. The results of 

the tests indicated that the bullets in fact resurfaced after 

about 4 sand that the alumim.nn was re,leased on the steel 

surface where it rapidly oxidized. From this it w,ould seem 
'1. 

that it wou1d be difficult to obtain the 20% improvement in 
~ 8 46 

aluminum, yield that Tanoue et al. and Aoki reported. 
I~~~ 

A1te~nate rea~ons for these improvements were given by 
9 50 

Qoth Mucciardi and Guthrie et al. The important points to ,-
nbte about Sumitomo 1 s procedure was that high sùperheats were l" 

i ' 

-
used ( 100 K) and that the bullets were not in fact shot into 

a full stagnant lad1e~4 The steel was kept relatively hot 

(1888 X), since it was destined for continuous casting (i.e. , . 

long holding times, and small (150 tonne) ladIes). The bullets 

are n~rmally shot into the leye' of, the tapping stream as the 

ladle ls filled. This ?ives regular bullets a better chance 

r 

______ ,0" ___ _ 
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Figure 2.11 Typica1 Aluminum Cy1inder before Innnersion Used 
by Mucciardi. 9 .. ' 
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to penetrate the steel and become caught up in the recircula­

ting flow of steel in the ladle before th~y resurface. 

2.4 MODIF1ED BULLETS 

As a result of their work, Mucciardi and Guthrie developed 
53 

a new proprietary bulle-ç design. The new design eliminates 

the, 'formation of the steel shell at selected, locations on the 

bullet's periphery. Since the aluminum melts quickly but 1a 

trapped by the steel ahell, the new design provides select 

locations on the bullet'5 surface where steel will not be 

able to freeze. Once ~he aluminwn has lIlelted at th1s location 

it can be, immediately dispersed into the liquid steel. 

.. To eliminate local formation of the steel shell, a highly 
" 

insulating materia1 is added to the circumference of the 

bullet before it is injected into the melt. The result of 

adding an insulating layer to the surface of an alwninum 

cy1inder is shown in Figure 2.13. The, lack of a steel shell 
f 

at the area protected, in this case by a layer of re~ractory 
cement, enabled the alumlnum to he dlspersed in the me1t 

before the steel she11 h~d melted_back. Another successful , 
<. 

thermal resistanèe was obtained when gas evolving materials 

were placed on the exterior Of, the a1uminum cylinder. The 

evo1utlon of gas from, for. instance, paper tape provides an 

excellent insulating layer on the exterior surface of the 
• . g, 

bullet. This enable~ the dispersion of the ~Luminum once 
'-"'­

>il 
the aluminmn has melted at the exposed area. 

o 
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1 
• 

(a) Aluminum Cylinder Containing a Ring of Refractory Cement~ 

\ 

(b) The Cylinder Shawn in (a) after being Immersed in Pig Iron for 7 '8. 

( 
Figure 2.13 Effect that a ,Thermal Resistance (Refractory Cement) has on 
, the Iron Shell Formatidn on Aluminum. 
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C" To gain more insight into the melting. mechanisms the proèess 

( 

( , 

9 
was modelled mathematically by Mucciardi. In Figure-2.l4 the 

shell formation and subsequent meltin<1 of the aluminum is 
, 

developed for bath canventianal and modified bullets. Since 

the modified bullet is only sensitive ta the melting rate of 

addition and not to that of the steel shell, the addition can 

he dispersed into the liquid steel at a rate which ls 

effectively independent of the melt superheat. The behaviour 

·of the modified bullets wauld be mO;f:e predictable due to their 

dependency on the addition melting rate. 

To evaruate the melting rates of the modified bullets 

they were tested using the force sensing device previously 

mentioned. The results, listed in Table 2.2, showed that 

modified bullets had a faster release rate, particularly 

thase bullets which used the gas evolving paper tape insula-

tian. The release",mechanism is depicted in Figure 2.15. This 

particular sample was hand dipped for 2-3 s then removed from 
û 

the melt. It was then possible to observe the bullet just as 

it broke open, spilling its contents on the laboratory floor. 

The aluminum 'central core was recover~d and is shawn in Figure 
r 

2 .lsb. The detail of the machined groave on the core shawed 

the remarkable insulating qualities of the gas phas~. The cone 

like shape of the solid core confirmed the predictions of the. 

mathematical madel shawn in Figure 2.14. 

, 
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Melting Mechani~ of Both Convent1onal and Modif1ed 
Bullets. Conventional Bullets are Shawn in Diagrams 
(a), (c), (e) and (g), wh~e Mod1fied Bu11ets are 
Seen in ~b), (d), (f) and,(h). 
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Expt. 
No. 

7/19 
5/20* 
8/19 
4/18 
2/18 

3/21 
2/20* 

4/20* 
4/19 
6/1:8 

7/20* 
3/14 
7/18 

3/20* 
2/21 
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TABLE 2.2 

Melting Times for Modified Bullets9 

/ 

Type of Groove Size Bath Time Unti1 Initial Total Me1ting 
Thermal Resistance Width x Depth (imn) Superheat (K) Al Re1ease (8) Time (8) 

cement 12.7 x 3.2 49 5.1 7.9 
cement 12.7 x 3.2 50 3.9 4.6 
cement 12.7 x 3.2 51 3.8 5.2 
cement 12.7 x 3.2 72 2.4 3.6 
cement 12.7 x 3.2 74 3.8 , 4.7 

tape 12.1 x 3.2 " 46 3.3 4.8 
tape 12.7 x 3.2 48 3.1 4.6 

, 
cement 6.4 x 3.2 47 ;-.. 4.4 5.1 
cement 6.4 x 3.2 51 2.7 4.3 
cement 6.4 x 3.2 78 3.2 3.8 

cement 6.4 x 1.6 50 4.0 4.7 
t;JÇent 6.4 x 1.6 52 3.4 4.7 
cement 6.4, x 1.6 78 3.5 4.4 

tap'e 6.4 x '1.6 44 2.3 3.7 
'"" tape 6.4 x 1. 6 50 2.2 3 • 6 

/ 

* -Bullet shaped cyl1nder vas used • 

o 

I;l 

" 
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W 
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(a) The Effect of a Thermal Res ... "I" ..... , .... c 

Aluminum Re1.ease, 

) 
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(paper tape) on the Mechanism of 

J' 
(b) Three Distinct Sections of an Alumi~~linder after Thermal Splitting 

Fi~ure 2.15 The Release of AlU&fL'.uu", frotn a Modi,Ued Bullet 
t 
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In 1980 full scale industrial tests were performed by 

Sumitomo Metal Industries at their Wakayama Steelworks 9 using 

madified bullets. The results showed a relativ~ .improvement 

of appraximately 10% over the regular bullets. This smail 

inerease in aluminum recovery was attributed to the relatively 

h.igh superheats ( 100 K) used at Wakayama Steelworks., Under 

sueh conditions the rate at whieh the steel shell melts back . ,) 

approaches the aluminum melting rate. However, i t is .importantf 

ta note that bullets fired inta filled ladIes of steel at lower 

superheats (50-70 K) would only melt subsurface through the 

'thermal break' of a modified bullet. 

2.5 MAGNESIUM BULLETS 

( The primary objective of the present research project was 

ta investigate the potent.ial of adding magnesium bullets to 

hot metal. Ustng bullets of the modified design, it was 

speculated that the magnesium should be released in the molten 

iran as soon as the bullet s~lil:s, open. The time for this to ' 

oeeur shoula be similar to the aluminum case sinee the two 
o \ 

materials arè thermally similai. The thermal al\4 physieal 

properties of alumi,m,nn and Magnesium are compareq. in Table 2. 3. 

Since the release time, for a modified bullet is 'shel.l 
, 

independent 1 and only, 1 addi tion dependent 1 i t was speculateq 
" '0 

that the pos.sibility of explosions from Magnesium gas trapped 

wi thin an iron shell would be minimal. Th~s the bullet would 

break open once solid Magnesium adjacent to the thermal 

resistance melts. On doing 80, two, 'half shells' full of 
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! Table -2.3 

Physica1 propertiJs of the !Light Meta1s5 ,S'5',52 

Prope~ty A~uminum Magnesium Calcium 

Specifie Gravit y 
(kg/m 3 ) , 

Thermal Conductivity 
(W/mK) at 293 K 

, 
Specifie Beat 
(J/kg -K)at 293 I< 

Beat of Fusion 
(kJ/kg) 

Beat of vapour~ation 
. (kJ/kg) \.. 

Me1ting Point 
(K) 

1 

Boiling Poin t 
-\ (K) 

~. 

2707 1746 1540 
" ~ 

171 201 

896 1013 651 

400 \-
< • 

~70 212 

\ 
12,046 6006 4441 ' 

933 922 1112 

2740 "1; 0 01363" 1757 

J 
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( 
, , 

-liq,uid magnesium would rf!sult. Due to the high heàt input 
l' . ~ '. 

~d magnesium's low boiling point (l363 K), it was expec~ed 

that the ma~nesium would quickly boil, producing la;ge 

quantities of vapour. An artist.iJ;;,. impression of the OOiling 

process is shown inoFig~e 2.16 • ., 
~he potential advantages of such a system could be 

" 

numerous. By having a large number of gas evolving bullets 

ra~ly scattere~ in an iron melt, the kinetics of dissolution 

~nd desulphurization might be improved. Since the magnesium 

vapour released is undiluted it would therefore have the 

highest possible rate of magnesium vapour dissolution. Through 

control of the bullet length and diameter it was felt that an 

optimum bubble size and bubbling time could be obtained for 

magnesium vapour dissolution. 

~t Sumitomo Metal Industries experiments with magnesium 

bullets have been c~rried out •. Guthrie54re~orted th~t Magnesium 
h 

~ullets fired ~nto f~undry 'ladIes at Sumi tome ~ s Osaka Ironworks, 

violentlyt shook the ladIes as the magnesium vapour was released. 

The only other experience in injecting ga~~volving bullets 
f ' 

at Sumitomo is through the addition of calcium con~aining 
46 

bullets into steel. ' Known as the SCAT process (Sumitomo 
\ 

Calcium Treatment), calcium silicide powder ls paçked tightly 

into an aluminum capsule before being fired into the melt. 

" 

46 ' 
Aoki reported that since the bullets meited deep in the steel, 

• the calcium did not ~olatilize due to a high hydrostatic head. 

Aoki also stated that dissolved calcium levels of 0.004% or 

greater could be obtained using the SCAT process. 

J 
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'1. PENETRATION 
AND SHELL 
FORMATION 
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4, Mg GAS EVOLUTION 
FROM l'HE TWO HALF 
BULLEr CONTAINERS 

3. BULLET BREAKS 
INTO TWO HALvES 
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Figure 2.16 Artistic Impression of the Relea8e of Ma,gnesi'um.ln Hot Metal 

From a Modified ,Bullet. 
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2.6 . THE PHYSICAL MODEL - PRESENT -WORK 

step 

Based on the preva~~s research work the next lo~ical 
~. 

would be to ~nvesti ate the phenomena involved when -

additions contained withih iron 'or steel shells are 

exposed te mol ten metal. Thus, the phys:î4Pal model 4 

ed for the present thesis is intended to simulate the 
1 

l-

a magnesium bullet jus~ after' it,has broken Poto 
, 

Each half shell would then. be full of liquid 

It was known that the unstable' rnagnesium would 
, 

,rapidly ach its boiling point~of 1363 K .. Since it was 

t"hought unwise to stage these events in the small iron melts 

available at, McGill University ~ithout a preliminary study, 

a low tempe rature analogue of the system was built. The 
t Q 

advantages of the low temperature system- were that more " 

variables cduld be controlled and detailed visual observa-
1 

tions were possible. The objectives with the low temp~ra-

ture tests were to 'try and gain more insight into the 

mechanisms of the violent boil,ing associated with unstable 

rnagnesium liquid i~' -,the hot metal' ênvironment. . \ . 
Simulation of magnesium at room tempe ratures require.d 

the selection of an appropriate cryogenie material. The 

potential liquids, summarized in Table 2.4, were limi ted by 

-the constraints of the model and the availabili ty of the 

materials. From that viewpoint, the only feasible cryogenie 

materials were natural gas (CH4), ammonia (NH3 ) and liquid 

nitrogen. The firsi: two liquids were eliminated due to safety 
/' 

p 



J .' 

~, '. .QJ 
" , , 

'1 . ' ( . 

.... 
• 

Table 2.4 

.... , . f' . . G ·54 " Propert1es 0 Some Cryogen1c ases 

Property GAS: ' He • Ne Ar CH4 .; , • 
Boi1i~g Point (Kf 4.0'1" 26.6 87 .. 3 109.0 

Me1ting Point (R) 0.80* '24.3 83.8 90.5 
> 

Liquid Density at 125 1200 1"390 424, 
Boiling Point (kg/mS) 

-. 
Beat of Vapourization 23.9, ' 87 • .0- 162.8 577.4 
(kJ/kg) 

'" , ~ 

Beat of Fusion (kJ/kg) 4.18' 16.7 28.0 '60.7 
" 

'() 

*at a pressure of 2634 kpa ? 

') '~ 

" 

~ 
:: 

,'. 

..... 

) . 

NB
3 

N' 
2 

, 
"" 
239.7" 77.2 

195 .. 3 63.1 

682.1 804.0 

1368 199.2 

352, 25 .. 5 , 

" 

, 

o 
.../ . 

~ 

r-

°2, 

• 
90.0 

54.6 

1142. O' . 

212.9 

13.7 

'. 
(1) 
0 . 
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prablems assaciated with their usage. Liquid nitrogen wa~ 

selected due ta its avaiiability and inert characteristics. 

At the same time the liquid nitrogen satisfied many of the 

thermal requirements of the model. One aspect which was 

comple~ely ignored was chemical reactivity. Since nit~ogen 

is 'inert, the p'~ study only focuses on the hydrodynamic 

81 

and physical aspects of a boiling addi~ion. It was felt that 

sufficient work had already been performed on ~he 'dissolution 
" ... ~.-... ~ J 

an~ reaction kinectics of magnesium vapour, soi that attempts ' 

model this aspect would only lead ta further complications. 

Several materials both inert ànd decomposable wère used 
\ 

as containing shells in the study. Gallium (M.P. = 303 K) 

which e~sily melts in wa~ water was chosen to simulate the 

" freely melting iron shèll. Inert materials such as glass, 

aluminum and g~aphite weFe used to investigate the effe~t 

that shell thermal conductivity might have on the addition's 

boiling rate. Although i t is recogniz·~d that the thermal 

conductivity of the iron shell in the prototype would be 

fixed, this approach was used to evaluate the importance oi 

thermal conduction. By varying the shell material in the 

model, the heat input due to conduction could be effectively 

evaluated. 

As previously, mentioned, water is often chosen when 

modelling liquid iron or steel systems due to the' similarity 

in the kinematic 

the use of wa ter 

~iscosities of the two 
1 
1 

also had the advantage 

fluids. In this st~dy 

that the water superheat 
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CI 

could easily be varied between 0-100 K. When th~ concept of 
, 

superheat is considered in conjunctlon with the boiling point 

: of nitrogen, the overall driving force of the model câ;n he 
/ 

/ 
comp~red with the prototype. Thus, when the water superheat 

, , 
1s varied between 0-100 K the overall dr~ving ,force lies 

between 200-300 R. Since magnesium rapidly reaches its 
( 

bo'tling point (1363 K) the overall driving force is taken as 

the difference between the melt temperature and the additive' s 

boiling point. For hot metal systems, between iron tempera-

tures of 1473 K and 1663 K, the temperature driving force 

is 110-300 K. Consequently, the model applies mainly to 

higher hot metal temperatures. These concepts are shown 

o schematically in Figure 2.17. 

Simulation of the boiling magneslum was achieved by 

plùnging half shell containers full of liquid nitrogen into 

water and observing the gas produced by the boiling nitragen. 

AltJ:lough different sized bullets were investigated, they were 

aIl based on the bullets presently used at Sumi toma Metal 

Industries. There were several discrepancies between the 

experimental procedures and the behaviour of the prototype. 

In the present study, the half shell containers were plunged 

into the water and held stationary while the boiling phenomena 

was observed. This is in contrast to the hot metal system 

where the bullets are rising upwards at their terminal 

velocity when the magnesium gas is initially released: Con­

sequently,' less heat is supplied to the liquid nitrogen 

-,--~ -------=---~~ ~ .. _-~ .......... _---.....,....==-= --:=-:~,;:, 
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ADDITION 

'VÀP'OURIZATION 

TeUlperature 

T - Melt TeUlperature (K) 
m 

Ta - SheH Melting Point (K) 
Tl - Addition Boiling Point (K) 

T -TO-S: - Shell Temp. Drop (K) 
T;-Tm -Tl - Total Temp. Drop (K) 

Model 

273-373 
273 
77.2 

195.8 
195.8-295.8 

83 , 

1 

MELT 

q q CONVECTION . 
CONDUCTION 

Prototype 

1473-1663 
1448 (4.3% C) 

1363 
85 

110-300 

o 

" Figure 2.17 Temperature Profiles dudng Addition Vaporization for both the 
Model and ,Prototype. 
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due~to the lack of forced convection. The magnitude of this 

drop ls estimated later. The other less serious discrepancy 

is with the half shell's orientation. The bulk of the low 

temperature simulation work was done by holding the half 
1 

shell container vertically with the opening faclng up'. Con-\ .. ~: 
, 

versely 1 the prototype bullet 1s initially nearly hor\~zontal 

at the onset of magnesium vapourization. To evaluate the 

magnitude of this difference the effects of the container' s 

orientation were investigated using the present model. 

The last and perhaps most important comparison to be 

made is between the respeètivè rates of heat transfer in the 

two systems. To appreciate the convective components of the 

1;leat transferred, the natural and forced convective heat 

transfer coefficients must first be evaluated. 

For liquid metals which are character ized by low values 

of the Prandtl number and correspondingly high rates of heat 

transfer, forced convection over a fIat plate is desj:ribed 

by HOlmân55 as: 

(2.7) 

where 

NUL = the average Nusselt number over the entire 

length of the plate 

= hLL/k 

Pr = the Prandtl nwnber of the liquid metal 

= Cp~/k '( 



(' C) ...... 

·_---'!""-,----

" 
Ré = the Reynolds ~umber descr!ping the, fluid 

f low over the plate 

E'r, = average forced convêctive heat transfer 

coefficient 

k = the thermal conductivity of the fluid 

L = characteristic dimension of the plate 

Cp,1.I = specifie heat and dynamic viscosit;y of the' 

fluid,respectively 

p, = fluid density 

u == velocity of the fluid over the plate 

) The correlation for forced convective heat transfer /fr,cm a 
, 

fIat plate was used to gain a first approximation of the 

convective component for a cylindrical bullet. In a 

85 

more rigourous analysis, correlations for flow over cylindrical 

bodies should be uped. For the horizontally rising bullet, 

the characteristic length will be the diameter of the bullet 

(0.025 m). The rising velocity will equal the terminal rising 

veloci ty for the bullet. Hence for the iron system: 

p = 7070 kg/ml 52 

u == 0.4 mis 

L = 0.025 m 

1-1' *= 0.011 N_S/m,52 . , 

k = 20. 9 W /mK50 

Pr = 0.10 7 

Re = 10,280 L \. 

, -
., .-... .. ~'::_=':1''t:::::_:-:::_:::. -= .. ::::;:.,------------:::--- -- - - ..... -.. ..,: ,"'--,,>1 ,1 I."l~ ... ~~,~ f~"1k~~~ .. :~!1::~;f.~~:~ .. -~- ~.~~:.~:~, r:;::-.~~ .. \:"~~ ~-:"I.~,~ ... ~ .. l~ , . ~?" ~ 1]1 l .. t., , .. ; .. ~ 
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-=,Nu-32.7 
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J - , 

For fluids like watet which are characterized by mocierate 

prànd~numbers, a different expression describing convective 
. 

h~ transfer must be used. The followlng correlation must 

he used for water flowing _ ovet a flat plate: 

(2.8) 

, 
Descrlbing' t~é heat transfer for the sarne situation' 

~ . 
depicted abE>ve 1 the water system ls expressed by the following: 

Therefore 

p = 1000 kg/m' 

u = 0.4 mIs 

L = 0.04 m 

J 

lJ = 9.8 x 10-4 N.l.s/ma55 

k =, 0.604 W/mK
55 

Pr = 6.78
55 

Re = 16~ 330 

Comparing the two values of the heat transfer coefficient, 
Il 

it is found that heat ~s transferred approximately 11 times 

faste'r ·in iron for forced turbulent convection. By applying the 
~ 

' .. 

• 1 



,. 

C" 

" 

• ..>_8; " .... 

87 

" 
the sarne type of analysis the natural convection heat transfer 

~ates of the two systems can be determined. The low tempera-

ture system will be the basis of this analysis sinee it is the 

only time that natural convect.ive he.at transfer predominates. 

The ealculation will be sDnultaneously made for the iron 

system sa the two rates of heat extraction ean be eompared. 

The e~timation 0; the~ Nusselt number for natural èonvection 

from vertical plates or cylinders is based on the followinq 
55 

expression 

AI 

where 

(2.9) 

G~L == The Grashof number corresponding to the" 

free or natural' convective heat transfer 

." \ 

S = volumetrie coefficient of expansion 

T = the tempe rature driving force for natural, 
• 

convection 

L = characteristic dimension of the plate. or 

cylinder 

C,m = constants which are determined fram the 

Gr • Pr product 

Sinee the produet of the Grashof and Prandtl numbèrs are 

needed to evaluate the constants C and m they will Qe eval~ated 

first for both systems. The characteristic dimension for the 

, 
r r t"M~ 
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• 
ha1f she11 containers used in the low temperature model equals 

the 1ength@ of the ha1f she11. For the majority of' the cORtainer!il 

tested ,the standard length was 0.20 m. In eva1uating the 

driving force fo+, natural convection in the low ternperature 

mode 1 , it was necessary to assume that a thin shell of ice 

forms on the liquid ni trogen container. This wou Id be 

expected due to the extreme tempe rature difference between 

the outer wall of the container (77.2K) and the water temper~ 

ature (273-~53K). Since. the bulk of the experimenta1 work 

was done at a water temperature of 353 K the driving force (ïj 

wou1d be 8{) 

of water at 

~ 

Bence 

and sinee 

K. Considering __ this wi th the 

293 K, the Grashof number can 

p = 1,000 kg/m3 

L = 0.2 m 

9 = 9.81 m/s2 

!:sT = 80 K 
(r;.~,"} 

l.I = 9.8 x 10-4 N-S/m2 

a = 2.108 x 10-4 l/K 

Gr
L 

= 1.'38 x 10 9 

pr '= 6.78 

other 'propert'ies 

be evaluated55 : 

Bince the product of Grashof and Prandt1 numbers is closer 

to 1 x 1010 than 1 x 10 9 , the ana1ysis for va1ues greater than 

10 9 will be used. From HOlmansS for 10 9 < Gr.Pr < 1013 , 

C = 0.021 and m = 2/S., in equ51tion 2.8. 

( 
( 
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The q.riving force in the iron system varies wide1y. 

The melt superheat and subsequent1y 'the Ç1riving force for 

free convection is a function of the carbon cOntent 9f bhe 

, 

,~ 

_ iron~ re!=lulting in driving forces 1ying between 50-200 H. For 

comparison' s sake the same driving force used for the wate~ 
52 system will be used here. Hence for iro~, at 1433;.., __ 

#, 

Therefore 

and since 

p = 7070 kg/ml 

L =,0.2 m . 

9 = 9;8~ m/s2 .. 
â.T = 'SO K 

l.I = 0~011 N-S/m2 

a = 1. 137 x 10-4 1/'1. 
'\ 

Gr = 2.95 x 108 ' 
L 

Pr = 0.10 

Gr.Pr = 2.95 x '10 7 

For 4 10 < Gr·Pr < ' 10 9, C == 0.59 and 

Nu' = 
hLL 

43.5 -= 
k .. 

and 

~= 4,544 W/m2 I( 

" 
6 , 

m == 0.25 for equation 2.8. 

, , 

1/ 
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COmparison of the two. heat transfer coefficients indicate 

that heat will transfer approximately 7 times fa~ter' ,in liron 

due to natural convection. At first glance it might therefore 

searn that the low temperattire analogue cannot ,simulate heat 

transfer at elevated temperatures. How~ver, the amourtt of 

energy required to vapourize the nitrogen is·signiticantly 

less than that for ~agnesium. From Tables 2.3 and 2.4: 

âH 
v Mg = 

âl\r N 
2 

6,006 kJ/kg = 30 
200_ kJ/kg . 

(2.10) 

, 
Consequently, the heat demands of the prototype are 

30 times that of the model. With heat being transferred only 

7 times faster at the higher temp~ratures" the heat transfer 

rate for the low temperature analogue is therefore about 
" 

4 times faster'than that for the iron-Magnesium system. 

""Ir.* 
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CHAPTER 3 

GAS-LIQUID INTERACTION PHENOMENA - PREVIOUS WORK 

3 • l INTRODUCTION 

The objective of this chapter is to present to the reader 

the topics in hydrodynamics which ~e important for the under­

standing of the present work. The'main subject areas which 

will be covered are the dissolution of Magnesium bubbles 

rising through molten iron, the hydrodynamics of bubble 

formation at a single orifice in both aqueous and metalllc 
'\ 

systems and a review of two phase flow with the main emphasls 

on gas-Ilquid flows. 

The nature of magnesium addition in molten iron is to 

prod~~e large qUantities"of vapour. Within the constraints 

of the present atudy, this gas flow'will issue from only one 

opening. The flow through this orifice will determine the 

~umber and quantity of bubbles injected into the melt. This 

information ia essential to ~valuate the potential for dis­

solving aIl of the magnesium vapour in the irone Since only 

a,limited amount of gas ls injected from each bullet, two 

phase flow between the surrounding fluid and the gaseous 

addition becomes ~portant in characterizing 'the type of flow 
. 

whlph will ~e from each ha~f bullet. Howevèr, before dis-

cussing the ~drOdyn~iCS of bubble fo~atlon, 
,of magnesium vapour diSS01U~olten :i,.ron 

presented. t 
. f 

u, 
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3.2 MAGNE~IUM g~SOLUTION 
Ouring the 1960's and the ear1y seventies several 

investigations have concentrated on the kinet'ics of magnesi\lIJl 

vapour dissolution into hot me,ta!'. The resul ts of these 

studies indicated that magnesium dissolves into cast iron 

as a function of its vapour pressure. 7,57-59 These results 

have been summarized 
" 6 

by Irons and are presented in Figure 

3.1. This dissolution behaviour is described by Henry's Law: 

The value of KI in equation (3.1) is enhan~ed by an 

increase in the carbon content of the iron and depressed by 

increasing silicon content and temperature. Sorne typical 

values of KI are presented in Table 3.1. 

(3.1) 

Most of the researchers evaluated the magnesium solubility . 
using a two temperature zone tube furnace so that the vapour 

pressure of Magnesium could be arbitrarily controlled. It 

,would appe~r that Irons6 , in his study of the kinetics of 

,magnesium dissolution and desulphurization was the only 

researcher to have introduced magnesium vapour directly into 

an i~n melt. He used a vapourizer of novel design to pump 

magn'e;'ium gas into pilot s~e iron melts (70 kg). The 

vapourizer is shawn sChematically in Figure 3.2. From the 

inject'ion eXJ?eriments into low sulphur melts, Irons6 det~rmined 
" 

that the mass transfer coefficient for Magnesium dissolution 

,from a risinq, bubble was ~pproximately 4 x 10-5 rn/s. 
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F1gu~e 3.1 The Results of Severa1 Investigations on the Dissolution of 
Magnesium Vapour in Iron as per Irons. . 
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Values for KI Describinq the Solubility of 
M i · 6 agnes um 1n Cast Iron -

Temperatur~ (R) . % C % Si 

1523 4.4 0.1 0.0069 
"j 

1523 "- 4.7 0.1 0.0079 

1523 4.4 1.1 0.0059 

1573 4.4 . 0.1 0.0049 
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By measuring the sulphur ,?ontent of the melt" it became 

possible to de duce the kinetic mechanisms that \\ake place 

during Magnesium desuIPhuriza~ion reactions. Th~res~lts 
\ 

showed that most of the desulphurization occurred ~ the 

liquid phase through a heterogeneous reaction betwee~diS­
solved sulphur and dissolved magnesium. The process i~olves 

co-diffusion and subsequent p~ecipit~tion of magnesi~ s~Phide 

on nucleation 'seeds' ofomagnêsium sulphide. The' • seeds' ~e 
stripped from the front surface of rising spherical cap 1 

\ 
bubbles of magnesium. 

\ 
\ 12 

Based on the kinetic study of Irons and Guthriè, , 

Mucciardi9 developed an analytical relationship between the 

initial volume of a vapour bubble of Magnesium and the minimum 

depth of release for it to dissolve before breaking through 

the melt surface. 9 As a magnesium bubble rises through iron 

two factors are in play. First, the bubble tends to expand 

\ 

\ due to the decreasing head of liquid above it and second, it 

tends to contract because of the dissolution process. ay per-
~ 

\forming a mass balance on a single bubble, the relationship 

between depth and bubble radius can be evaluated. To simplify 

the problem, the following assumptions are made: 

1) the bubbles can be treated as equivalent spheres, 

,2) the rate controlling step is the dissolution of 

magnesium from the bubble into the melt, and 

3) the liqùid phase mass transfer cdefficient is constant. 
" 

, 
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Balancing the changes of the mass in the bubble to the 

amount of Magnesium leaving the bubble through dissol,ution, 

following is obtained: 

~ . -

the 

where 

ct 
-K(4'ITr2~C = dt (VC) (3.2) 

K = liquid phase mass transfer coefficient of Mg 

r =- equivalent radius of the bubble at time 1 t 

6C - concentration gradient in the liquid phase 

V = volume of the bubble 

C = concentration of the gas in the~bubble. 

Solving equation (3.2): 

whère 

'H = Po [ 
pg 

-UC + 

p = the ambient pressure 
0 

T, P - the temperature and density 

respectively 

ro = initial bubble diameter 

of 

M = molecular weight corresponding 

phase 

'R = univers al gas constant 

9 = acceleration due to gravity. 

(3.3) 

the melt, 

to the gas 

~Sinq the above equation, the depth at which a maqnesium 

b6Dble of initial radius, ro takes to completely dissolve can 

-... -----\ 
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be estimated. 
. { 
Mucciardi ev?luated equation (3.3) for phe 

magnes-ium-iron 'system uS-ing the following values: 

P = 1.013 x 105 Pa 
o 

p = 7000 kg/m3 

9 = 9.81 mIs 

K = 4 x 10-5 
mIs 

6C = 49 kg/m3 

R = 8314.1 Pa-m3 /kg 

M = 24.3 kg/kg mole 

T = 1650 K 

mole K , 
The results of this' analysis are s,hown in Figures 3.3-3.5. 

In Figure 3.3, the initial bubble radius is shown as a 

function of the depth required for that bubble's complete 

dissolution. In the latter two diagrams, the,v1nitial bubble 

radius and the melt depth are correlated first with the 

final bubble rad-ius signifying incomplete dissolution and 

secondly, with the maximum amount of magnesium vapour which' 

dissplves into the irone For Figure 3.3, an asymptotiô 

solution was obtained at an initial bubble radius equa1 to 

61 mm. Magnesium vapour bubbles greater than this volume 

(951 ml) would never completely dissolve irrespective of the 

height of, iron to the surface. For bubbles having an initial 

equivalent radius of 30 mm (VB = 113 ml) approximately 2 m 

of iron is requi~ed for their complete dissolution. Knowledge 

'/ 
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of 'how the magnesium vapou~izes and the size and frequency of the 
Q.. ) 

bubbles which'are ini~ially formed are important in under-
~ 

standing magnesium based desulphurization operations. Ta aid 

.in the understanding of bubble ·hydrodynamics, previous work 

performed on gas injection from submerged orifices is 

summarized in the next section. 

3.3 BUBBLE FORMATION AT A SINGLE ORIFICE 

'Since the mid 1950's there has been considerable research-

in the area of gas injection from a single orifice. This type 

of flow can be broken into two gener~l categories, bubble and 

jet formation. At high orifice Reynolds numbers, the flow 

issuing from an orifice can be termed as a jet. The transition 

from bubbling to jetting is not a sharp one and t~e value of 

the Reynolds number for the change is subject to debate. 
47 

Szekely suggests that an orifice Reynolds number (Re ) of 
0' 

5000 should denote the onset of a turbulent jet. It is 

generally agreed that in aqueous systems for Reo > 2,100 there 

is considerable turbulence associated w~th the formation and 

break up of gas bubbles. 

For lower values of the orifice Reynolds number, discrete 

bubbles form in a regular fashion. There has been a large 

effort to understand and characterize the formation of bubbles 

at single orifices due to their importance in bath the 

chemical and metaI processing industries. Several excellent 

reviews have been written on bubble formation, notably the 

work of Kumar and Kuloor
60

, valentin6l and Clift et al.
62

, 

~ -- .. ~ ... ~ '" _H .li'~~~à"';;.Cl~", 

~ 



f 

(" 

102 

th 
47163,64 ~ -

among 0 ers.. Althoug~ most of the'research has been 

done fo~ aquèous systems~ there have been recent studies where 

bubble formation in metals has been investigated. To gain a 

comprehensive view of bubbles in both water and liquid metals 

this section will be divided into three,sub,ections. The 

~irst part will concern aqueous gas injection, while the latter 

two parts will~discuss the motion of free bubbles and the 

ln je ct ion of. gas into liquid metals. 
4\ 

, . 

3.3.1 Gas Injection in Aqueous Systems 

The injection of an inert gas into water or an organic 

solution can be separated into four dis~inct stages, each of 
which has beén c10sely examined in the laboratory. ~though 

there have been several.attempts, a successful mode1 des-

cribing aIl four stages has not yet 

the complexity of bubble formation. 

been deve10ped due to 
, 61 

Valentin cited eighteen 
" 

factors as being significant and it has been the inability 
'i-) 

thus far, of correl~ting aIl the important factors which has 

limited complete understanding of this phenomenon. Clift 

et al. 62 cited sorne of the shortcomings of the mode1s as 

follows: 

1) the assumption that bubbles are spherical is not 

gene~ally appl~cable: 

2) assumptions regarding lift off and detachment events 

are often arbit~ary: 

3) when surface tension forces are involved r contact" 

angles are usually determined under static conditions 



o 
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ev~n t~ouqh bubble formation is dynamic~ 

4) eXP~~ions for drag and added mass are at best 

approximations. No allowance for history effects 
Q' 

is made; 

5) the terms describing the updraught due to the wake 

o of the preceding bubble are generally iqnored, but 
, 

.may be important. 

103 

" . . 

Consequently'~ the description of bubbling is left at a four 

stage basis, each stage being unique and aIl four encompassing 

bubbling phenomena up to'the jetting,staqe. 
- 1 
~~ first stage is known as the constant volume region and 

r. 

covers flowrates from zero flow to ReO = 200. In this stage, 

the buoyancy force is balanced with the surface tension forces 

as the bubble slowly fo~s. Assuming the bubble is spherical 

and of diameter ~ at the moment of lift off, the buoyancy 

force is given by: 

(3.4) 

where I1p = densi ty difference between the liquid and gas 
o 

9 = acceleration due to qrav~ty '. 

The surface tension force' is qiven by: 

F s . = 'II' d ~ cr (cos e) f (d cl a) (3.5) 

where do = inside orificê -diameter 

(] = surface tension of the liquid 

e = contact angle at the triple interface 

f(dcla) = shape factor 
o 

------------_ .. _--- ,.,... J • 

1 
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For a sphere f(do/a) ~ 1 ~nd perfect ~etting of the tube by 

the liqùid yields e = o. Balancing the two forces, 

104 

- ('JI'/6) ~ l1p 9 = 1T do cr ,(3.6) 
/ 

and rearranging 

Va = 1T do cr 
,iipq (3.7) 

, 
For increasing values~', of Re

O 
the ~loW1y .increasing 

volume region is established., The, zone for ReO up t~ 1,000 is 

particularly weIl covered by the experirnents of Davidson and 
65,66 

Schuler . Equation (3. 7 ) must be rewritten to account 

for the increa~ing effects of the inertial forces on the gas 

flowrate. Davidson and Schuler suggested the fOllowing equation: 

(3.8) 

(, wherè v' = linear veloci ty of the gas in the orifice 

lJL = dynamic viscosi ty of the 1iquid 

As the orifice Reynolds number is increased,to between 

1:000 and' 3,000 the weIl known constant frequency regirne i8 

entered. This regirne is one" of the rnost common in chemical 

processinq and as\ its name indicates, the bubble frequency i8' 
.;. 

constant, any changes in flowrate'being absorbed by changes. 

in the bubble sizé. One of the first and ~ost popular equations 

for evaluating the bubb1e volume in this reg~e was given by 

.(~:I Davidson and Harrison67 in 1963. In this approach the buoyancy 

~~. 
"""" ",",,, ,_,""' .. ___ ""', "",. .. ,,(~ .... '" '""1 !2""'.LC~=~ .. _,....,.. _____ ' .... , g:~L .. ~" .' ,:t""'t~:;~s .L~~tHX~ .' ' 
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force of the bubble is balanced agàinst the change in upward 

moment~ of the liquid surrounding the bubble.> The momentum 

of the air leavinq the orifice and the inertia of the air in 

the bubble are assumed negligibla ~t low flowrates. Therefore, 

at any instant of time, the upward equation of motion is: 

PL 
d 

VB 9 = dt (i PL'VB 
~) 
dt (3.9) -where PL Vs 9 = the upward buoyancy force of the bubble 

; PL Vs = mass of fluid accelerated upwards with the 

rising bubble, termed the added mass., 

! PL VB ds/dt = upward mornentum of the surrounding liquid at 
l 

any point in tirne 

PL = density of the liguid 

VB = bubble volume 

but for the formation of a single bUbble, 

where Q = vo:(umetric gas flowrate 

t = time to fOrIn on bubb1e '(\-'j 
PL Qt 9 = ~t (i PL Qt ~) 

expanding the R.B.S. and simplifying, 

. .. 

~. 

(3.10) 

(3.11) 

n. 
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or in short hand n o~àti.on f 

2g = Sil '+ 1. 'S' 
t 

, . 
Solving by the method of ~détermined coefficients: 

S = At + Bt + C 

S' = 2At + B 

5" = 2A 

106 

(3.12) 
1 -

. Substituting into Equatiop (3.12) and solving for A, Band C 

A =,g/2 

B = 0 

C == 0 

. 
S = ! gt 2, 

'11. 
(3.13) 

" This ~ndicates ~hat t~e bubble has an upward acceleration 
, -, / 

equal to that of gravi ty owing to the addt;!d mass effect. When 
, 

the bubble lifts off, S = r where r is the radius of the ,bubble. 
o -

The tinte to form one b~b le can be eval'uated by combining, , 
, 

equations (3.10) and (3.13) •. 

Assuminq the bubble is spherical at lift off: 

.' 

rearranging, 

(3.15) 

l ' 

, " . '-

.' . 
" 
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Substituting into Equation (3.10): 

(3.16) 

1 

Equations of this form have appeared freque~t1y in the 

literature and there is some discussion as to the proper 

added mass coefficient for equation (3.9). Davidson and 

66 . ' 0 

.Schuler used a coeffic1ent of 11/16 to simulate a bubb1e in 

tangenti~l contact with an acce1erating plate or dis~ to obtain: 

~ 
V

B 
= 1.378 06/ 5 g~3/5 (3.17) 

Other workers have arrived at a simi1ar equation through both 

e~perimenta1 results and comp1ex two stage bubb1e growth models. 

The constants which have arisen for this equation are summarized 

in Table 3.2; A1though bubb1e deve10pment cao be described by 

more rigourous mathematics, ,an equation in the forro: 

(3.18) 

--
should provide a reasonably good fit to the experimenta1 points. 

'd 1 60 l' h' f . f' h" d Kumar an Ku oor c a~m t ~s type 0 equat~on ~ts sop lst1cate 

theory to within 10~20%.60 As a first approximation,it,is an 

( 

,~/ excellent way to eva1uate whe~her the gas f10w is in the 'constant 

~requency reqion. 'A comparison of predictions of equations (3.18) 

where K = 1.138 and experimenta1 data is given in Figure 3.6. 

Upon exce~ding a Reynolds orifice value of 2,100, bubble 
1 

coalescence and break up tend to inva1idate resu1ts pr~d~6ted 

1 



() 

K 

1.138 

1. 378 

'0.976 

1.090 

1.54 

1. 722 

J~--- __ . _________ --" _______ • 1 

Table 3.2 

'Constants Obtained for Equation (3.16) 

V = K 0 6 / 5 g-3/5 
B 

Method by Which i t was Obtained 

, 
Added mass coefficient of , for 
a spherical bubble distant from 
any surface 

Added mass coefficient of 11/16 
for a spherical bubble in 
tangential,contact with a plate 

Two stage bubble growth mech~nism 

Two stage bubble ,growth mechanism 

Two stage bubble growth with 
stem coalescence 

Experimental 

, , 

~ .. ', 

< • 

--------------, ~ 

Reference 

67 

66 

60 

68 

69 

108 
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byequation (3.18). The change is not sharp and equation (3.18) 

can yield satisfactory results quite far into the turbulent 

region. At the higher flow rates the number of unstable 

toroidal bubbles increases creating more turbulence and bubble 

break up in the irtlm_ediate/area of the orifice. 

Rene and Evans 70 found that even at orifice Reynolds 

numbers of 40,000 there still is bubble formation followed by 

break up into toroidal or irregular bubbles. These authors 

aiso noted that bubbles tend to forro at the orifice in pairs or 

triplets, with the turbulence in the wake of one' bubble, 

"sucking in" the next one. During this process the second 

bubble is largely deformed,forrning a neck between the prirnary 

bubble and the orifice. As the neck detaches from the orifice 

its momentum may push it through the center of the primary 

bubble, thus breaking up the bubble. This process can be slow, 

with a spherical cap bubble forming first and subsequentIy 

being broken up into smaller bubbles when the rear surface 

catches up with the front surface. 

The turbulence caused by the bubbles breaking up also 

tends te promote the formation of many very small bubbles 

(5-50 ~m in diameter) .61 These bubb1es can cause considerable 

disturbance particularly on the surfaces of the larger primary 

bubbles. This can enhance mass transfer and chemica1 reactions 

in any active chemical system. 

Liebson et al. 7l found that as the orifice Reynolds number 

exceeds 2,000, the dependency of bubble size,on the orifice size 

\ )') 
1 

.-------------.. ~----- t 
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drops off drarnatically. The results from Liebson's experiments 

are summarized in Figure 3.7. The mathematical representation 

of this region is still open to debate. For the less turbulent 

':---- L 
1& part of thi~ regime the results from the constant frequency 

region often supply satisfactory solutions. Aê jet formation 

is approached there is no generally accepted technique for 

representing the events that occur. However, the, models 

developed by wraith68 , 72 and Kumar and Kuloor60 are the 

most n-etable in interpre'ting this phenomena. 

The reade r is reminded tha t there is no precise transition 

from region to regi,an. The ranges given in the text are 

values which have been deterrnined largely by experiment. 

It is possible that the behaviour of one region may carry 

over quite far into the subsequent region. This arises due 

,to the difficul ty in correlating aIl the variables which are 

important in the formation of a bubble. Unfortunately any 

given parameter can have dramatic effects in one region and 

be insignifcant in another. The, major factors affecting 

bubble size can be broken down into three categories: equip-', 

ment, system and operating variables. The important items in 

each group are summarized in Table 3.3. 
, 

The more significant factors when comparing metallic and 

non-metallic systems are the wetting e ffects of the orifice 

and the gas-liquid density differences. These will be more 

thoroughly developed in later sections. 

li 
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Diameter in Aqueous Systems71 (d -Orifice Diameter). 
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Operating 
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- Table ~3 

Factors. Influencin~Bubble Size 
1 

Important Factors 

Diameter, geometry, orientation, nature 
and material of construction of the 
nozzle 

Chamber vol ume 

Surface tension 

Density and viscosity of the liqu1d. 

Density and viscosity of the gas. 

Contact angle 

Velocity of sound in the gas 

Volumetrie flow rate of the gas 

Velocity in the continuolls phase 

Head of liquid in the column (submergence) 

Pressure drop across the nozzle 

Temperature of the system 

113, 
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In summarizing the understanding of bubble-formation and 

its theoretical description in aqueous systems, Kumar and 

Kuloor 60 state that there is a considerable amount of discre-

,pancy in the lit~rature regarding the various effects of the 

factors mentioned in Table 3.3. They attributed these dis-

crepancies to the lack of appreciation by most investigators 

of the effects of chamber volume and the interaction -of-several 

variables such as viscosity, surface tension and flowrate. In 

virtually aIl studies the properties of the gas such as moment~ 

'and density have been ignored. To emphasize their point, Kwnar 

and Kuloor presented some of the discrepancies, found in the . ' 

literature. These results are reproduced in Table 3.4. 

3.3.2~he Motion of Pree Bubbles /, 
The motion of freely rising bubbles has been weIl documented 

with the theoretical work closely agreeing with the experimental 
\ . 

~esults. The motion of a bubble rising in an infinite medium 

can be described by the following dimensionless numbers; 

E~tv&s Number 
9 IIp d 2 

Eo = e 
0 

(3 .l9) 

Mo, =9 lJ4 Il 12 

PL 
2 

0 3 
Morton Number (3.20 ) 

de 
\ 

PL U' ) Re = 
lJ, 

Reynolds Number 
"(3.21) 

.. 

"l.~ ..... ~ .... ~ ...... ~ , 

\ 
:::; ;=::-,t_.-:: ""~ \r/II","~;'::-:::::----~:"- - .... _:-::"'7-... --r-~~--:-----.,-~~, -~~,~ '" (' r .. ~ 
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-Table 3.4 

The InflUence of Liguid Pr?pefties on.BUQble6iolume as 
, Reported by Varl0US Investlgators 

-# 

Investigator 

1) Datta et al. 
73 

, 74 
2) Quigley et al. 

3) Coppock and Meiklejota 
75 

. 65'66 
4) Davldson and Schuler ' 

~ 

5) Benzing and Myers 
76 

6) Siemes and KaUfmann
77 

Viscosity 

Negative (small) 

positive (small)' 

None -

Positive (large) 

None 

Positive~ (large) 

* Reported Effect of 
Surface Tension 

Positive 
~ 

None 

Positive 

None,­
constant flow 

Posit,ive -
constant p~essu~e 

Positive 

None · 

o 

Density 

None-

Negative 

NegatifVe 

~. 

!legative 

~one 

* 'Positive' means the bubble volume increases with the increasing value of the 
property while 'negative ' corresponds. to a~decrease in bubble volume. 

.. 
..... .... 

'ln 

.~ 
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where de = the'diameter of'a sphere of equivalent volume to 

the measured bubble 

cr = surface tension between the gas and Iiquid phases 

PL = densi ty of the liquid phase 

âp-= difference in density between the liqu~d and gas 
~r 

phase 

9 = acceleration due to gravit y 

~ = dynamic viscosity 

U = rising velocity of the bubble, 

1 

t 
\ 

The resulting graph of these values and the bubble regimes 

the y represent has been prepared by Clift62 and is presented 
l,.) 

in Figure 3.8. There are three general types of bubbles which 

can form. Spherical bubb1es which are close1y approximated 

by spheres if the interfacia1 and/or viscous forces are much 

greater than the inertial forces. Bubbles which are oblate 

with a convex surface enclosing the gas envelope are termed 

ellipsoidal. Large bubbles which tend to have fIat or indented 

base.s and lack any top to bottom symmetry are known as 

spherical or ellipsoidal cap bubbles. In trying to understand 

the motion of a particular bubble it is 'first important to 

establish the bubble type using Figure 3.8. Once this is 

done, theoretical and empirical expressions are available to 

predict the rising veloc,ity of the particuIëlr type. o~ bubb1e. 

tue. :.";';'-:Z 
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3.3.3 Bubble Formation in Liguid Metals 

The formation of bubbles in liquid metals differs from 

that of aqueous systems pecause of thè effects of the chamber 

volume, the wetting properties of the nozzle and d~nsity effects. 

Liquid metals tend to be non-wetting to m~s~terials which 

are used to cdnstruct the nozzle. Consequently bubbles tend 

to form at the outer circumference of the nozzle producing 

larger than p~dicted bubbles. The difference between the two 

systems is shoWn chematicaliy in Figur~ 3.9. For the low flow 

rates 'associated wi h the constant volume region, Irons .. 
showed that for liquid metals the bubble.volume is described 

as: 

,f-' 

VB = 'R' dn, ..2..l!. (3.22) 
P9 

" 

where dn,o = outer diameter of the nozzle. • 
'This is similar to equation (3.7) used for the aqueeus system 

except that the va~ue for the orifice diameter is changed from 

the inner to the outer diameter. in the constant frequency 
./ , 

region, thes~ wetting effects become small and as a result, 

nozzle diameter is not then needed in the mathematical description 

of bubble formation. 

The chamber volume is defined as the volume between the 
'\1 

last large pressure drop and t~e actual nozzl-e. As a bubble 

for.ms there is a graduaI build-up of pressure in this ante-

C-) chéiItlb.er. When the bubble is released, the final volume, is 

,J ... 
~. 

1 
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1a~qer than that calculated by static balance techniques. 

For non-wetti~q' systems, the effect of 'chamber volume can be 

described by the dimensionless capacitance group given by the 

following: 

where 
l/ 

PL_=-density of the liquid 

Vc = chamber volume 

'(3.23) 

?O' dn,o ~ inner and outerfnozzle diameters respectively 

p ,= pressure at the nozzle s 

The effects of capacitance on the effective ,bubble diameter 
; 12 are summariz~d by the following equat1ons: 

(~) èff = ~ for N' < l 
C 

(~),eff == (N') 1/3 da . for 1 < N' < 9 
C C -

(~) eff = 2.08 da for Né > 9 

A more sophisticated e~è.tion to describe bubble 

formation for a wide range of flow rates as proposed by 

Sano and Mori78 is: ~ 

d 
U == '/Ta n,o N' 

B 2pg C (3.24) 

It is important to rememher that the above equation is 

semi empiric~l and that the centimeter, gram and second (cgs) 

system of un~must be used. . . 

." 
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A comparison ~etween'the resu1ts of equation (3.24) and 

. 1 . h b d b d h' 79 severa exper1menters as een presente y Irons an Gut r1e 

and is shawn in Figure 3.1 0 • 

Another interesting aspect'of metal1ic systems is presented 

in Figure 3.11. The bubb1e sizes obtained by Sano and Mori 78 

have been plotted against the results obtained by Leibson 

et a1.7l(s~e Figure 3. 7) . It is interesting to note that the 

" 
drop in bubble diameter at ReO = 2,9°° has not been observed 

1 

by investigators working on liquid metals. This should extend 

the results obtained for the constant frequency region up'to 

very high ,values of ReO' According to the resu1ts i~ Figure 
J 

3.11 the behaviour is unchanged up to Re O = 20,000. Sahai and 
- 80 
Guthrie have recently presented more theoretical work detailing 

the importance of liquid density and gas properties on the 

nature of the bubble,formed in liquid metals. 

In summary, it has been shown that bubb1ing in metallic 

liquids is substantially different to that in water. At the 

low flow rates corresponding to the constant volume region, 

the outer nozzle diameter is important in the predi;ction of 

bubble volumes. The importance of the chamber volume and 

capacitance,on bubble volume was shown using the semi empirica1 

equation of Sano and Mori. 78 The experimental results of 

Irons and Guthrie
79 

showed the transition from the constant­

volume to t~e constant frequency flow region. Further tests 

by Sano and Mor1 have established that the results from the 
, " 

constant frequency region hold for much higher flowrates in 
Q 47 

metals than in water. 
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3.4 TWO PHASE FLOW 

When gas is introduced into the liquid phase, counter-

current flow between the two phases is established except when 

very high gas velocities are used. This has been substantiated 
81 

in metallurgical systems by Engh et al. " In this study, Engh 

"et al. investigated the clogging problems in tuyeres and lances. 

For a wide range of gas velocities, the authors found that 

particles of the surrounding fluid always infiltrated the 

injection nozzles. Even at velocities approaching one quarter 

the sQnic velocity of the nozzle,infiltratiqn was observed. 

Based'on these results it is possible that if the magnesium 

vapour bubbles rather than jets out of the containing iron 

shell, infi+tration of hot metal may be an integral part of 

the vapourization process. Unfortunately, the analytical 

solution of gravit y driven two phase countercurrent flow is 

difficult and often impossible to obtain. When a flow regime 

is, established there can be several types of flow including 

s1ug and bubble flow. These regimes are summarized in Figure 

3.12 for the cocurrent flow patterns established in a vertical 

82 
tube evaporator. 

When two phase flow is set up between unstable fluids, 
, 

an understanding of the boiling characteristics of the volatile 

fluid is important. Little or no work has been done on char-

acterising the vaporization of magnesium or calcium. 

However, for low temperature systems such as nitrogen 

and particularly water, the boiling characteristics are weIl 

. 
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Figure 3'.12 Two Phase Cocurrent Flow Patterns in a Vertical Tube 
Evaporator. 
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known. For the pool boiling of a liquid there are four 

distinct regions describing the heat transfer rate from the 

heating source to the liquide These stages include free 

convection, nuc1eate boiling, transitional boiling and stable , 

film boiling. As the driving force heating the liquid increases 

heat is first transported through natural convection. The 

first stage of boiling is known as nucleate boiling. In this 

stage heat can be transferred very rapidly due to the high 

exchange rates between the vapour and the liquid at the heating 

surface. From the boi1ing curve for water, shown in Figure' 

3.13 the nucleate boiling regime reaches a point of maximum 

heat transfer. This represents the optimum transfer of heat 

by both the liquid and vapour phases. As the driving force 

is increased the proportion of vapour generated increases. 

This causes a large drop in the heat flux due to the insu1ating 

qualities of the vapour. 

The transitional zone between nucleate and stable film 

boiling is complex in ,nature. In general there is an inverse 

relationship between the relative amount of va pour and the 

ability to transfer heat. The minimum heat flux is reached 

when a stable film of insu1ating vapoyr is produced. Transfer 

of heat in the stable film region is difficu1t since heat is 

ma~nly transferred via radiation through the gas film. The 

.' ,peak heat flux established in nucleate boiling is only exceeded . , 

when the heat transferred via radiation through the gas phase 

becomes ,very large. 

---~--_ ..... -..-_--~ .. ~ _~_ ",_~_""", __ ~""", ___ .~_"'_R __ ~ __ --' __ "'" _ ..... ___ _ 
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The pool boiling curve cnaracteristic of liquid nitrOge~ 
1s shown in Figure 3.14. Comparing the two boiling curves 

it'is easily seen that liquid nitrogen goes through the four 

boiling stages faster than water does. Speculation as to 

the type of boiling which magnesium incurs is scarce. It 1s 

the author's opinion that the high rate of heat transfer by 

,convection through the metallic liquid would tend to 'stretch 

out' the curve for magnesium when compared to the water curve. 

Consequently each stage would exist for a greater range of , , 

temperature driving.force. Even so, for a tempe rature differ-

ence of 200 K it is st~ll diff1cult to est1mate whether the 

magnesium would have exceeded the peak flux associated with 

nucleate boiling. 

3. '5 GRAVITY DRlVEN FLOW 

Gravit y driven counter current flow between two unstable 

fluids has been described by Taylor83 in terms of a classical 

instability analysis. Examples of this type of flow system 
. 

are bubbles issuing from a submerged orifice and the formation 

of water drops below a fIat plate. At very low flow rat€s 

bUbble's forming at an orifice are largely controlled by the 

surface tension and buoyancy forces in effect at the nozzle. 

If an instability exists the bubble lifts off due to its 

relatively high buoyancy force. However, if the surface 

tension forces are strong enough the bubble will 'remain 

attached to the nozzle and flow will be discontinued. For 

... , ... _-----~-----~-_._--_ .. _-- -
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magnesium vapour issuing from an iron tube, large surface 

tensipn forces may limit the flow of the vapour. The results 

of Taylor' s theory then become useful in understanding the gas 

flow when surface tension forces predominate (low flow rates, 

small orifices). 

For the second example, stability is reached when water 

forms a hanging drop on the bottom of the fIat plate. At this 

moment the surface tension force between the water and air 

films have exceeded the gravitational forces causing the droplet 

to hang. As the gravitational forces increase the stability 

i5 destroyed and water drops fall from the plate. 

Taylor instability predicts the g~owth rate of perturba­

tions placed on the" interface between the two fluids. Given a 

surface disturbance, Taylor's theory will predict if the 

perturbation will grow and if so,' how fast. ,Perturbations 

which grow are termed Wlstable. Figure -3.15 shows an artist.ic a 

impression describing the growth of an unstable perturbation 

between water and air films. 

Since this type of flow i8 surface tension dependent, 

there exists a critical waveleng~çh establishes whether 

a perturbation will grow or note Ignoring the effects of vis­

cosity, this critical wavelength is predicted by Taylor 

instabili ty as: 

(3.25) 

b , 
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where' ÀC = critical wavelength for the perturbation to grow 

a, Ap = surface tension and density difference betw~en 

th~ two~fluids, respectively 
c 

9 = aècelerati6n due to gravit y 

, 

,. 

Thus when the perturbation size exceeds Àc' the perturbat~on 

should grow. For water and air Àc = 17.3 mm. Consequently, 

any drops hanging from a flat-plate should not exceed this 

diameter. The actual critical diameter w6uld be different 

due to circular symmetry and fluctuations in the system (i.e • . 
fluid flow in either the water or air films). 

A more important result of the Taylor instability analysis 
-l' 

is,not the wavelength b~ half that value. When gravit y 

driven flow is physically restricted by a cortstriction which , 

is less than Àc/2 the flow should be totally inh~bit\d due to 

surface tension forces. Evidence for this ~enomenon)has been 

-ci ted by Zuber. 84 In one case n ••• water was retained by 

atmospheric pressure in an inverted tumbler whose mouth wa~ 

closed by a gauze of sufficiently fine mesh. The mesh si~e 
t 84 

did not exceed Àc/2." Unstable stagnant fluids will not 

, exhibit 1ountercu~rent flow when they are faced with a 

restriction corresponding to the critical length or diameter 

" 
(ÀC/2) chatacteristic of two phase flow. This fact becomes 

l ' 

important in evaluating the Magnesium gas flow issuing from 

the half bullets as' th,ey rise through the irone 

, , 

• 
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, 
3 • 5 • SUMMARY 

\, The author has attempted to provide a background survey 

of aspects of gas-liquid interactions whieh are important iand 

relevant to the present work. This has included ~ummarizin9 

~ how Magnesium bubbles dissolve in hot metal, the various 

flow regions whieh oeeur when gas is injected through' a single 

orifice and the mechanisms of boiling and two phase flow. 

. . These concepts will later he used to eharacterize the vapori-

zat~on process inside the containing shell and the type of gas 

~~ stream produced during the 'boiling process. This combined 

withcthe knowledge-of how fast Magnesium bubbles dissolve in 

hot metal will lead to a tQorough evaluation of the potential 
" 

for Magnesium bullets. 
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CHAPTER 4 

EXPERIMENTAL 

4.1 
~- ---.-.-\, 

INTRODUCTION '" . The mat~rials and procedures used for the low ~ 
. , 

- "study will be further outlined in this chapter. As mentioned 
v 

earlier the essence of the low, temperature tests was the 

plunging of half pullet shaped containers into a water bath. 

The first part of this chapter will describe the equipment , 
, ' 

used ÏO~ these test~ while the end of the ehapter summarizes 

4he experimental'program and- the subsequent analysis of the \, 

data. 

4.2 APPARATUS 
/ 

Figure 4.1 shows the basic apparatus used to perform the 

immersion tests. ' In the following sections the water tank, 

the liquid'nitrogen containers and'the filming equipment are 
-

described briefly. 

4.2.1 Water Tank ç 

A 0.20 m3 pyrex tank was used to simulate an iron bath. 

Shown in Figure 4.2, the tank consis~ed of a pyrex tub~\, 0.46 m 

in diameter and 1.22 m in length\whicl1 rested on a steel base-

plate. The tank was equipped with two individually c?ntro1led 
, 

'3000 W Chromalux immersion heating elements. This f1exabi1ity 

enabled the bath temperature to be maintained at any level 

between room temperature (293 K) and 373 K. By ad~ing iee to 

1 
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Figure 4.2 The 200 1 Pyrex 1ank used to Simulate an Iron Bath. 
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l' 

the bath, temperatures down to 273 K were investigated. 

-4.2.2 Liquid Nitrogen Containers 

The tubes used ta immerse the liquid nitrogen were 

cylindrical containers closed at one end with a long side arm 

attached to facilitate the plunging procedure. 
, ," 

Tubes of dl.f-
.~ 

ferent materials were used ta investigate the importance of 

shell thermal conductivity. Different shaped tubes were also .. 
used. Table 4.1 summarizes the differ~nt types of tubes used 

in the experimental pragram. By using arms bent ta different 

~ngles the effect of tube orientation could also be abserved. 

Figure 4.3 shows three tubes of different materials and geo-

metries. 

, , 

4.2.3 Documentation 

Since th~ boiling reaction occurs very rapidIy, it was 

essential to record each test on either film or video tape 

for reviewing at a Iater time. 
c , 

This type of documentation 

enabled the author to make detailed observations of the'boi1ing 
~ '''J 

reaction througli""-:~. frame by frame analysis of each exper;i.ment. 

Although a nurnQér of film and video systems were used, the bulk 

of the documentation was done on video tape. The most success-

fuI results were obtained when a mas ter tape was recorded on 

19.1 mm (3/4 inch) video tape using a U-matic video system. 

The system used in this s~udy included a Panasonic video 

player-record~r (NU-2125) and a Sony 3400 black and white 

video camera • 

. _-..------.:;:." -------------_ .. ~ -~ .. --.-,--- ..... 
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For the subsequent analysis the mas ter tape was copied 

onto a 12.7 mm (1/2 inch) video tape. In this format the 

results were viewed using a Sony 3650 video player with special 

stop and s lCM}IOtio~ functions. To further aid the analys is a 

digital clock was dubbed onto each videotape allowing time to 

be measured to an accuracy of 0.01 s. Figure 4.4 shows a 

typical frame taken with the video system. The position of 

the equipment and tank wall as weIl as the nitrogen container 

and botling nitrogen bubbles are shown. 

As per Figure "4.1 a portion oOf the documentation was done 

using a 16 mm variable speed cine camera (Locarn, model 51-002). 

The advantage of film is that it facilitates the presentation 

of the r-esults. The majority of photographs presented in this 

th~sis derive from films rather than vid~o tape. 

4~2.4 Materials 

The materials used fall into two categories. The first 

group comprises the fluids used in the studYi liquid nitrogen 

and water. The liquid nitrogen was supplied and manufactured 

at McGill University. The thermal and physical properties of 

these fluids are summarized in Table 4.2. 

The other group of materials are those used to fabricate, 

the liquid nitrogen containers. The chemical compositions, 

thermal and physical properties, of these materials are shown 

iR Table 4.3. 

------~----~- --'f" ~ ""-" -~' ....... ~ ... - ,. 
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Figure 4.4 Typical Fr~e Generated by the Video System. 
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A - Tank Walls, B - Nitrogen Containing Tube, 
C - Arm used to Hold the Tube (Test Using 
20.0 mm Pyrex Tube at a Superheat of 80 K). 
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TABLE 4.2 

Thermal and Physical Properties of 
• .. . SS 

L~qu~d Nitrogen and Water 
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TABLE 4.3 

, . 85 
Thermal and Physical Yroperties of the Construction.Mat.rials Used for the Nitrogen Tubes 

( 

Properties 

Composition 

Density 
'(kg/m' ) 

Thermal Conductivity 
(w'm K) 

Specifie Beat 
(J/kg K) 

Al-2024 

4.4% Cu, 0.6% Mn 

1.5% Mg 

2770 

192.5 

883 ~. 

.. 

? 

Glass 

81% Si02, 13% B203 
2.2% A120

3
, 3.6% Ha20 

2230 

1~088 

. '" J ·778. 

'f 

Graphite Gallium 

Mainly C 99.9999% 

1.68 5950 

157.5 48.3 

771 377, f 

. ' 
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4.3 EXPERIMENTAL VARIABLES 

The independent variables and their ~esp~ctive ranges 

are smnmarized in the following table: 

Variable 

Bath Superheat 

Shell Thermal 
Conductivity 

Tube Diameter 

T'lfbe Length 0 

Tube 
Orieptation 

TABLE 4.4 

E~perimental Parameters 

Range Tube Material Investigated 

0-80 K 

1-200 w/mk 

5-30 mm 

25 mm - 300 IIDD 

\ 

Glass, Aluminum 

Glass, Aluminum, Graphite 
and Gallium 

Glass, Aluminum 

Glass, Aluminum 

Horizontal-Vertical Aluminum 
ie 0-90° 

,1" 

4 • 4 EXPERIMENTAL PROGRAM 

144 

The purpose of the present low temperature study was to 

investigate as wide a range of variables as possible affecting 

volatile additions, to gain a more comprehensive understanding 

of how magnesium boils in hot metal~ To this end the variables 

of bath su~erheat, and the aspect ratio of the nitrogen containers 
1 

were investigated for both the aluminum and glass containers. 

The aspect ratio is def~ned for axisymmetric shapes by Clift 

et al. 62 as 'the ratio of the length projected on the axis of 

symmetry to the maximum diameter normal to the axis'. For a 

cylindrical shape, the axis of symmetry is the axis associated 
t. 
,) 
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with the length of the cy1inders. The maximum ·'diameter' 

normal to this axis corresponds to the cylinder' s diametc4-, 

hence the aspect ratio for the nitrogen èQl\tainers i8 l/d. 
l '\ 
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In studying various aspect ratios/either length or diameter 

was kept constant while the other was varied. 

For tests independent of the aspect, ratio, seve~al com- ~ 
( . 

binations of containers were used. For the experimental inves­

tigation of the effects of bath superheat, container geometry 
() , 

and container thermal conductivitYi the various containers 

used are swmnarized below: 

VARIABLE 

Superbeat 

The~l 
Conduct1v1ty 

Tube 
Or1enttation 

Tube Length 

* 1 x d 

Aluminum 

200 x 2Omm* 

-' 200 x 20r, 
, 

200 x !Omm 

200 x lOmm 

Glass 

190 ~ -23mm 
,~ 

/-
, < 

200 x 19mm 
/'1 

~'- ~ ... / 

Graphite Gallium 

200 x' 18mm 190 x 20mm 

, -
o 

The majori ty of these tests used containers appr'oximately 

200 x 20mm.· This size was chosen as it is identical to the 

. l . d' 9,46 alunuoum bu, lets presently used by Sum~ tomo Metal In ustr~es. 

The smaller size was selected for the orientation and length 

tests as the reaction was calmer and facilitated experimental 

observations. The glass tubes had an extra àdvantageo in that 

they permi tted the inside of the tube to be vi.ewed during 

vapourization. 
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o 4.5 ANALYSIS OF THE EXPERIMENTAL DATA 

In the study of bubbling reactiQns, three criticaL para­

meters can be identified: ga~ flow rate, bubble volume and 

bubble frequency. At least two of these variables must be 

measured if the third is to be deduced. As outlined by Kumor~ 

and Kuloor60 there are two techniques for evaluating bubble 

volume: the direct and indirect methods. 

Direct methodsvinvolve photography in one form or another • 
• 

For aqueous systems cinephotography is commonly used while 
" x-ray cinephotography is used iq systems with opaque fluids. 

The main advantage of this technique is that it allows direct 

~ o~ervation of each and every bubble and the option of follow- ~ 
~ ~ 

. 
( ,', 

~., ~ \. 

" 
~, 

," 

ing the growth and development of a particular bub~le. The 

fact that the bubble,volume is not measured directly and that 
, 

the technique is very labourious are among'its main disadvantages. 

Indirect techniques are the simplest, and hence the most ... 
" extens.:i:'vely used methods for evaluating bubble volumes at 

, single orifices. These techniques involve measuring the gas 

flow rate and bubble frequency. The two big drawbacks of the 
1 

indirect method are that only an average bubble vo~ume is 

obta~ned and that no information concerning the bubble shape 

and hence its surface area are found. 

'Since the present study concerns i tself wi th the boiling 

of an unstable ~~latile liquid, indirect methods of -'analysis 

could not yield the precise values of flow rate needed. This . 
was the main motivating force behind using a direct technique. 

.1 
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The photographie method enabled the bubble volumes and gas 

flow rates to be deduced from direct measurements of bub 

diameter and frequency. Th~ bubble diameter was measur d 

just as ,the fully developed bubbl:e lifted off the tube. This 
" 

corresponded to a distance above the top of the tube op ning 

equal to about half an average bubb1e diameter. Sorne typical 
6 

bubbles are shown in Figure 4.5 for aQglass tube. 
'"~ 

In many tests' the boiling of the nitrogen gas was very 

turbulent, causing bubbles forming at the nozzle tip to occur 

in cycles of two and three bubbles. The cycle usually involved 

one large bubble followed by smaller more turbulent, bubbles. 

In many experiments these secondary effects were ignored due 

~o the difficulty of evaluating precise bubble sizes and hence 

volumes. 
, 

The scaling factor for each experiment was based on a 

comparison of each tube's outer diameter, as measured on the 

video screen, to its actual value. By measuring the tube 
, 

diameter at the tube opening an accurate reference for calcula-

ting the bubble diameters was established. This was thought 

to be the best approach since both referKnce and subject 
1. ~ 

incurred similar visual distortions due to their close proximity. 

The eccentricity of the bubbles was estimated for each 
~ 

experiment by taking a trace of approximately five bubble~ and 

evaluating the eccentricity of this sarnple. The bubbles were 

assumed to be circular in the x-y plane and elliptical in the 

x-z plane, i.e. an ellipse in the x-z plane and rotated about 

1 
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Figuré 4.5 Typica1'Bubb1e Formation During the Vaporization Process. 
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the z-axis. Such an analysis yields a bubble which is an 

oblate ellipsoid. Bath oblate and prolate ellipsoids are shawn 

in Figure 4.6. 

" For the purposes of comparison with other work, the 

equivalent bubble diameter must be calculated. This value 
, 

corresponds to the diameter of a sphere of equivjalent volume 

as' the measured bubble. The equivalent diameter, can be 
1 

1 

obtained from the bubble diameter and eccentric~ty as ,fo11ows: 
~ 

Considering the general equation of an ellipsoid: 

2 2 2 
X2+L+~ =1 
a b 2 c 

(4.1)' 

For an ellipsoid which is circular in the x-y plane a - b - l, 

pence', for the ellipse in the x-z plane the equation simplifies 

ta: 

(4.2) 

The aspect ratio of an ellipse rotated around the z axis 

as preyiously defined is: 

E - c/B:-

but a - 1 

hence E - c 

Considering the volume of an ellipsoid: 
, 

d
3 

V - 71"/6 (abc) (4.4) 

but a -
b .. 1 and E • c 

hence V - 71"/6 E d 3 
(4.5) 

--:;.;--~ -----------,~~....,....--~~--
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(4~6) 

(4.7) 

Once the average val~e of the aspect ratio was calculated from 
i {-

the sample bubble traces, the equivalent bubblè diameter was 

evaluated using equation 4.7. 
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\ CHAPTER 5 \ 

~ RESULTS 

" ~<~c \S~7t 

5.1 INTRODUCTION ~ , 
~ ~,. 

In presenting the results of this stp.py, Chapter 5 has 
" .-, ',' 

been divided into three ma1n sections. The first part of the . 
chapter will deal with the experimental data while in the 

/ -, 

later p~rts, the results will be prese~ted ip both ~ualitative , 
and quantitative fashions. The more obvious points will be 

discussed in this chapter to prepare for more detailed 

discùssions in C~apter 6. ~ 
'"~ ~ l'~ 
":L~ 

5.2 EXPERlMENT~ DATA 
. .? 1 , 

To familiarize the reader with the type of experimental 

data reco~ded, tha~ from a typical experiment is presented in 

Table 5.1. Since the f,i~a/~~~ults of this study yield sorne 

153 

\ 

100 similar data sets (basea 'on 47 experiments) it was impractical . ; 
'. 

to publish aIl the raw data in this thesis. The experimental 

data and original video tapes remain available in the research 

files of the Department of ~ining' and Metallurgical Engineering 

of McGill University (cio Professor R.I.L. Guthrie). Figures 

5.1 and 5.2 show other typical results obtained for different 

test conditions. 

, 
j , 

l 
1 

, 
" 
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f 

CJ TABLE 5.~1 } 

t 
1 

Data from Experiment 12e - An a1urninum tube of an inner 
diameter - 10.0 mm immersed with water at a superheat of , 

~ 81 K 

t 
Starting Time of the Video Tape - 13:30:59 (min: s: s/100) F-

L 
~ Bubb1e Bubb1~ 

f Tirne of Diameter Time of Diameter 
Bubble Re1ease (mm) Bubb1e Release (mm) 

13:30:89 48 13:34:70 34 
13:31:04 29 83 36 

13 31 98 39 
, '> 21 26 13: 354

: Il 30 
29 30 24 35 
36 20 40 32 
63 29 55 29 
81 28 70 35 
93 25 83 32 

13:32:03 31 98 29 
13 29 13:36:15 36 

(1 21 22 28 28 
31 31 43 31 
43 25 60 24 
54 25 73 26 
70 36 90 23 
83 

~ 
24 98 22 

l3:33:03 38 13:37:07 23 
18 28 13 18 
31 37 25 27 
48 30 47 22 
63 29 

~ 68 23 , 80 28 78 23 
95 39 87 24 

13:34:03 33 13:38:07 25 
18 37 22 

"1 

28 
38 35 39 30 
53 37 59 27 

13:38:77 35 13:44:43 20 
92 31 53 20 

13:39:05 21 64 22 
25 24 

~ 

88 14 
35 22 13:45:03 14 
52 19 23 13 
69 21 39 23 
87 22 59 25 

( 
continued ••• 

r 

.. ---------" -- - ~p+ 
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~ 5.1 continued 
. ' 

TABLE 
'" -

Bubb1e Bubble 
Tirne of Diameter Tirne of Diarneter 

Bubb1e Re1ease . (nnn) Bubb~e Re1ease (mm) 

13:40:00 20 79 23 
17 " 22 94 20 
30 20 13:46:03 18 
40 23 Il 20 

~\.. 55 22 ~ 20 

\ 75 24 19 
,94 29 39 19 

13:41:17 18 49 20 
" 22 20 56 19 

36 22 66 22 
5~ 22 74 14 
72 27 84 25, 
94 32 13: 4-6: 16 21 

13:42:09 30 
27 26 
46 25 
64 25 

. (, 82 25 
013:48:01 21 

26 19 .> 

37 18 r = 7.09 Hz 

47 24 ,d -= 28.3 mm 
56 25 
76 16 
83 18 
93 15 

13:44:01 12 
09 22 
18 19 
26 19 
34 18 

. " 

\ 
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Figure 5.1 Experimental Resulta for Test 13c • 
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({ 5.3 d RESULTS: QUALITATIVE 

(',1 

In presenting a qualitative description of the results 

the boiling Ph~mena will be highlighted from a mechanistic 

viewPoint4 boiling mechanism will be introduced here and 

further s rted later in the thesis. Individual experiments 
" 

will ShOW" at the mechanism holds true in each case and that 

it is the magnitude and duration of each stage that changesothe 

overall results from experiment to experiment~ The majority of 

the qualitative results will be presented for the glass tubes 

_ as the y enabled the boiling reaction inside the tube to be seen. 

; x; x ; ~ 

, 
The sarne points highlighted for the glass tubes also hold true 

for the aluminum and graphite 'tubes. The differences between 
/" -\ 

these· tubes will be presented in greater detail in a qua~tative .' 

analysis of the results. The results of the test using the 

gallium tube were·both surprising and spectacular and as such 

they will ,be presented separately at the end of this section. 

5.3.1 Initial Period: Tube Immersion and Initial Turbulence ' :~ 

As each tube is immersed in the water there is a rapid 

burst of nitrogen gas due to the large initial heat flux to 

the liquid nitrogen. During this stage, gaseous nitrogen leaves 

the tube in a jet'like fashion. The gas flow quickty becomes 

less turbulent and discrete bubbles begin to forme Although 

this initial turbulence only lasts for a very short length of 

time «1 s), a large quantity of gas can be expelled. It ls 

q ; 



..,..,...------- ._-- -------" .- ----------------
159 

difficult to estimate how much of the total gas producedin 

each experiment is ejected during the period of initial turbulence. 

Experiments presented in the next chapter indicated that betweert 

30% and 70% of the total gas evolved can be produced during this 
~ 

\)initial periode 

A typical sequence o~ photographs for a glas$ tube (d~= 

22.5 mm) characterising this rapid ejection is shown in Figure 

5.3. Figures 5.4 and 5.5 give the same sequence for two of the 

aluminum tubes •. 

. 
Steady-State Boiling 

Once the initial turbulence has subsided, discrete bubbles' 

are regularly formed. Thè bubbles forro in a cyc~JP fash~on 

C:r producing double bubbles more common~y known as doublets. 

Bubble traces for the common double bubbles, pairs and ~oublets 
79 l, 

as summarized by Irons and Guthrie are shown' in Figure 5.6. 
Î. 

The photographie sequence shown in Figure 5.7 for an aluminum 

tube (d = 20.0 mm) shows. the nature of the double bubbles formed 

in the liquid nitrogen/water system. The experiments done for 

the' study are under the same conditions that Irons and Guthrie
79 

propose for doublets to forme The chamber volume for the 

b.oiling liquid nitrogen is effectively zero and the measured ; 
t 

flow rates are rnoderate to high (100 - 1000 ml/s). Figure °5.8 

shows the bubble development for a glass tube (d = 22.5 mm). 

In aIl cases the steady state bubb,ling, once established, con­

tinued until aIl of the liq~id nitrogen vaporized • 

./ .. 
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Figure 5.3 Initial Burst of Nitrogen as a Glass Tube (dt - 22.5 1J!D1) 1a 
o Plunged into Water (SB"'" 80 K). 
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(b) t - 188 ms 

Figure 5.4 Initial Burst of Nitrogen as an Aluminum Tube '(dt • 20.0 mm) 
la Plunged into Water (SH - 40 K). 
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(f) t ... 512 ms 

, f 

(g) t • 624 ms 

~I 

,t 

i 

(h) t • 760 ms 

o Figure 5.4 (cont.) 
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(a) t = 0 

" Q 

(h) t - 70 ms 

.. 

(c) t ... 130 ms 

Figure 5.5 Initial Turbu1~nce when an A1uminum Tube (dt - 10.0~) i8 
Plunged into Water (SR • 80 K). 
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(d) t = 200 ms 

(e) t • 230 ms 
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(f) t .- 270 ms 

P'1gûre 5.5 (cont.) 
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Doublets Pairs 
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îS ® 0 Traces of 

D Q2 High Speed 
Cinematography 0 

t"Î 

,{ 
First Bubble is Flattened 

The Second Bubble becomes 
During Forma-

or Toroidal, while Second 
a Connecting Tub'e or 

tion "Tail" from the Orifice is Elongated. 
to the First One. 

\'"> 

Residual Pressure in the Cause Reduced Pressure in the 
Wake of the First Bubble. Gas·Chamber Upstream. 

Each Bubb1e is 2-15% The Pair has the Same 
Larger than a Single Volume as a Single 
Bubble. Bubble. 

2 Bubbles of the Same The "Tail" Increases in 
Characteristics Volume which Coalesce Volume with Flowrate, 

during lUse. and may become Detached. 

Frequently Revert to Under Sorne Conditions 
Single Bubbles. Can Revert to Single 

Bubbles. , 

, 
Sma11 V • Large V (N ~ 10),. 

Conditions 
c c c ,,' 

At Least Moderate At a11 Flow rates. 
Flow -rates 

Figure 5.6 Comparison of Doublet and Pair Bubgles with High Speed 
Cinematography Traces after Irons. 
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Figure 5.7 (cont.) 
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Figure 5.1 (cont.) 
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(b)' t - 44 ms , , 

Figure 5.8 Bubble- Development at the Opening of Glass Tube (dt - ~2.,5 mm, 
, SB· 80 K). 
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Cf) t = 116 ms 

Cg) t = 120 ms 

.' 
l "1 

Ch) t = 136 ms 

Figure 5.8 (cant.) 
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5.3.3 End period of Experiment - Displacement of the Boiling 

Phase \ 

In experiments using the glass tube, events occurring inside 

the tube could be observed. One of the more important points 

which was noted is the countercurrent flow of water and nitrogen. 

As the boiling proceeds, a pool of water forms at the bottorn of 

the tube. This pool grows, filling the tube and eventual1y 

displaces aIl of the boiling nitrogen in the tube. Figure 5.9 

shows this sequence for a glass tube (d = 22.5 mm). T~e in fil-

tration of water does not seern to affect the boiling nitrogeni 

once the nitrogen reaches the steady state boiling regime the 

boi1ing continues until aIl of the nitrogen is disp1aced. No 

noticeable change in the boiling could be observed at the onset 

of the countercurrent flow of water. 

One key point which was experimentally observed was the 

existence of a cri tic al diarneter for the countercurrent flow 

of water. When the diameter of the glass tube was decreased 

to 10.0 mm there was no change in the mechanism, the displace-

ment of the contents occurred in the sarne fashion as shown in 

Figure 5.9. However, when the diameter was reduced further to 

'5.0 mm, the mechanism of gas evolution changed. The results 

of this te~ are shown in Figure 5.10. The first two stages 

of the boiling mechanisrn still occurred, but infiltration of 

water was completely suppressed. The sarne result was observed 

in the experirnents using the aluminurn tubes. The existence of such 

a critical diameter is discussed in the next chapter. 

1 

, 
" 

1 . 



1 

J 

{ 

(a) t = 0 

('b) t = 316 ms 

Figure 5.9 Displacement of the Gaseous Phase for a' Glass Tube (dt == 22.5 
SR .. 40 K). 
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(c) t = 1552 ms 

( 

(d) t = 1956 ms 

.. 

( (e) t .. 2792 ms 

Figure 5.9 (cont.) 
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Figure 5.10 Gas Flow from a Small Diameter Glass Tube (dt = 4.6 mm, 
SR = 80 K). 

. 1-

179 

~j 

, j 
:1 
!..J 

" 

" , 



180 

1 

(c) t = 0.35 

, 
(d) t = 0.55 

(e) t = 0.99 
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Figure 5.10 (cont.) 
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5.3.4 The Gallium Tube 

The experirnents with gallium she~ls were originally 
'1(-

182 

designed to sirnulate the performance of an encasing iron shell 

as it rernelted. The gallium (m.p. 303 K) was cast into a half 

bullet shell using alucite rnold. The gallium tubes were filled 

with liquid nitrogen and then dropped into hot water (superheat 

80 K). Unfortunately the gallium was not able to withstand 

the thermal shock of the rapid 280 K temperature change associated 

with the experirnent and sorne leakage occurred. Shortly after 

contact with water, the tubes broke open prematurely at weak 

spots of the shell. A large amount of liquid nitrogen contacted 

water creating a hugh gas cplumn. This was caused by the rapid 

heating of the nitrogen through convective heat transfer from water. 

The events describe~ are shown sequentially in Figure 5.11. 

This type of result shows the danger and potential inefficiency 

that rnay be incurred through a rapid release of the volatile 

addition, while in the liquid state. A more controlled release 

as shown in the previous section, is evidently more desirable 

for the safe efficient introduction of the volatile addition. 

5.4 RESULTS: QUANTITATIVE 

Through a quantitative analysis of the experimental data, 

the independent variables such as superheat and geome.try could 

be more fully appreciated. Each experirnent was used to,provide 

a mean bubble diarneter, rnean bubble frequency and total reaction 

time characterizing that particular set of inde pendent variables. 
1 
,\ 
.j 
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(a) t = 0 

(b) t 96 ms 

(c) t = 158 ms 

Figure 5.11 The Breakup of a Gallium Tube as it is Plunged into Water 
(SR = 80 K). 
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(d) t = 196 ms 

(e) t = 218 ms 

(f) t = 242 ms 

Figure 5.11 (cont.) 
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Cg) t = 288 ms 

(h) t = 320 ms 

t (i) t = 472 ms 

Figure 5.11 (cont.) 
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1 AdoPting this approach allowed any large changes between the 

various experiments to be observed. 

(~ 

( 

Before the equivail.ent bubble diameter or bubble volume 
( 

could be calculated, the eccentricity of
o 
Rubbles characteristic., 

< 

of the specified experiment had to be calculated as shown in 

Chapèer 4, Section 4.5. For example, taking experiment l2c 
, ., 

(see :r'able 5.1), the average bubble eccentricity was Ë = 0.68, 

while the mean base diameter was db = 28.3 Imn. US,.ing the 

relationship: 

d = E
l

/ 3 ~ e 

d for experirnent l2c is, e 

d = 24.9 mm 0 e 

and 
'C. 

Vb = rr/6 a 3 
e 

.= 8.08 ml 

, 

(5.1) 

(5.2) 

This quantitative analysis was done in the same fashion 
" 

for aIl: experirnents. The data sets and calculated result ara 

correlated wi th the independent variables in Appendix A for aIl 

of the present experirnental work. The results will be presented 

in order of the independent variables in the next five sub-

sections. 

5.4 .1 Bath Superheat 

Bath superheat was investigated over an 80 K range starting 

from zero superheat conditions. Results for the aluminum and 
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glass tubes are,shown in Figures 5.12 and 5.13,respectively. 

lAS seen, equivalent bubble diarn~ter varied with superheat in a 

linear rnanner, while bubble frequency remained roughly constant 

at 8 to 9 per second. Although there is sorne scatter for the 

frequency data points, regression analysis supports a slight 

frequency drop with increasing superheat. The correlation' 

coefficients for Figures 5.12 and 5.13 are 0.22 and O.16,res-

pectively. This frequency drop gives the first clues as to 

the type of flow regime which describes the vaporization 
1 

phenomena. ,If a bonstant frequency f1ow' regime' as described 

by Davidson and Schu1er
66 

(see Chapter 3) is assumed, then the 

flow would be described by an equation of the forro: 

For bubbles forrnirig at a submerged orifice: 

but 

hence 

Q = V f b 

v - k Q1.2 
b -

Q = k QI. 2f 

f = k' Q-O.2 

This implies that the frequency in the 'constant frequency 

regime' is in fact not constant but drops slightly with 

(5.3) 

'(5.4) 

increasing flow rate. Interpreting increasing superheat as 

increasing the gas flow rate, then the observed frequency drop 
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implies that flow is in the constant frequency regime. Further 

evidence for this is presented in Chapter 6. 

5.4.2 Shell Thermal Conductivity 

The high degree of similarity in the results between the 

glass and aluminum tubes noted in the previous section reflected 

the negligible effects of the shell thermal conductivity. If 

thermal conduction played a major role in the boiling phenomena, 

the aluminum tube should have yielded a much higher gas flow 

rate th an glass since the heat conduction through aluminurn is 

approximately 200 times better than that for glass. The 

similarity of Figures 5.12 and 5.13 indicate that on a qualita-

tive basis, the gas flow from and hence the heat transfer to 

each tube are virtually identical. Visualobservations'were 

surprising in that liquid nitrogen contained within the aluminurn 

tubes took longer to bbil away, and appeared less violent, than 

for the sarne reaction using -a glass tube. 

Gas flow rates for the glass,aluminum and graphite tubes 

are compared based on their thermal conductivity in Figure 5.14. 

For this wide range of conductivity the gas flow rate is 

relatively constant at approximately 460 mIls. The variation 

between the points can be attributed to their slightly different 

inner diarneters. As described in Section 5.3.4, a bubble's 

diarneter is generally influenced strongly by the diameter of the 

nozzle. F,rom the data in Table 4.1, the progression in size for 

the tubes used in the present experiments is graphite (17.58 mm), 

glass (18.92 mm) and aluminum (20.00 mm). Since small changes 
~ 
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in the bubble diameter mean large changes in flow rate it is 

easier to appreciate the difference betw~en the graphite 

(Q = 350 ml/s) and aluminum (Q = 570 ml/s) tubes. If the 

average bubble diameter for the graphite were increased'from 

the measured value of 43.5 mm (Appendix A) ~o 47 mm the flow 

rate would increase to 440 ml/s. The average bubble diarneters 

for the glass and alurninum tube are 48.2 mm and 57.0 rnro,res­

pective~y. Based on these considerations the effect of ,thermal 

conduction through the shell walls can be neglected, the rate 

controlling step being sorne other mode of heat transfer. 

The results from the gallium tube have not been included 

because of the results presented earlier. The gallium tubels 

early release of the nitrogen due to the lack of its integrity 

resulted in a very different type of bubbling system. For this 

reason the quantitative results'for this test will not be 

"included in this section. 

In aIl tests below' a superheat of approximately 60 K, an 

ice shell was formed over the exterior surface of the tube. 

Sorne typical ice shells and the corresponding conditions are 

shawn in Figure 5.15. The formation of the low thermal con-

ductivity ice shells (k. = 2.25 W/rnx) did not large 1ce cause any 

discontinuities for the glass and aluminum boiling curves as 

per Figures 5.12 and 5.13. This is more evidence that the 

heat input ta the boiling nitrogen via conduction through the 

tube walls is not rate limiting on the boiling process. It is 

felt that the fre~zing of the ice shell and the convective heat 

, 
,1 

'l 



Ca) Superheat = 10 K 

Cb) Superheat = 40 K 

Figure 5.15 Residual Ice Shells on a Glass Tube (dt = 22.5 mm) after 
Plunging into Water. 
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transfer in the melt phase combine to satisfy the heat demand 

of the liquid nitrogen. 

5.4.3 Shell Geometry: Diameter 

In the first stage of studying shell geometry, the effect 
>'s:3 . 

of tube diarneter for both glass and aluminum tubes was investi-

gated. 

The results are summarized in Figures 5.16 and 5.17. In 

both cases there was a strong linear correlation between the 

equivalent bubble diarneter and the tube or nozzle diameter. 

This is indicated by 'the values of the correlation coefficients 

shown for each curve. A su!prising observation which remains 
, 

unresolved is the drop' in bubble frequency observed for the 

glass tub~s. The implications of flowdependence on preferred 

bullet diameters are treated in the next chapter. 

5.4.4 Shell Geometry: Length 

As would be expected, the length of the tube or shell does 

not dramatically affect the bubbling characteristics. This 

was substantiated with the test results shown in Fig~res 5.18 

, and 5.19. The values of bubble diameter and frequency are 

essentially conbtant for this set tests. 

Due to the surprising ur of the small 5 mm diameter 

tubes, the l~ngth test was using a set of these smaller 

tubes. 

Thè most important point to' note from these results shown 

in Figure 5.20 is the strong fre uency drop associated with 
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'longer t~és. This drop can be correlated with the bubb1ing 
/ 

mechanism préviously proposed in the qualitative section. As 

mentioned in that section, the 1ast stage of the bubbling 

mechanism did not app1y for the 5 mm diameter tubes, the 

frequency drop turthe~ supports this observation. 

For very short tubes the entire gas evolution is primarily 

associated with the first stage of the mechanism, the rapid 

expansion and ejection of the gas. Since in this stage the 

boiling is similar to a lo~ ve10city jet, the measured bubble 

frequency is relatively high. As ~he tube length is gradually 

increased there is a greater amount 'of liquid nitrogen 1eft 

in the tube after the initial periog~of turbulence has passed. 

This raises the total time for the steady state boi1ing step 

and consequently increases this step's contribution to the 

calculated average frequency. The result is as observed in 

Figure 5.20, a decreasing average frequency with increasing 
Q, 

tube length. 

The slight increase in bubb1e volume can also be explained 

in the sarne fashion. In steady state boiling, the bubbles are 

able to become fully developed and are consequently larger. 

As in the frequency case, the longer the steady state boiling -

step, the higher the average bubble volume. 

5.4.5 Shell Geometry: Orieptation 

,The last variable exarnined was the shell orientation. The 

nozzle angle was varied from the nozzle pointing vertically 
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\ 

upwards (90°) to the nozzle facing horizontally (0°). The 

results are surnmarized in Figure 5.21. These results again 

yield a const~nt frequency type behaviour but the gas flow 

rate shows definite maximum and minimum values. The 

interesting point to note is that the minimum flow rate 

occurs at 9 = 0° while the maximum is at 9 = 15°. The 

slightest angle of inclination greatly enhances the 

infil tration of water into the tube. --- This speeds up the 

displacement aspect of the three stage bubbling mechanism. 

When,the tube is in the horizontal position, the 

infiltration aspect is virtually eliminated and gas is 

expelled fr~ilie tube based :'solely on i ts own expansion 

'characteristics. As the angle increases beyond e = 15°, the 

bubbles leaving the tube can more effectively block the 

incoming water, reducing the speed of displacement. This 
0 

blocking effect becomes constant at e = 60° as reflected by 

the constant bubble volumes seen in Figure 5.21. The net 

effect of the infiltrating water is very significant with 

an increase of 150% from the minimum to maximum values of 

gas flow rate. The maximum value at e = 15° is 100% higher 

than the corresponding value for the vertical case (9 > 60°). 

Clearly the near horizontal orientation will lead to the 

quickest release'time for the boiling addition. 
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5.5 SUMMARY 

The results of the study on the physical model have been 

presented. 'The quali tati ve description indicated that three 

unique steps were involved in the boiling process. A full 

discussion of these steps or stages is presented in Chapter 6. 

In the qualitative analysis, the effects of bath superheat, 

shell thermal conductivity and shell geometry were. inve~tigated. 

One of the highlights of these analyses was that the bubbling 

behaviour was independent of the thermal conduction properties 

of the shell material. Sheli orientation and diameter had a 

st·rong effect on nitrogen gas flow rate. In the tube orienta-

tion experiment, a minimum flow rate was observed when the tube 

~as horizontally held, while the maximum occurred with only 

slight positive inclination of the tube. Increasing nozzle 

or tube diameter showed a strong linear correlation with 

increasing bubble size. 

As the bath superheat was increased, the ga<s flow rate 

showed a ,corresponding incre~se. This trend was similar for 

both the aluminum and glass tubes. This point was aiso 

refiected in the nozzle diameter test. The measured bubble 

frequency was constant for most of the tests with an average 

frequency in the order of 8 Hz. 
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CHAPTER 6 

DISCUSSION , 

6.1 INTRODUCTION 

As indicated in ~he last chapter, the following three 

step vaporization mechanism was postulated for the physical 

model: 

1) As the addition begins to boil there is a rapid initial 

ejection of liquid and/or gas into the melt. 
\ ... "'l~ 

'.' 
2) The boiling process then quickly reaches a less turbulent' 

steady state which continues until the addition has cornpletely 

vaporized. 

3) Toward the end of the steady state boiling step the 

gaseous addition is displacep'by the surrounding fluide 

The three stage mechanism was established through the 

visual observations presented in Chapter 5. In this chapter, 

discussion and qualification of the three stages is attempted. 

The resulting design implications of these ~indings on the 

magnesium/hot metal system is dealt with in the final chapter •. 

To help understand the mechanisrns involved, stages two and 

three are now described before concluding wi th an explanation 

for stage one. 

6.2 STEADY STATE BOILING - STAGE TWO 

The contiriuous formation of discrete bubbles at the tube 

opening was first confirrned by visual observat_ions. U}?on' 

'''" initiation, this stage of the boiling reaction continues at 
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a stable pace until aIl of the gaseous species has boiled off. 

Neither the formation of an ice shell nor the displacernent of 

the gaseous phase by the surrounding water seerned to affect 

the size or rate at which the bubbles were generated. In fact, 

the frequency of bubble generation was very stable over the 

whole range of experirnents. The average bubble frequency for 

aIl the experirnents was 7.8 Hz with the majority of values 

falling between 7 Hz and 9 Hz. The indication that the flow 

describing steady state boiling falls in the constant frequency 

region was further substantiated by the bath superheat experirnent. 

6.2.1 Steady State Boiling: Heat Transfer 

The similarity of boiling rates previously noted between 

the glass and aluminum-tubes was confirmed when the gas flow 

rate from each tube was evaluated. Since there was no direct 

control of gas flow rate this variable could only be investigated 

indirectly. Controlling the bath superheat ~ielded the 

~esirable range of gas flow rates which were required to properly 

evaluate the f~ow regirne. The gas flow-rate correspondin'g te 

each ternperature was calculated from the bubble vo~ume and 

frequency. These values were,in turn plotted against the 
" 

bubble volume to yield the curve~t shown in Figure 6.1 .. The 
'" ... 

sirnilarity between these two curves further substantiat~ the 

observations cited in Sections 5.3.1 aud 5.3.2. 

Based on this and other observations, the effect thermal 

conduction has on centro11ing the rate of gas evolution can be 

regarded as negligib1e. The steadily increasing flow rate do 
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however, confirrn the influence of convective heat transfer on 

the overall process. As the superheat is varied over the 80K 

range the steady state flow rate increases from slightly greater-

than 100 ml/s to approx~mately 600 ml/s. Since the outside 

of the shell is assumed to be at 273K due to the formation of 

an ice shell, the driving force for convection is varied from 

approximately 0 K through to 80 K. At the lower temperatures, 

the heat demands of the nitrogen are partially satisfied from 

the-heat of fusion releàsed as an ice shell fo~s around the 

artificial shell. In the limiting case of no convective heat 

transfer (SH = zero), aIl heat is suppliep from the freezing 

of ice. Consequently the two modes balance each other. With 

decreasing temperatures there is an increasing contribution 

from the hèat of fusion of ice as the amount of heat transferred 
, 

via convection is decreased. 

Balancing the heat demands of the liquid nitrogen with 

th~ energy generated by ice formation, the maximum thickness 

of the ice shell that would form in the absence of any convective 

heat input from the bath can be evaluated. Therefore: 

(6 '.1) 

where Pl = density of the liquid nitrogen 

VI = volume of liquid nitrogen contained in tube 

âH.v = heat of vaporization of liquid nitrogen 

P2 = density of ice 

V2 = volume of ice 
, 

âH f = heat of fusion of ice 

1 

J 

t 
~ 

i 

J 

1 

1 
j 



208 

, Sinee the iee thiekness is mueh 1ess than the diameter 

of the tube the total volume of iee ean be estimated by: 

v2 = A !:::.r T (6.2) 

where = 21Tr 1 + 1Tr T 
2 

~ T 

= area of eylinder plus bottom dise 

t::.r = thiekness' of the iee layer , ' 

'. For the a1uminum tube (20.0 mm inner diameter) near zero 

superheat the following values are substituted into equation 
, . 

:~ 

(6'. 1) • 

Pl = BOB .1 kg/m 3 

V1 = 61.63 ml 

t::.Hv = 199.6 kJ/kg 

P2 = 900 kg/m 3 

l~H = 333.8 kJ/kg f 

1 = 200 mm 

r = 11. 2 mm 
T 

Solving for v2 ' 

V2 = 
Pl Vl t::.F\r 

= 33.09 ml P2 !:::.Hf 

SOlvin,g equation (6.2) for the ice thickness yie1ds !:::.r = 2.3 nun. 

A1though the thiekness of the iee layer was not measured 

preeise1y, visual estimations (see Figure 5.15) indieated 

she1l thieknesses in the order of 2 mm. Henee, the freezing 
( 

of the ice shell at low v~lues of bath superheat can provide 
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most of the liquid nitrogen's heat requirements. The balance 

of the heat is supplied by natura1 convection. While an 

e~perimental condition of 0 K superheat was not attained, the 

lowest reached was 1-2 K superheat. This superheat, while 

small, provided the convective heat transfer component res-

ponsible for the balance of the heat reguirements. 
1 

The continuity observed for the curves in Figure 6.1 

illustrates that ~he heat 'requirements of the liquid nitrogen 

are continuously m~t. If the heat requirements cannot be 

supplied by conveC~ion. an ice shell will freeze on either the 

glass or aluminum shell to an appropriate thickness to satisfy 

the heat balance. As the' bath superh~'at is increased the ice 
1 

layer gets progressively thinner until approximately 60 K 

superheat when this shell no longer forms. 

6.2.2 Classification of Flow Region 

The linear curves of bubble volume versus gas flow rate 

shown in Figure 6.1 indicates that the steady state bo~ling 

phenomena takes place under conditions equivalent ~o the con-

stant frequency region. The lines shown on the graph were 

generated by performing linear regressions on the experimental 

data. The correlation was excellent in both cases with the 

correlation coefficients equalling 0.91 and 0.92 for the 

aluminum and glass tubes, respectively. Due to the' linear 

relationship between bubble volume and gas flow rate expressed 

in Figure 6 .-1, ~he results can be expressed by the following 

equatiori: 

, , . 
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o 
(6.3) 

where V = b equivalent bubble diameter 

Q = gas ~low rate 

m = slope of the 1ine 

k = 10c where c = the y intercept. 

For the glass and a1uminum tubes, k and m were equa1 to 

0.0814, l.DS anq 0.0691, 1.10, respectively.For comparison to 

the popular Davidson and schu1e~66 equation given id section 

3 3 1 th t t t t b d k - k' 1 3/5 •. e cons ,an erm mus e expresse as - g . 

Applying this for the results obtained for the two experimental 

tubes yields the ~ollowing expressions for the bubbles forrned 

at each orifice: 

for the glass tube: 

(6.4) 

and for ~its aluminum counterpart: 

(6.5) 

, 
When the general forro of the equation describing the constant 

frequency region is considered: 

(6.6) 

it is apparent that the gas f10w falls in this region. This 

agreement is quite strong due to the similarity in the,exponents 

of the gas flow rate terms in the above equations. Since the 
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two experimental lines are close, these results will be expressed 

using an average of the two constants shown above. Therefore, 

for this study the experimental data will be represented by: 

(6.7) 

This equation is compared with the Davidson and Harrison67 

equation for bubbles forming at a protruding orifice in Figure 

6.2 (k = 1.138). The results obtained by Irons and Guthrie 86 

for constant frequency bubble formation in liquid metals have also 

been included. The equation which these researchers used 

differs from the general equation for this flow region. Based 

on their experimental results Irons and Guthri~6 developed the' 

following empirical equation: 

V
b 

= '0.08 QO.87 dO. 44 
n,o (6.8) 

where Q = gas flow rate in mIls, 

d -= outside nozzle diarneter in cm and n,o 
J 

1 Vb = equivalent bubble volume in ml / 
The dependence of the outer nozzle diameter was applicable 

for d < 35 mm. Above this diarneter no further dependence n,o 

on outer nozzle diameter applies since the nozzle then behaves 

like an orifice. In the present system, inside and outside 

diameters were very simi~ar so this factor was eliminated. 

Irons arid Guthrie's87 results compare weIl té the Davidson 

and Harrison67equation for the aqueous system. The results 

'. 
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obtained by the present author indicate the sarne trend as 

Davidson d H . 67 an arrl.son but the predicted bubble volumes are 

larger. This is readily explained when the equations des-

cribing these two curves are compared. The value for the 

constant term in equation (6.6) is significant1y higher for 

th~ experimental values (4.70 vs 1.138). To explain these 

discrepancies, the aspects which differ between the two systems 

must be evaluated. 

The bubbling experiments on which the theory is based 

were performed under practically isothermal conditions. Con-

sequent1y, the bubbles formed at the orifice did not undergo 

any thermal expansion. For the boiling of liquid nitrogen 

this is far from reality. Since the gas phase leaves the tube 

at a temperature equal to the boiling point of liquid nitrogen 

(77.2 K) the bubbles rapid1y expand upon contacting the warmer 

wa ter. To investigatè how strongly this would affect the 

predictions of Davidson and Hàrrison,67 thi~ gas expansiçn had 

to be considered. Assuming that the gas leaves the tube at 

77.2 K, arbitrary increments of 50 K to the bubble temperature 

J yields a series of equations describing bubble size. The 

results are plotted as a function of the gas temperature and 

gas flow rat~ in Figure 6.3. The experimental results are 

included for comparison~ From this grap~ agas temperature of 

100 K between the moment of bubble formation and time of bubb1e 

diameter measurement allowB bubbling theory to be matched with 
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experimental results. An attempt was made to measure the 

temperature of the gas bubbles as they lifted pff from the 

tube. Unfortunately thè residence time of each bubble at the 
\ 

temperature probe,was tao short to register any tempe rature 
, 

changes. Observations indicatedthat the bubbles incur most 

of their expansion close to the nozz1e opening. After approx-

imate1y 50 mm of rise,bubbles have reached thermal equilibriurn 

and stop expanding. Since the bubble size is measured 10-20 mm 
~ 

abo,ve the nozzle opening it is the author' s opinion that the 
-

bubble tempe rature could easi1y rise by 100 K. 
.. 

Exarnining the orifice Reynolds nurnber (ReO) for these two 

tests also yield sorne insight, into the precise bubbling region. 

~n Table'6.1 ReO is listed against the bath superheat. These" 

tests encompass the range of Reynolds numbers between 2,500 
( 

to 13,000. According to the classification given by valentin61 

(see Chapter 3) gas f10w wou1d not fall in the constant 

frequen{::y region b,l,lt rather the turbulent region. The transition 

point which was given by Valentizflis approximately at Re
O 

= 

2~00, sa the results presented in Table 6.1 are at the low 

end of the turbulent region. Consequently it is quite plausible 

and has been previously shown that the constant frequency region 

solutions still apply • 

h "' 'h' hl' , 61,70,71 T e v~sual ~nterpretat~on w ~c severa ,~nvest~gators 

reported for this region was substantiated in the present work. 

The formation of double and triple bubbles was frequently 

observed and sorne evidence of'their existence was.presented 

"\' .. r, 
')"" 
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TABLE 6.1, 

Th~ Orifice Reynolds Number As A 

Function Of The Bath Superheat 

Relnolds Nurnber 

'-{J,uperheat (K) Glass A1wninum 

, , , 

P 2894 2271 
"-

5.5'",- 3241 
.P 

2689 , 
" 

10 3067 

14 3784 3379 

20 4265 4009 

30 5070 5111 

40 5960 6370 

50 6931 7791, 

60 8099 9543 

70 9012 Il,306 

80 
J 

10,353 12,830 
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in Chapter 5. The phenornenon which valentin
6l no~ed about 

one bubble "sucking, in" the next one was part:icularly prevalent 

in the present experiments. 

Combining the above ideas with those presented in Figures 

6.1 - 6.3, the flow issuing from the tubes can be described 

as turbulent but in the 10wer end of the turbulent region 

where the solutions of the constant frequency region still apply~ 

One point of contention between this classification and the 

present experimental results is ,the effect of the nozzl'e 

diameter. 
71 

Several researchers, particularly Liebson et al. , 

found that the dependency of the bubble size on the nozzle 

size drops off drarnatically for Re
O 

> 2,000. The strong linear 

relationship between the nozzle and bubble diameter which was 

opserved in this study contradicts these findings. A factor 

which may explain this difference is the absolute'size of the 

experimental nozzles. 
r 

The bulk of the work published for 

s,ubIl)erged orifi~es was based on very small nozzles, typically 

1 to 5 mm. In this study, muçh larger nozzles wer~ used 
C '-.:_. . 

ranging between 5 and 30 mm. 

6.2.3 Freely Rising Bubbles 

From the .video analysi's, 'the~ze and rising ~élocity of 

the stable bubbles generated from the boiling nitrogen were 
, 

evaluated. Although these values are not direct1y related 

to the magnesium bubbles for.med in hot metal because of the 

inert nature of nitrogen, the y were measured to provide a better 

., . 
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understanding of the model. Summarizing the results, terminal 

rising velocity between 318-462 mm/s were measured while the 

corresponding stable bubble size fe1l between diameters, of 

10.6 to 69.9 mm. Taking the average terminal ve1ocity, the 

bubble Reynolds and EôtVôs nurnbers can be evaluated. Therefore: 

PL d U 
ReB = e 

/" Il 

and 
g fj,p d 2 

e 
EO = cr 

where PL'~' (1 = density viscosity and surface tension 

of the fluid medium, respectively 

de = equivalent bubble diameter 

U = terminal rising' velocity 

g = acce1eration due to gravit y 

6p = density difference between the gas and 

liquid phase 

(6.9) 

(6.10) 

For the data presented above on nitrogen bubbles rising through 

water: 

and 

1230 < .ReB < Il,780 

14.7 < EO < 616 
-4 
:A' 

Comparing these values to the ·"bubble map" presented in 
1 

Figure 3.9 indicates the existence of two ~ossible types of 
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bubbles, spherical cap or wobbling bubbles. However, when 

the critical value of EO = 40 bordering between the two 

bubbles types is consi8ered in equation (6.1Q> the corresponding 

critical bubble diameter equals 17.8 mm. This implies that 

bubbles with a diameter greater than 17.8 mm w~ll be spherical 

cap and those bubbles which ar~ smaller will be wobbling or 

ellipsoidal depending on the bubble's Reynolds number. Such 

small bubbles can only be generated by the 5.0 mm diameter 

tubes (see Appendix A). Consequently, the bubbles issuing 

from aIl of the other tubes are spherical cap in nature while 

the bubbles from the smaller tubes' are usually wobbling,. 

It is difficult to extrapolate these results to the 

magnesiurn system. A magnesiurn bubble rising through liquid 

iron is continually changing in size due to dissolution re­

actions~with the iron and a constantly'lessening pressure head. 

The results which have just been presented would only apply 

very close to the noz'zle. ,However, the indications are that 

for larger nozzles, sPherical cap bubbles will predominate. 

6.3 DISPLACEMENT - STAGE THREE \, 

After the steady state boiling stage has been weIl 

established, displacement of the gas phase by the surrounding 

liquid begins. Displacement continues until the nitrogen gas 

in the tube is completely displaced and vaporization is complete. 

During this stage the heavier water penetrates the gas phase 

and accurnulates in the bottom of the tube. As time passes the 

arnount of water collected in the' tube incr~ases as i t steadily 

\ 
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displaces any remaining liquid nitrogen and cold nitrogen 

gas. As was noted in the previous section, displacement does 

not seem to affect the rate of steady state boiling. Whether 

a tube is nea~ly full of water, half full or empty the flow 

issuing from the nozzle remains constant. To understand the 

events occurring inside each tube, a brief series of experi-

ments were performed to evaluate tempe rature changes at a 

selected point inside the tube .. These:~esults will be presented 

before outlining the criteria limiting the inflow of Water. 

6.3.1 Displacement: Heat Transfer 

Once visual observations confirmed infiltration of water 

into the tubes, it was essential to evaluate the temperature 

of the tubes" contents as a function 'of time. Thesè measure-

ments would help determine if heat is transferred to the 

boiling mixture from the inflowing warm water. A glass (22.5·mm 

inner diameter) and an aluminum (20.0 mm inner diameter) tube 

were equipped with two thermocouples as indicated in Figure 6.4. 

The center thermocouple had an exposed junction to yield a 

fast response to changes in temperature·. This thermocouple 

was placed at approximately 1/3 the length of the tube below 

the tube's Mouthe 

The second thermocouple was placed on the outside wall at 

the sarne height as the center thermocouple to record changes 

at that point. This thermocouple was extremely thin, with a 

foil sensor for the fastest possible response time (Omega
j 

Engineering Inc. #COl-E). Both thermocouples were made of 

, 
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( 



c. 

( 

" f 
1 --___ -"" __ 0 _ 

\ & 

. . -. . . . . . . ,.' 
.. ~ ". . ' 

Ta MICROPROCESSOR 

ERMOCOUPLES 
~ 

WATER 

Figure 6.4 Details of an fnstrtlmented Nitrogen Conta~ning Tube. 

221 



( 

chromel-constantan (type E) to supply the highest possible 

voltage output for the cryogenie temperatures investigated. 

The ana log signaIs generated by the two thermocoupl~s were 

logged and processed using a data acquisition system based 

on a Motorola 6809 microprocessor. 
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The results of two typical tests are shown ln Figures 6.5 

and 6.6. The curves for the balance of this test work are 

given in Appendix B. The point in time when the tube was 

immersed was signified by a 1arge change in the outside wall 
• 

ternperature. Init,ially both thermocouples are at 78 K as the 

tube was filled with liquid nitrogen. When the tube was 
~ 

immersed and the outside wall contacted the warmer water the 

ternperature at this point rapidly rose. The tempe rature of 

the nitrogen liquid and/or gas rernained at 78 K until the level 

of the incoming water contacted and passed the thermocouple. 

At this point the temperature of the inner thermocouple rapidly 

rose to approximately 273 K. 

This behaviour confirmed two important points. During 

the boiling reaction the liquid nitrogen only changes state, 

and did not subsequently heat up. This was probab~y due to 

poor heat trarisfer through the gas phase. The infiltrating 

water had no effect on the gas temperature and only,physically 

displaces the nitrogen. 

The outside thermocouple did not actually measure the 

wall tempe rature due to the formation of an ice film on the 

wall. For both graphs, this tempe rature rapidly increased 
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to between 250-260 K and then slowly increased to the melting 

point of the ice (273 K). As would be expected, the temperature 

of the ice phase on the aluminum tube did not increase towards . 
273 K as rapidly as in the glass case" owing to the superior 

thermal conduction properties of aluminum. Thus, since heat 

is more rapidly transferred tnrough aluminum, a heavier ice 

shell forms and the tempe rature within this film takes longer 

to be affected by the convective heat transfer through water. 

As the water forces the nitrogen out of the tube there is 

a great deal of turbulence at their interface. The deflection 

shown in Figure 6.6 for the center thermocouple confirmed this. 

In this case the thermocouple was first irnmersed in the water 

then back into the cold nitrogen gas before finally being com-

pletely immersed in the water. 

Summarizing, the infiltrating water May only contribute 

a small amount to the heat balance for the vaporization of the 

liquid nitrogen. However, the inflowing water does physically 

displace the nitrogen vapour so an understanding of the criterion 

limiting inflow will be beneficial if this stage of the total 

mechanism is to be controlled. Once the Iiquid nitrogen __ 

vaporizes, it becomes difficult to transfer heat through the 

vapour phase and consequently, this phase remains at its 

boiling point until it Ieaves the tube. 
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6.3.2 Criteria Limiting Displacement 

Throughout the presentation of the results the smallest 

tube (5.0 mm inner diameter) has often been the exception to 

the trends established for the larger nozzles. It has been 

visually confirmed that there is no water infiltration for 

the smaller tubes. The ramificati9ns of this fact have been 

evident in other tests as welle As the tube diameter is 

decreased the proportion of gas initially ejected 

increases. For the smallest tubes there is a rapid initial' 

ejection of nitrogen gas followed by a long' slow bubbling 

period due to the expanding nitrogen. The tubes remain full 

of gas at the end of the test and only upon vigorous shaking 

can this gas be removed. 

Table 6.2 summarizes the orifice and bubble Reynolds 

number as a·function of ttiQe diameter. The Eôtvôs number 

describing the ratio of the rising bubble's gravitation to 

surface tension forces is also included. The fLow issuing 

from the smaller tubes typified by Reo is rnuch lower indicating 

the increasing dominance of surface tension forces at the 

orifice. The restricted flow through the smallest nozzles 

leads ta smaller bubbles re~lected by the drop in value of 

the'Eôtvôs number., For these tubes, the decrease in flow is 

so large that bubble formation is no longer described by the 

constant frequency region bu~ rather by the constant volume 

region. Since the value of the Eôtvôs number falls below the 

critical value of 40, the bubbles formed from these tubes faii 

in the wobbling not the spherical cap regirne. 

~ , 
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TABLE 6.2 

Flow Characterization for Several Nozzle Diameters 

Q, 

Nozz1e Diameter Orifice Reynolds Bubble Reynolds Bubb1e EHtv8s 
(lIUIl) Number Number Number 

30.0 15,500 3,700 627 

20.0 12,000 2,700 273 

10.0 3,100 1,300 65 

5.5 480 1,550 15 
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This dramatic change in flow can be understood when the 

properties of the two fluids are taken into account using 

Taylor's instability theory.83 As out1ined in Chapter 3, near 
'J 

the critical values given by the Taylor instability calculation 
1 

the effects of surface tension can balance and exceed the 

buoyancy or gravitational forros. 

If a bubb1e growing at the nozzle opening is considered 

as a perturbation between the gas and 1iquid phases then the 

implications of the instabi1ity calcu1ations can be considered. 

Since for the water/nitrogen system, the critical wavelength 

(Àc ) equals 17.3 mm, bubbles growing at nozzles of diameter 

greater than 17.3 mm will be unable to block the inflowing 

water. In these cases, the surface tension forces are not 

strong enough to retard the gravitational forces of the water 

on the bubble surface. Consequently, water easily flows into 

the tube and displaces the contents. The high values for the 

orifice Reynolds number given in Table 6.2 for the 20,and 30 mm 

tube substantiati this facto 

As the diameter is decreased to a region between the 

critical wavelength describing fully developed countercurrent 

flow and half the critical wavelength, <th~ water inflow becornes 

restricted. At the critical waVeleng~, a' fully developed wave 

exists between the two unstable fluids. Consequently, the 

surface tension forces of the gas begin to effect the rate" of 
" 

water inflow\while at values greater than Àc' the rate of 
\ 

water inflow controls the speed of gas ppase displacement. 

, , 
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As the nozzle diameter is decreased to the region bet~een 

Àc and Àc/2 , the surface tension associated with the bubbles 

forming at the o~ifice begins to restrict infiltration-of 
'"' 

water. The rate of displacement is then dictated by the 

release of stable gas bubbles. Again this is reflecteç by 

the decrease in the orifice Reynolds number shown in Table 6.2. 

Upon further decreases in diameter of the tubes below 

Àc/2 = 8.7 mm, the surface tension forces domlnate at the 

orifice. Unlike the larger tubes, when a bubble forms at.the 

nozzle, ùhe surface tension forces exceed the buoyancy force 

due to the density difference between the gas and liquid 

phases. According to Taylor instability theory there shoulp 
" 

be ~solutely no flow from the 5 mm nozzles. This is in fact 

true at the end of th~ experiment when agas column remains 

in the tube, but during the experiment fluctuations in the 

system cause the bubbles to lift off. Fluctuations can include 

currents in the water, wetting properties of the tUbe material 

and the expansion of the gas. For aqueous systems, Davidson 

and rur:ick87 reported " ... stable stationary bubbles could not 

be found at an orifice having a diameter of 7.9 mm but stable 

bubbles formed at an orifice of 6.4 mm." Thus the critical 

wavelength predicted by'Taylor instability must only be taken 

as a guideline ang not a precise transition point indicating 

stability. In fact, stability is rarely achieved at the 

critical values due to random fluctuations in the system. 

Consequently, the critical dimension of the experimental 
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apparatus, in this case the tubes, must be smaller by one 

third to one half À /2 to observe the effects of stability. c 
'J 

This is why the decr~ased flow rate and residual gas vçlume 

were only observed for the 5 mm diameter tubes. 

Gas flow is not completely restricted due to the large 

229 

expansion forces associated with first boiling liquid nitrogen 

and then warming of the cold nitrogen gas. When the surface 
" 

,tension forces equal and exceed the expansio~ forces, flow 

from the nozzle is eliminated. The flow from tubes of à 

diameter less th an Àc/2 only include the ,first two stages of 

the general boiling mechanisrn., As the tubes are immersed, a 

large volume of gas is ejected into the surrounding mechanism 
''\ 

because of the initial gas expansion. Bubbles continue to form 

at the nozzle until the tempe rature of the 'gas phase approaches 

the ambient temperature. At this point, the expansion of the 

gas decreases and the surface tension forces at the nozzle 

terminates the outflow of gas. The residual gas in the tube 

remains there indefinitely if the tube walls stay intact. 

6.3.3 Ethyl\ Ether and Water System 
\ 

To confirrn the restricted flows predicted by Taylor 

instability, a second system was investigated. Ethyl ether 

was chosen ta simulate the density of liquid nitrogen so the 

displacement between liquid nitrogen and water could be 

examined. 1he properties ~f ethyl ether are summarized below: 

" ~ 
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Property 

, 
Density = 707.9 kg/m 3 

Interfacia1 tension 

ethy1,ether to water. = 0.0107 N/m 

Each of the glass tubes was fi11ed with ethy1 ether and 

p1unged into water. The time for the ethy1 ether to buoy 

out of the tubes was measured. Since ethy1 ether is non-gas 

evo1ving it wou1d be inappropriate to compare the flow rates 

of this system to the volatile case. Instead the total time 

for the ethy1 ether to buoy out of the tubes was compared to 

the total time for gas evo1ütion for 1iquid nitrogen. These 

resu1ts are shown in Table 6.3. 

For the ethy1 ether/water system the critica1 wave1ength 

is ca1culated from equation (3.40) and equa1s 12.1 mm. For 

the intermediate diameter between À and À /2 = 6.1 mm the c c 

total time for the water to disp1àce the ethy1, ether is slight1y 

olonger indicating restricted flow. The,total times measured 

for the sma11est tubes confirm the near total restriction of 

flow. Ethy1 ether does !low from the,5 mm tube since this 
1 

diameter is close enough to Àc/2 \0 be susceptible to sma1111 

fluctuations in the system. In any event the f10w is still 
/ 

dramatica11y reduced as tube diameter is decreased to 1ess 

than Àc/2. 

These tests, indicate the importance that the physica1 

forces of gravit y and surface te~ion have on the rate of 
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TABLE 6.3 

Comparison of the Displscement of Ethy1 Ether to' the Vaporization 

of Nitrogen for Several Tubes 

Tube Diameter Buay Out Time Vaporization Time 
_(nm) for Ethy1 Ether(s) for Nitrogen (s) 

30.0 5.8 7.4 

20.0 5.4 6.1 

10.0 6.1 6.1 

5.5 >360 ex> 
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ni trogen evolution.· forces which must be dealt 

with ta understand the role of displacement in the magnesiurnj 

hot metal system. 

6.4 INITIAL EJECTION - STAGE ONE 

The immersion of each tube is characterized by a large 

initial ejection of nitrogen. The nature of this ejection is 

complex and remai~s as one of the most puzzling aspects of the 

present work. As a tube is immersed in water there are several 

possible ways la;ge gas volumes can be generated. 

As the liquid nitrogen at the opening of the tube contacts 

the warmer water, it rapidly boils creating a large gas volume. 
'1 

As a liquid, nitrogen has the ability to generate considerable 

quantities of gas. From the ideal gas law: 

where 

but 

where 

PV = nRT g 

P = absolute pressure exerted, on the 

Vg = volume of the gas phase 

n = number of moles of gas in the gas 

R = ~iversal gas constant 

T = emperature of the gas 

, ------------~ vL PL ----
n= 

M 

VL = volume of the boiling 

PL = density of the liquid 

phase 

species in 

(6.11) 

gas phase 

phase 

(6.12) 

the liquiçi state 

M = molecular weight of species considered 
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Substituting the above into (6.11) and solving: 

v 
9 

Assuming atmospheric pressure and solving thé above for 

1iquid ni trogen : 

PL = 808.1 kg/m 3 

R = 8314.1 pa-m 3/kg mole K 

T = 77.5 K 

M = 28.01 kg/kg mole 

p = 1.013 x 105 Pa 

and 
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(6.1:3>' ------

(6.14) " 

The tempe rature shown above was se1ected sinee previous 

experiments indicated that the nitrogen leaves the tube as a 

gas but at its boiling point. As the tube is immersed into 

the water 1-2 ml of 1iquid nitrogen direct1y contacts the water. 

Based on equation (6.l4J, this contact would rapidly generate 

184-367 ml of nitrogen gas. 

Once the tube is complete1y immersed the conditions for 

heat, transfer to the n~trogen are excellent. The 1iquid 

nitrogen at the outside wall of the tube will rapidly boil 

and leave the tube. Since gas is generated from the entire 

periphery of ~he tube, the rising, expanding ga~ bubbles carry 

sorne of the remaining liquid out of the tube. As this two phase 
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mixture contacts the water it rapidly expands due to the large 

convective heat transfer in water. This process continues 

at a decreased ra'te as drops of liquid nitrogen contact the 

sides of the tube. As the proportion of gas in the tube 

increases the turbulence breaks down and the steady state 

boiling stage pegins. 

Via a combination of the above steps a large quantity of 
. , 

the total gas produced is rapidly ejected into the surrounding 

fluid as the tube is immersed into that fluide It was difficult 

to distinguish the exact stages and steps which describe the 

initial blast of nitrogen. Only the magnitude of the blast 

could be measured by balancing the total gas volume which 

evolves during steady state boiling to the total quantity of 

nitrogen produced. The total volume of gas which must be 

produced can be calculated by entering the volume of liquid 

nitrogen irnrnersed contained in the tube into equation (6.14). 

For steady state boiling the quantity of gas produced can be 

deduced by multiplying the flow rate for each test by the 

length of the te~.r Although steady state boiling does not 
./. 

last for the ent1re test it is responsible for up,to 90% total 

time of each experiment. The difference between these two 

values equals the amount of gas lost during the initial ejection 

step. Represented as a percentage of the total volume, the 
~ 

proportion ejected for each', of the investigated variables 

(superheat, angle, diarneter, etc~) are shown in Figures 6.7 

6.10. The results for the different shell materials used 

throughout the experiments are listed in Table 6.4. 
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Orientation (SH - 80 K). 
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TABLE 6.4 

Initial Gas Ejection for the Shell Material Tested 

'" 

Material of Total Steady State % 
Construction Gas Vol. (1) Gas Vol. (1) Ejection 

Aluminum 11.31 9.70 14.2 

Pyrex 10.13 2.79 72.5 
f 

( Graphite 8.67 2.12 75.6 

( 
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Unfortunately, the resulting curves are somewhat contra-

dictory p~rticularly for the alurninum tubes. Figure 6. 7 shows 

the ejection trend as a function of the bath temperature. For 

both tubes there i8 a drop in the amount ejected with 

increasing temperature. 

As temperature increases the expanding gas must block off 

the ejection of Iiquid nitrogen. The effec~ are more pro-

nounced for the aluminum tube due to the greater,ease for thermal 

,cond~ction during the first instants of immersion. When the 
f' 

amount ejected is compared with the/tube diameter, discrepancies 

arise. The curves for the pyrex and alurninum tubes are shown 

in Figure 6.8. The amount of gas ejected from the pyrex tubes 

drops with increasing diameter. This would be expected due to 

the increase in the volume to surface area ratio for larger, 

tubes. Unfortunately, in the case of the aluminum tubes there 

is no correlation between the data points. The reasons for 

this are uncertain and this discrepancy can only be eliminated 

with more experirnentation. 

As the length of the tubes is increased there is a slight 

increase in the quantity~of gas ejected. For the longer tubes 

the possibility of carrying out large quantities of liquid 

exists since the initial bubbles rise through more liquid 

nitrogen. The srnaller aluminum tube (10 mm inner diameter) 

ejects much more nitrogen (approximately 65% N2 ) than its 

larger counterparts (20 mm inner diameter) 'shawn above .r· The 

results for the smallest aluminum tubes are also shown although 

there is insufficient data to make any conclusions. 
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The higher amount" of gas ejected by the 10.0 rmn diameter 

aluminurn tube is further confirmed by the tube orientation 

results shown in Figure 6.10. Again the average amount of 

gas lost due to the initial ejection of gaseous nitrogen is 

approxirnately 60%. Why tubes both larger and srnaller th an 

20.0 mm inner diameter eject much more than this particular 

size is not understood by the author. Only further investiga~ 

tion into aIl of the aluminum tubes can eliminate this discre-

pancy •. 

The curves cited above neither support nor confirrn the 

theories of ejection which were presented earlier. These 

èurve~ only serve to show the relative amounts of gas which 

lare evolved due to the initial ejection step. For the bulk 

of the tests more than half the gas was ejected in this fashion. 
; 

Although difficult to study, this is an area where further 

work is required. 

6.5 SUMMARY 

_T~e results of the experimental prograrn were discussed 
f !.J / 

~ '~~4J,1 ~ '~ J _ 

in det~ll and a three stage mechanism describing the entire 

phenomenop was identified. The steps of initial ejection, 

steady state boiling and gas phase displacement were aIl des-

cribed and the criteria limiting their effectiveness were 

highlighted. The first stage, initial ejection, proved to be 

the most difficult to explain due to its short duration. 

However, its importance in quickly injecting more than 50% of 

the gas phase into the s~rrounding fluid must be remembered. 
\ 
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The steady state bubbling step was characterized by bubbles . 
b 0 

being formed and released at constant intervals 0 The _ gas _ 

flow for thi? stage was weIL uiiderstood and can be described 

mathematically using the equations from the constant frequency 

region. 

The 

through 

displacement stage was also weIl" understood and 

balancing the(,bUOyancy and surface tension forces of 
1 -

bubbles forming at the ~rifice, the rate of displacement of 

the gas phase could be decreased and even eliminated 0 A 

critical tube diameter for countercurrent flow was determined 

based on the physical properties of the surrounding f,luid. By 

eliminating this stage of the mechanism the overall time 

required for the boiling phehomenon is gre.atly decreased. 
) 

Unfortunately, à residual volume of gas is left trapped in the 

containing shello 

A second important point concerning displacement is the 
~ 

effects of the physical forces. In the final stage the rate 

of displacernent and hence the total reaction tim~ is completely 

based on the forces of gravi ty and surface tension. For very 
1 

large openings the inflowing water essentially pushes the Jas 

phase out of the tube. As the diarneter decreases to less 

than the critical value predicted by the' theory of Taylor 

instabili ty, the displacement is limi ted by the gas leaving 

the tube. In these cases the gas can effecti vely, b1.ock off 

the incoming Iiquid,through surface tension forces. Once the 

diameter is decreased to less than Àc/2, the flow at the nozzle 
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, ) ;'r' 
is entirely limited by the surface tension forces. l'rhé g;s// \ 
is only injected into the'surrounding fluid due to its ex-

pansion since the inflow of water is eliminated. 

In summary, the' flow issuing from'a tube can be described 

boy the three stage rnechanism presented in this chapter. 
~ 

Each 

stage is unique and has its importance in characterizing the 

speed and nature of the boiling for every immersion experiment. 
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CHAPTER 7 

INDUSTRIAL IMPLICATIONS AND CONCLUSIONS 

7.1 INTRODUCTION 

The. objective of this final chapter is to extrapolate 

the results of the physical model to those of industrial 

244 

,". systems involving volatile additions to l:î:1a:uid, irone In so 

doing three possible bullet designs are presented and the most 

promising recommended. Before describing each bullet, sorne 

general comments derived from the model will be applied to the 

formation of magnesiurn vapour. 

, 7.2 MAGNESIUM BULLETS: GENERAL· 

One of the most important facts derived from the low 
~. 

temperature rêsults is that magnesium liquid should not cause 

explosions provided the vapour is supplied an opening through 

which td escape. This observation was made for ,liquid nitrogen, 

~qich i considerably more volatile at room temperature than 

magnesi at 1523 K. Since modified bullets break open wh en 

the ad ition is in the ~iquid state there~is no containment of 

the varour phase by any frozen shell of irone consequently, 

modifi' d bullets offer an 'explosion proof' technique for 
.. 

the a of magnesium to hot metal. This ensures that no 

catas rophic events would be attributed to the magnesium 

vapou. It has partly been this fear of explosions which has 
;' 

to da e l~mited the development of magnesium bullets. 

1 
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When designing a magnesiurn bullet it is evident that the 

1engthy steady state boi1ing stage must be eliminated as far 

as' possible. The boi1ing times of 6 to "16 seconds recorded 

in th~ 10w temperature!physica1 mQ?e1 would be far too long 

for the suqsurface injection of magnesium vapour. The total 

available immersion time wou Id be quite short for magnesium 

bu1lets, due to their limited penetration in hot metal and 

the short amount of time they take to buoy ta the surface. 

To shorten the steady state boi1ing step, the other two 

stages , particu1ar1y the displacement stage, should be closely 

exarnined to see how changes in these stages affect the reaction 

time. 

The critical diameter for the countercurrent flow char-

acteristic of the displacement step can be evaluated for the 
83 

hot metal/magnesium system by Taylor instability theory. , 

From Chapter 3: 

'\ ::: 2 ( cr )! 
I\c 1T ~pg (7.1) 

where 
À = pritica1 wave1ength describing the balance between c 

the surface tension and gravit y forces 

cr ,tlp = inter facial tension and density diffefence between 

the two f1uids, respectively 

9 = acceleration due to gravit y 

J 
{ 
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For the hot metal/magnesium vapour system: 

cr = 1.87 N/m88 

IJ.p = Piron = 7070 kg/m 3 

g = 9.81 rn/s 2 

Consequently, 

À = 32.6 mm c 

The important value for restrictive flow ls Àc given above 

whi1e f10w can be ~~irninated for bu1let diameters less than 

Àc/2 = 16.3 mm. 

The value for interfacial tension listed above assumes , . 

that the level of dissolved rnagnesiurn in the iron is low because 

of the desulphurization reactions. For higher.levels of 

dissolved magnesiurn, the interfacial tension between the iron 

and rnagnesiurn vapour would rise. This change in surface 

tension has ~een given by Selçuk and Kirkwood
89 

and is shown-

in ..... Figure 7.1. If higher levels of dissolved magnesiurn are 
'" " 

attained in the rnelt then the surface tension and hence À c 

would rise. The critical wavelength would have to be recal-

culated using a revised value for surfape or interfacial 

tension. For rnagnesiurn desulphurization of iron this factor 

was neglected. 

For the model, the physical forces were predominant in 

deterrnining the rate at which the gaseous phase is displaced. 

In liquid metals, these forces should be much larger, parti­

cularly that of surface tension and hence the flow in this 

--~~---~. ___ 0 "v"(\_'''''''> ___ ~~~'''''~I'<O","Il.~" ....... ç~".ç't."u,:~''i'f''-'_'''''''''' ,...........r __ ....-.. ..... _ ~ .... ~"'_~""""''O;-,~"' ___ ..... _ J. "."", _ .......... '--,_, ..... !".~*};~1:~~77 
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stage should be more sensitive to their values. This is not 

to say that the predictions given by the Taylor instability 

calculations do not apply, rather wher~gravitational forces 
1" 

dominate the rate of gravit y drivèn flow should increase. 

For instance, when the tube diameter exceeds Àc and the ,inflowing 

liquid pushes the vapour phase out of the tube, the rates'for 

this reaction should be greater in iron than water for a given 

diameter since it is much more difficu~t for the gas phase 

to support the much h~avier iron • ... 
. The auth?r expects that the other two stages, initial 

/ .. 
ejedtion and"steady state boiling, would be similar to those 

x, 
observed in the physical model. Based on these gene'r,al facts 

three potential bullet designs wete formulated and each will 

be presented in the next few sections. These three designs 

are shown schematically in Figure 7.2. 

7.2.1 Bullet Design - Type l 

The first bullet was designed to eliminate the third 

stage of the boiling mechanism (i.e. final displacernent) and 
, " 

thus limit the Magnesium los ses by shortening the steady state 

boiling step. The bullet would bréak open at the center to 

form two half shells full of Magnesium liquid. To assure 

stability at the orifice, the bullet diameter should be approx­

imately one ~hird less than Àc/2 ~ 16.3 mm. Co~sequently, 

10 mm will be chosen. To assure good penetration of the steel, 

the design will be based on a length of 200 mm. 
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Using the hydrodynamic analysis ~iven in Chapter 2 the 
''0 

res ident times which these bullets should have beneath the" 

melt can be estirnated. Assurning that the bullet was shot te 

the bottom of a hot metal transfer ladle and consequently had 

2.5 m of hot metal to rise through, buoying up times can be 

evaluated. 
8 

Using the 'technique developed by Tanoue et al., 

an optimistic value for the terminal velocity can be calculated 

from: 

where UB = the terminal rise velocity 

Pf' Ps = densi~y of iron and magnesium respectively 

VB "" volume of the bullet 

AS = cross s~ctiena~ area perpendicular to the flow 

Co = drag coefficient 

(7.2) 

E~trapo1ating from Figure 2.4,n = 260 m-1 for L/D = 2~ Since 

b = 29.91 for the magnesiurn-iron system the terminal ri se 

velpcity equals 0.34 rn/s. Based on a maximum available 

immersion depth of 2.5 m and that buoying up takes 90% of the 

immersion time, the type l bullet should remain below the iron 

. surface for 8.2 s. 

------_._._~------------ -
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Since the last stage of the boiling mechanism wOuld 

have been eliminated, the bulk of the magnesium should be 

released by the initial ejection of liquid and.gas as the 

magnesium begins to boil. For the low temperature model this 

took 1-2 s. Since heat is tran~ferred four times faster for 

the mOdel, at elevated temperatures this stage would be 

longer, consuming 4-8 s. 

Taking Mucciardi' s9 best \ results for modified bullets, 

the magnesium liquid would be initially released after 2 s 

of exposure to the melt. When these two times are combined 

the total required time to inject the magnesium would range 

from 6-10 s. Since the immersion time is 8.2 s the magnesium 

should be released below the melt surface. Unfortunately, 

the total immersion time would probably be less than 8.2 s. 

As discussed in Chapter 3, the immersion times estimated by 
8 fl Tanoue et al. tend te be sornewhat high. Consequently, the 

• 

magnesium would probably be released at or near the melt 

surface ,resulting in poor cliemical efficiencies,for desulphuri-

zation. 

7.2.2 Bullet Design - Type II 

The second bullet was desig~ed to exploit the larger 

gravitational forces which exist in hot metal. To do this 

the bullet diameter should be larger th an the previously cal­

culated critical wavelength of 32.6 mm. Under these circum-

stances the displacement stage would be accelerated by the 

'-11 
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flow of the heavier irone The steady state boiling step 

would be shortened through the earlier initiation of a faster 

displacement. The type II bullets should be 35 mm in diarneter 

and 400 mm in length yielding the minimum L/D = Il.5 fpr good 

penetration of the oot metal. The thermal resistance should be 

located auch that the bullet breaks in one location producing 

two half shells. 

Following t?e analysis given for the type l bullets, the 

larger type II hullets should buoy up at 0.59 mis. Based on 

the maximum immersion depth of 2.5 m the total immersion time 

would be 4.7 s. Without doing an inv~lved analysis it can 

be safely said that these bullets would suffer large inefficiencies. 
Q 

The melting of the magnesium and the initial injection of gas 

should be the sarne as the type l bullets taking 6-10 s. The, 

type II bulletswould 'have surfaced before starting the long 

steady state boiling and displacement steps. 

As is evident for the first' two designs it is difficu.lt,· 

if not impossible, to get these two types of bullets to release 

their contents substantially,below the melt surface. The light 

Magnesium bullets rise too fast to enable the Magnesium vapour 

to be injected into the melt fOllowing the three stage boi.ling 

process developed from the low temperature model. As will be 

demonstrated, the third bullet uses an intermediate design to 

eliminate'these problems. 
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7.2.3 Bullet Design - Type III 

The key to this final design is to break the bullets at 

two rather than one location. This would produce two open 

ehded cone shaped shells and a central tube open at both ends. 

AIl three sections would contain liquid Magnesium once the 

bullet broke open. 

The MoSt important aspect of this design would be the\open 

ended tube. With no restriction at the bottom of the tUbe,' 

the iron should quickly enter the lower opening of the tube and 
, , 

force the boiling Magnesium out. Since there is a l~rge driving 

force in terms of density differenees, this step should oeeur 

very rapidly. Unfortunately, the author has no quantitative 

results to substantiate this mechanism and it is only based 

on visual observations. However, it is estimated that the 

displacement would be very rapid and well.within the allowed 

4-6 s for an intermediate sized bullet (e.g. 20 mm in diameter).' 
,-

This would expose a large quant,ity of liquid Magnesium and 

newly formed Magnesium vapour to the hotometal. As the mag­

nesium liquid contacts the iron problems May arise if large 

gas bubbles or agas column is formed. Large quantities of 

gas would be diffieult to dissolve an4 May lead to splashing 

of the hot metal. 
. 

This type of quick release was observed for the test work 

done using the gallium,tube (see Section 5.3.4). In this case 

a large quantity of liquid nitrogen was rapidly exposed to the 

water. The result was a very large gas column which in turn 
\ 

\ 

___ M ___________ • ___ ~~ ... _____ ............ __ ~ __ 

• ; 
; 

1 
1 , 



( 

254 

produced a substantial amount of splashing as it broke the 

surface. By using smaller bullets this effect would be mini­

mized but not eliminated. It is considered that a bullet 

20 mm in diameter by 250 mm in length would achieve the best 

results. This length to diameter ratio would be large enough 
'r 

to easily permit deep penetration into the melt whi+e the 

addition volume would be small enough to limit the size of the 

gas bubbles produced upon vaporization. 

For the type III bullet, the thermal breaks would have to 

be placed on the exterior surface so as to maximize the length 

of th~ central. tube. Up to half the magnesium remaining in 

the two cone like end sections of the bullet would probably 

not be dispersed in the melt and would rernain as inefficiencies 

in the process. However, by proper placement of the thermal 

resis'tances, 90% of the magnesium should be quickly dispersed 

into the melt from the central section. 

Summarizing, this third design would appear to have the 

most potential. However, more work is needed to \\understand 

the cocurrent flow patterns which would be established for 

the central tubular section of the type III bullets. If the 

volume of the bullet can be balanced with a geometry which 

supplies sufficient penetration an excellent dispersion 

technique would seem to be possible. 
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7. 3 CONCLUS IONS 

A physical 'model has been developed to simulate the 

addition of -soli'd mâgnesium i~to hot metaI. The conclusions 

applicable to this model are outlined below. 

1) If the gas produced from the liquid nitrogen is given 

an opening through which to escape, the gaseous phase will not 

produce any explosions. 

2) A three stage mechanism h?s been postulated to describe 

the boiling of liquid nitrogen from an open ended tube. The 

three steps include the initial ejection, the steady state 

boiling and the displacement stages. 

3) More than half of the gas phase enters the water during 

the initial ejection stage. The driving force for initial ( 

ejection is the 'large initial heat flux supplied to the liquid 

nitrogen via convective heat transfer from the warm wateF 

before 'an ice shell forms. 

4) The s~eady state vapord.,zation of liquid nitrogen from 

a tube shaped container behaves like a submerged orifice. 

Although the gas flow falls in the turbulent flow region, the 

solutions for the constant frequency regime still apply. 
1 

For the experimental program, the gas flow,is descrlbed by: 

where 

V b = bubble vol ume 

Q = gas flow rate 

9 = acceleration due to gravit y 

\ 
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5) During the boiling process th'e liquid nitrogen simply 
1 

changes phase. Consequently, the gas phasEi leaves the tube at a 

temperature eqlla]] ing the boiling point. Once the bubble contacts 

the water it expands rapidly due to the warming of the gas by 

~e rapid heat transfer in the water .. 
,\ 

This expansion is the 
. 

reason why the equation g~ven above disagrees with the previous 

resûlts. 
1 

6) A critical nozzle diameter limiting the countercurrent 

flow between the water and gas phasé was observed experimentally 
(' 

J and ':.confirmed by the theory of Taylor instabili ty. Below the 
,,/ t .... , 

critical diameter surface tension forces dominate at the nozzle 

and the gravit y driven flow characteristic of the'displacement 
\ 

stage is restricted or entirely elim~nated. If the diameter 
.. / 

is selected to eliminate the countercurrent flow, the boiling 
l , 

phenomenon becomes lirnited to the first two steps, part~cularly 

the initial ejection ~tage. 

From the results obtained for the physical model, several 
• 

pred~ctions can be advanced for the rnagnesium - hot metal system. 

~) Based on the results of the physical model, a magnesium 

addition 'will not cause explosions if the Magnesium vapour i.S' 

provided an opening through which to escape . . 
2) For a rnodified bullet which is designed to break open 

in one location, the total immers~on time is shorter than the 

tirne required for the initial release and boiling of Magnesium 

1 

(>i.., addition. Consequently, it is impossibLe-to obtain the desi'red 

subsurface r~lease of the addition. 
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3) Upon,changin~ the design to open the bullets at two 

locations the rapid grpvity driven displacement of the central 

tubular section (opened at both ends) insures the quick re­

lease' of the volat~le contents. For this 'situation the bullet 

diameter should be large enough to permit acceptable penetration , 
, 

into the iron bath while limiting the total bull et volume such' 

that a relatively small quantity of gas is released by each 

bullet. It is felt that a bullet 20 mm in diameter by 250 mm 

_ in length woulc;l achieve the best results for hot metal desul-

phurization. 
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APPENDIX A 

Experimental Results . , 

In this section the results shown graphically in Chapter 

S'will be presented in tabular forme Addi~.'J"~'. details on 

the total reaction time and the calculated flow ra will 

also be presented. The data is listed variable by vari e. 

For example Table Al includes the results for the bath s 

heat tests for the aluminum tube while Table A.4 will li st the 

results for the diaméter test. In each table tbe measured and 
, . 

calculated parameters wi Il be distinguished. 
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TABLE Al 

Bath Superheat Experiment: A1uminum Tube 

~ube:- Aluminum 20.0 mm inner diameter 

MEASURED CALCULATED 

Equivalent 
Superheat Bubble Diameter Frequency Total Bubble Diameter 

(K) (mm) (Hz) Time(s) (mm) 

0 31.4 8.62 6.22 27.7 0 

------,,/ r 5.5 33.5 8.17 6 .. 00 29.6 /~ "'" 

10.0 36.9 8.70 7.45 32.6 

13.5 35.2 8.90 6.08 31.1 

20.0 40.9 '.07 8.24 36.1 

30.0 : 39.8 9.76 7.17 35.2 

40.0 53.0 7.53 8.96 46.8 

50. 0 ~""J 46.7 8.91 12.58 41.3 
~~'î,,~, 

60.5 55.2 8.97 12.88 48.8 

70.5 51.4 7.06 15.18 45.5 

t 

'1 

79.0 64.5 5.97 16.75 57.0 

-.} \ 

o , 

{ 

Flowrate 
(mIls) 

104 Î 
1 
~ 

123 l 
l 

140 1 

154 l 
~ 

183 1 
233 

~ 

! 
2911 ; 

î 
356 ) 

1 436 { 
! 

516 
~ 

586 

N 
U1 
1.0 '. :i 

l 
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TABLE A2 

Bath Superheat Experiment: Glass Tube 

Tube: Glass 22.5 mm inner diameter 

_MEASURED CALCULATED 

Equivalent 
Superheat Bubble Diameter Frequency Total Bubble Diameter 

(K) (mm) (Hz) Time(s) (mm) 

0 38.2 7.13 5.52 33.6 

5.5 41.1 7 ;'55 5.36 36.1 
13.5 31.8 8.91 5.33 33.2 

20.0 45.2 8.13 5.20 39.7 

30,,0 43.4 8.72 5.33 38.2 

40.0 46.6 6.54 4.85 41.0 

50.0 51.5 8.70 4.98 45.3 

61.0 54.0 6.JH 5.56 47.5 

69.0 55.8 6.94 7.45 49.1 

80.0 61.7 6.86 7.23 54.3 
, 

/" 

9 

~ 

r'1 

F10wrate 
(m1/s) 

149 

167 
194 

219 

261 

306 

356 

416 

463 

532 " 
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TABLE A3 

Shell Thermal Conductivity Experiment 

Bath Superheat: 80 K 

MEASQRED ~ 

'l'hermal Bubb1e 
Shell Conductivity Diameter Frequency Total 

No. (W/mk) ~ (mm) (Hz) Time(s) 

1 192.'5 64.5 5.97 16.75 
~ 

2 1.09 51.1 7.81 6.09 

3 157.5 43.5 8.14 6.03 

Shell No. 1: Aluminum tube, 20.0 mm inner diameter 

Shel1 No. 2: Glass tube, 18.9 mm inner diameter 

Shell No. 3: GraphIte tube, 17.6 mm inner diameter 
< •. 

, 

CALCULATED 

Equivalent 
Bubblé Diameter 

(mm) 

57.0 

48.2 

43.5 

~ 

r-., 

Flowrate 
(ml/s) 

579 

458 

351 
"f 
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TABLE A4 

Shel1 Geometry Experiment: Diameter 

1 
'1 

-;j 

'-., ~ 

Bath Superheat~ 80 K .. 
MEASURED 

\ A1uminum Tube: Length .. 200 DUn 

P~ 
Diameter Bubble Diameter Frequency Total 

Time(s} (nun) (mm) (Hz) 

4.6 11.3 5.72 
10.0 28.5 1.08 , 
20.0 64.5 5.97 

- ---- 29.3 83.8, 5.42 

Glass Tube: 

4.6 . 12.6 12.50 
9.1 22.0 9.19 

~ 18.9 51.1 7.81 
22.5* 61.7 6.86 
28.6 16.9 6.60 

*length - 194 mm 
.':;;-::-. 

pm maT ttW/!iào; Zd1.::ilirhl ... ~i<:,. __ • ...a.>"",.t..." .. 4b;......,«;..w .. r/;t, ~.1~t.:;-_,",.,~ .. CàIo*Ul.~L"-"", .... , ... IIt,.' .. ~,," ... ,_-" ~ 

17.08 
16.75 
13.12 

Length - 200 mm 

~ 

0.94 
6.~4 
6.09 
7.23 
7.36 

CALCULATED 

Equivalent 
Bubb1e Diameter 

(nun) 

10.6 
26.5 
57.0 
69.9 

11.7 
22.3 
48.2 . 
54.3, ';:,. 
68.9 ' 

, 

F10wrate 
(ml/s) 

3.57 
69.0 

579 
970 

9.22 
19.9 

444 
560 

1068 

N 
0'1 
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TABLE A5 

She11 Geomet~y Experiment: Length 

-Bath Superheat: 80 K 

Length 
(mm) 

MEASURED 

Bubb1e Diameter 
(mm) 

Frequency 
(Hz) 

Glass Tubes: Inner 

50.0 22.6 9.14 
100.0 20.3 10.22 
150.0 20.7 8.66 o 

200.0 22.0 9.19 "f {, 

250.0 19.4 9.5Q' ~ 

CALCULATED 

Equivalent 
Total Bubb1e Diameter 

Time(s) (mm) 

Diameter - 9.68 mm " 
l , 

2.38 23.1 
4.11 20.7 
5.42 21.1 
6.14 22.4 
7.08 19.8 

A1uminum Tubes: Inner Diameter - 10.2 mm 

·50.6 21.7 0 8.73 8.0 39 20.2 
100.0 23.2 c 8.14 14.08 21.6 
200.0* 28.5 7.08 17.08 26.5 
300.0 21.5 9.36 31.95 . 20.0 

. A1uminum Tubes': Inner Diameter - 4.62 mm 
--"' .... 

= 
26.J), 8.71 - 15.37 tf/A NIA \ 
52.0 8.02 12.57 ~ 21.27 7.09 

~ 

l' 

F10wrate 
(m1/s) 

58.9 
47.8 
49.9 
54.0 
39.0 

37.7 
42.8 
69.1 
39.4 

4.42 
2.82 

, 
l 
! 

;/ 
j 

1 

t 101.0 12.50 10.69 23.66 12.44 9.08 
2'00.0 11.30 5.72 NIA NIA 3.59 

.1 i " 
*Inner Diameter • 10.0 mm 

~ 
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TABLE A6 

She11 Geometry Experiment: Angle 

Bath SUPerheat: 80 K 
e 

A1uminum Tubes: Inqer Oiameter - 10.0 mm, Length - 200.0 mm 

MEASURED CALCULATED 

,--- Equivalent 
Approximate Bubble Diameter Frequency Total Bubble Diameter Flowrate 
"' Angle* (mm) (Hz) Time(s) (mm) (ml/s) 

90 28.5 7.08 17.08 26.5 82.4 

75 28.5 9.28 15.19 26.5 82.4 

60 28.4 9.27 12.49 26.4 81.6 

45 30.7 8.61 9 .• 37 28.5 103.0 

30 33.5 - 8.10 . 7.33 31.1 133.7 

15 34.0 7.90 7.40 31.6 140.3 

0 23.7 8.69 28.99 22.0 47.2 

* 90 0 corresponds to the tube in the vertical position with the open end 
facing up 

0 0 corresponds to the horizontal ~sition of the tube. 
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\ APPENDIX B ... 

Temperature Profiles Durinq Nitrogen Gas Evolution 

The temperature profiles from the immersion of instrumented 

nitrogen containers are included in this appendix. The tests 

were p~.;rrmed under similar conditions usin~ a 20.0 x 200mm 

aluminum ~Ube and a 22.5 x 194mm glass tube. The ternperatures 

of the outside wall and the contents are displayed for each 

. test. Slight inconsistencies in ternperature from èxperiment ta 

experiment are due ta inaccurate measurements of the cold 

junction temperature. The rapid increase in the outer wall 

temperature_signifies the moment that the tube is immersed into 

the bath while the- increase in the center temperature denotes 

the displacernent of "the gaseous nitrogen. 
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Figure B.l Temperature Profiles during Nitrogen Vaporization 

,from an Aluminum Tube (SH-19K). 
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Figure B.2 Tempe~ Profiles d,uring Nitrogen Vaporization 
from i Glass Tube (Sa-lll). . 
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Figure B.3 Temperature Profiles during Nitrogen Vaporization 
from an Aluminum Tube(SH-llK). 
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