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“The optimisation of the process of oil injection was studied, using
Mobilwax 2305 as a 'spbstitu.te fluid’ for Bunker °'C* 011: Inje\ction ,
of this molten wax into ‘high velocity air streams was effected using
two types of hmes, one where there was no atomlsation prior to
injection ( Simple or straight‘-—through nozzle ), and one where primary
atomisationr was achleved by a two-spiral corkscrew inserted into the ’
lance ,( corkscrew nozzle ),

It was seen that thie particl_el mean diameter of the wax spray was
smaller with ‘injection t}}rjugh— the corkscz;ew nozzle at all air velocities,
but injection of wax through botﬁ nozzles into an alr st;-eam of 450
feet per sxond velocity produced particles of sufficiently small
diameter as to effect efficient combustion, N =~

Also, the importance of injection angle and fluld flow rate were
examined. It was found that an anzle of injection of 15° gave the
best result\s for injection through both types of llr;ce, a}';i that at
the higher air stream velocitles, the flow rate of the éuid was not
critical in prociucing a’unifor'm droplet size, .

Finally, with a knowledge of the 'I‘x.rticle mean diaméter of the'
Wax at any air stream velocity, pnx:ticle trojectories within the blow

pipe were computed, ~ .
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L*optimisation du proceds d'injection d'huile a 6té &tudié en
utilisax%lt la cire :obil 2305 comme "fluide de substitution” a 1'huile
Bunker ‘lC'. L'injection de cette cire liquide dans les cotlra;)ts d'air
\a vitesé\e Sleved a 4té e;ff‘ectuega 1'aide de deux lances, l'une ne
produisajnt pas d'atomisation avant injgction ( bu$she’ directe - ou
simple), 1'autre realisant une atomisation pre;ble )gréce 2 un
tire:-bouchon}. deux snirales insérd dans la lame (buse f,ire—bouchon)

On a observe que le diametre moyen des particules de cire
vapouree est plus petit lorsque 1'iniection est réalised avec la

buse tire-bouchon, quelle que solt la vitesse de l'air, Cependant,

pour la courant d'air de 150 m/s,, les particules sont d'un diametre
suffisamment petit pour qu'une combustion efficace soit realises,
'\‘\/ que 1'une ou l'autre hes huses soit employee’. 0
\J L'importance de 1'ansle d'injection du fluide et de sa vitesse

d'écoulement a éralement #t& ddtermined, On a observed que les

A4

meilleur performances “Staient realiseés sous un angle de 150. pour les

deux types de lance, et qu'aux plus hautes vitesses de 1'air, ?’
l’unifc;mité de la taille des gouttelettes ne dépendait pas de la
vitesse d'écoulement,

*  Finalement, la connaissance du diametre moyen des particules en
founction de la vitesse 'de 1'air a permis de calculer les trajectories

des particules a 1'interleur de la comduite d'air,
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1,2 WHAT 13 FUEL INJECTION, <

INTRODUCTION, ) \ N

At

1.1 PROBLEM FACING BLAST FURNACE OPERATORS. \

Owing to the relative scarcity and cost of good coking coals, it

has been a constant objective of blast furnace operators to minimise °

the amount of coke required to reduce jron oxide to iron., parly
solutions were to preheat the incomi ir blast to the furnace by
burning the off-gases in a heat exchange system ( Cowper Stoves ),

and to use uniformly sized burdens, )

Since the early 1950's, this.quest for dgecr coke ratgs has

been stepped up and current blast furnace pra e cah now includeJ4
(a) Improved burden preparation ' . ~
(b) High top pressure - ,’f’

(¢) Increased blast temperature

(d) Humidity controY/ the blast . ,

(e) Oxygen enricMhent of the blast ‘ ’

(f) Fuel injectién at the tuyeres,

All these procedures have been tried and have been succes&ful to
varying degrees in lowering coke rates, Each has been the subject of
extensive investigation, aad undoubtedly will contimue to be so. The
work presently described is concerned with fuel injection at the

tuyeres ( item f ). Items (o), (d), and (e) are however generally

assoclated with fuel injection and are discussed where appropriate,

]

Simply stated, it is the prectice of-infroducing a hydrocarbon

fuel into the tuyere region of the blast furnace, where the fuel

- 4
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2,
combusts to form the reducing gases, CO and H,, ( with the hot air )

blast ).
The types of fuel that have been injected into ‘the blast furnace

-include tar, pitch, heavy and light fuel oils, natural gas and coke-

oven gas, .
NN
1.3 HISTORICAL REVIEW OF FUEL Immrion..“i?oo;lgjg. ‘

The concept of ﬁ'xel injection is not new, During the nineteenth
century, at loast two British patents were issued on this topie,
one to Barnett (1) in 1838, who suggested the injection of gaseous
kwdroctrbons and tar as a means of reducing the coke rate, and one
to Banks, who favoured the injection of solid fuels,

Other ea’r]y patents/ of note are those of Weber (2) in 1885 and
Fleming (3) in 1934, ) ‘ ‘

Spasmodic attempts to inj;ct fuel into the blast furnace were
made throughout the 1940's and early 1950's. Coche (4), in a
historical review, lists.trials in{ France in 1947, where 80 kgs, of
fuel oil/NTHM were injected into the tuyebe region, trials in the

Soviet Union in 1948, where powderbd coal was used as the injectant,

and trials at the Lone Star Steel émpumr tn 1951, 1n the U.S.A.,

vwhere rntura.l gcs vas 1njoetod. Ail were unauocessi‘ul due to\\;
(a) Too low an air blast tempsrature
(b) Incomplet.e conbustm?f the fuel, givitg rise to soot

formation

(¢) Inexperience and lack of expertise,
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, 1.4 REVIE4- OF WORK YROM 1997 TO. THE: PRESENT.

During this period, ren;wed investigations of fuel injection were
undertaken, The first of these were in 1957 in France, where reformed
fuel o1l ( 1,6, CO and Hy ) was injected into the tuyere region of

the furnace, The experli.menters first conducted their trials with

©

natural gas due to the ‘relative ease of introduction of the gas,

.

into the main air blast, and the .subsequent good mixing of both

<

gaseous mediums, prior to ‘combustion, Such trials were comducted at
the Bureau of Mines Experimental Furnace at Bruceton, Penn, in 1957, . =

f [ = .
The following year, similar trials were conducted both at Bruceton, £

[ S

N R
and at Ougree, in PBelgium, where fuel oll was injected, Reports of

these trials are well documented ( 5-11 ), 1In ,1961, Dominion

-

Founderies and Steel Compgny Limited ( Dofasco ), in Hamilton, Canada,
. ‘ e
in conjunction with Imperial 0il, were the first operators in North

America to use oil injection on full-scale furnaces ( 12 ), while

the year previously, Frnnceh had some ten blast furnaces using fuel

oil as a replacement fyel, The practice of fuel injection grew

A

- rapld.]gr and today about 70-75% of qll North American furnaces use A

¥,
N

some form of fuel injeetion ( see Fig, 1), 8 ®

N - . L 'M *
Advancing technplogy has ﬂs] enabled\ current maximuh oil rates .

“of approximately 250T1ps./:fI‘HH o be achieved, compared ¥ith initial :

011 rates of some 50-80 lbs,/NTHY a decade or so ago, Table 1-1 lists

P 7 " }
some é\f thego @mogs which employ‘the'higheat ‘01l rates in the

@

— ¢

E]

world,
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1.5 PROBLEMS ASSOCIATED WITH FUEL OIL INJECTIOW.

The most i.nport;.nt problem asso= with fuel oil 1njection is
that of incomplete combustion at hish oil rates, Ihis results in
formation of‘ soot, which ascends through the furnace, to be collected
in the gas-clennlng' system, Fiz, 7 shows the result of 1nc6mplete
cgbustiori" of fuel oil on the gas-cleaning equipment, whero the

_sfficiency of this plant is reduced. ‘Although this soot is generally
i it 2 ! . ?

®

formed wherevér fusl oil ‘is combusted ( 1’3—16 ), :thére are also renorts

® \ °

of soot resaulting’ from natural gas injection ( 17 ). Finally, 1t has

'

been reported that soot formation can lead.to a decrease in burden

N

permeability, v

. - »
1.6 PREVIOUS WQ?.K..,’/;'

«

As indicated in 3.§ection 1.4, most. of the previous experimental

s

. work in this field P{as been committed to proving the benefit of fuel
- “injection on experimental furnaces, Some operators have been ;lis-
satisfied with their 1nj'oction oract.ice and have sou/ght to change -
them ( 19-21 ),. Heynert ( 21 ), for example, cites work done at
) A\;ggust-lessen, Jest Germany, wh:ro homogenisation of the oil w:ith
water prior to injection allows imnjection rates of over 250 1bs.:/ “T'HM,
Other plants ( 19, 20 ) report trials with complex lwdnu‘.lic nozzles
in an effort’ to reduce soot formation,
It is generally accepted that \t’he m‘oblem of soot is due to the

ineffioclient: coahashiin:m of the injectant,

& - . ( .
1 74
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1,7 ATOMISATYON OF FUEL. OIL FOR COMBUSTION. ‘k

A pre-req‘uisitO for combustion is to cause the stream of fuel to
be disrupted into droplets whichrare small enough to maintain a
stable flame in the tuyere region of the furmce. Good atomisation is
therefore need\ad.
There are two classes of atomisation, (a) _P_:j._-_n_xz and (b) Secondary.
Primary refers to the atomisation caused prior to injection,
either by passing the stream of fuel through a complicated nozzle, as

is the case in pressure atomisation, or by causing a high-velocity

*sheath' of air to converge onto tha fuel stream, as in pruematic

atomisation. In both cases, the or ream of fuel will be

disrupted to either a 'fan' Fig, 3, or more ,probably, a "hollow-cone’,

“4g, 4, In both cases, the thickness of the sheet will be very swall.
Secondary atomisation is that caused by the impact of the high-
velocity air blast in the blow-pine, on the stream of fuel, In the
case where primary atomisation is »racticed »rior to mjoction'. the
thin sheet of fuel is easily disru-'ed into droplets by the air
bla‘st, which can then be reduced in size by the secondary atomisation, ‘
#here secondary ntomigatign is used as the only disruptive force for
the fuel stream, the 'iznition laz*, i.e. the time needed for the
stream to break into droplets, is longer than the case when primary

atomisation.}s used, .

Most of the experimental work involving mechanisms of atomisation

has been undertaken in the field of Aero-space research, ‘levertheless,

Athe conditions prevailing in this field can be anplied to blast
3 furnace technology, since in both cases, a 1liquid fuel is beinq



injected into a high-velocity air stream, ’ . ’

1,8 COMBUSTION OF FUELS, “‘
As indicated by Von Bogdandy ( 22 ), replacement fuelts display
their greatest effectiveness when cc:mpletely gasified to CO'and Hp by
the oxygen in the air blast in front of the tuyere., The atomised fuel
should combust in the oxidising zome of the blow-pipe, and thus the
hot blast and auxiliary fuel must be conveyed separately tc; the
blow-pipe, wherewith efficient atomisation, the fuel can be combined ,
with the incoming blast with maxipmum intensity, \
It is wldely known that during the evaporation and ‘cctmbustion of
a fuel-oll droplet, the droplet diameter decreases as I
2 2

D, =D =K(t-to)

where
D, = initial droplet diameter ( at t =t )
D = droplet diameter ( at t =t )
\

It can thus be seen that for efficient combustion, the initial

particle size, D,, is of great importance, since a smaller D leads .

o
_ to more rapid rates of evaporation arnd combustion, Good atomisation i
of the 1liquid fuel stream is thus mandatory,

E In all cases of combustion, tho\proportion of big droplets that
can be tolerated is dependent updg' the relative proportion of veory
small droplets, since the flame-sustdining capacity of the latter will
eff;ct the burning of the former, This is of importance bscause the
size distribution of droplets produced by any injection system will

be sich that .there will always be large droplets ( about 200 microns )

o u
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present in the blow-pipe, A big droplet burns away progressively in
its turbulent flight through the air in the combustion region, the K\
vapour envelope being coﬁtinuously replenished from the residual
1iquid of the diminishing droplet until the supply is exhausted,
Very big droplets ( 100 - 200 microns ) may not be completely consumed
gnd may p;ss out in the sxhaust gases, to be thermally degraded in the

stack and cause decreasing permeability oﬁzihe charge,

1,9 PRESENT _WORK.

The present work was initiated following fuel oil injection trials
conducted on No. 3 furnace at Dofasco's plant in Hamilton, At that
time, this furnace had the highest oil injection rates in the world,
at 200 1bs/NTHM and it was desired to obtain still hisher oil rates
in view of the favourable economics, However, soot vas appearing in
undesirable quantities in the gas-cleaning plant, indicating that
further increases in oil rates could not be achieved without some
process improvement, At that time, Dofasco's injection practice was
to simply pump the oil into the centre of the ipe via a heavy
gauge mild steel tube ( or lance ), 4" I.D., The fuel oil was then
injected into the hot air blast without any prior atomisation, It
wvas thought that the large amount of soot resulting from:

(1) Oxygen starvation in the area of atomisation, evaporation
and combustion, and/or ’
(41) ;;o large a particle sise,

On the first count, it can be caloulited that there is some 8

times the stoichiometric volume of oxygen present in the .air blast

»
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for efficient combustion ( 20 ), However, if the 'zone of atomisation’
of the oil, prior to subsequent evaporation and combustion, is small,
then there will be insufficient time for all the oil droplets to

react with the oxygen, Also if the droplet size resulting {rom
atomisation of the 01l by the air blast is large, then there‘will
again be insufficient time for efficlent combustion,

- It was on these premises that a nozzle was designed for the trials,
It was simply ; corkscrew insert of known pitch set into the lance,
whereby a radial velocity component was imparted to the fuel oil,
the issuing stream existing as a hollow-cone,

In the short sosace of time‘'allotted for‘research, the amount. of
ke soot collected at the gas-cleaning plant was reduced, thourh only
slightly, However, 1L was decided to continue the research at McGill
University to obtain fundamental design data on droplet size distributions
and mixing characteristics as a function of pertinent parameters
( e,g. lance designz/;pjection angle, oil rate, wind velocity etc, ),
An experimental system was designed whereby full-scale.trials
could be conducted, Wax was used as a 'substitute fluid® since this
material exhibits similar properties to fuel oil when liquid, yet
solidifies in {light after atomisation to allow further analysis to be
done regarding dfoplet size and size distribution produced,
[he wax was injected into high-velocity air streams, and the
offoct of relative velocity, injection angle, and liquid flow rate
investigated for both the straight-through lance ( simple nozzle ) and -

»  the nozzle with the corkscrew insert,

‘
’ . .
4
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COMPANY,

Dofasco, Canada,

August Thyssen-Hutte, ‘
West Germary,

o )
S

Inland Steel Co,,
U.S .A.

Chiba Works,
Kawasakl Steel, Japan,

Yawata Works,
Nippon Steel, Japan,

ra

Usinor - Dunkergne,
France,

Hoogovens - Ijmuiden,
Netherlands,

OIL RATE.  OXYSEN IN BLAST, HOT BLAST TEMPERATURE.

[ERES N
.

240 1bs/NTHM. 21%

280-300 1bs/NTHM, 214
N\

240 bg/NTHY, 2

220 1bs/NTHM, 25%

Ty

215 1bs)NTﬁM. T 258
~ . -

200 1bs/NTHM, | 21%

/
190 1bs/NTHM, )17,

1850°F

1850°F

2000°F

2100°F

2120°F

2200°F
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2,0 INTRODUCTION.
This chapter discusses reasons for injecting auxiliary fuels into.

blast furnaces, the types of fuel injected and their mode of injection,
Finally, an indication of futuT trends in auxiliary fuel injection is

given,

2,1 REASONS FOR INJECTING FUEL INTO THE BLAST FURNACE,

The chief reason for injecting auxi¥iary fuels is pne of economics,
’ since a proportion of the coke normally charged to the furnace can
be replaced by .2 less expensive fuel, F‘-ig. 5 shows approximate cost
savings involved when heavy fusl oil is used as a replacement for
coke in the blast furnace, The economics are impressive, the optimum
saving being about one million dollars per year, for a large blast
furnace in North Ameriea, This hypothetical case pre-supposes a
replacement ratio of 1.8 at low 1n.jection rates to 1,0 at high
injection rates ( 23 ),
Another reason 1s the enormous capital costs involved in the
installation of a new battery of coke ovens, Since coke ovens do
have a limited 1ife, the docrogio in coke rate in the bl;st furnace
will enable current installations to be used for a longer time, and
hence new batterles can be delayed and interest phnrgos avoided,
Another udvuntag; of fuel injection is the speed with which
vari.n‘tions in furnace performance can be adjusted, 1.e. the injectant . |
can be turned off immediately, should the need arise, whoms.uw
c‘huges in coke rate have no practical consequences'for tl\n Tollowing

twelve hours or so, on account of the slow descent of the burden,
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It is also known that blast furnaces using fuel injection, with
high blast tr';mporatures, tend to run more smoothly, with fewer

instances of ‘hanging' or 'Islipping'.

2,2 LIMITS TO THE RATE OF FUEL OIL INJECTION.

Both economic and physical factors limit injettion rates, On
the economic side, it is found that as the rate of injection is
increased, so the replpcement r;tio decreases, see Fig, 6. This
has the effect of eliminating any cost savings, since beyond a critical
1limit, the coke rate can increase from its optimum, with increase of
injectant rate, Fig, 7, thereby increasing the overall fuel rate and
costs,

The chief physical 1imit on hiszh o0il injectant rates is the
1ncomplebt7e combustion of the injectant in the combustion zone of the
tuyere, The effects of this have been discussed previously in sectilon
1,8, L '

Although fuel injection rates in excess of optimum rates are
technically possible, they result in a reduction in the combustion-zone
ttame temperature, which in turn leads to lower driving rates amd
’incmsed energy losses in the top gas,

Accordin to Raick ( 24 ), 4n 1962, "with a well-prepared burden,
the oconomié limit to fuel-oil injectiqn will be about 220 - 370 1bs,/ton
of metal,” Wh:*.le thesg figures may have seemed outstanding a decade
ago, they are now being achleved easily, and the upper limit should

soon be passed,
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2,3 FUELS INJECTED INTO THE BLAST FURNACE.

(1) Steam, ,

Although steam is not a fuel, it is appropriate to record that it
v}ms the first injectant to n;o.in( powlarity, Iv‘!u‘midity control of the
blast allowed higher air blast \tenperatures to be used without
concomitant increases in temperatures in the combustion zone, Pr)evious
to this, hanging problems associated with too high a flame temrerature
( R.ALF.T. ) in the bosch, had limited air blast temperatures, .

When water vapour is added to 'he blast, it reacts endothermically
with coke in the combustion zone:

C +H0 =C0+Hy, ( +31,000 Btu/1b, 5,0 ) ;

The added water vapour has a bereficial effect oy the quality of
the bosh gas, because it increases the amount of hydrogen in the -as,
which has a greater potential for the reduction of iron oxide than
has CO,

However, althpugh humidity control of the blast allowed higher
blast temperatures to be used, it. was found that a 1' moisture addition
to the blast requirt;d a 65°C increase in blast temperature, Coke
u;ings, although lower than axpected because of indirect reduction of
coke by steam, amounted to 2,7 - 3,2 for each 1’ increase’in moisture,
while the production rate increased Wy 4 - 6% ( 25 ),

The Bureau of Mines ( 5 ) reportad that with a moisture addition
of 13 grains/cubic foot of air ( 1 srain of moisture/cubic foot of air
= 0,305 of air blast ), the coke consumption in their experimental
blast furnace decreased by 103 lbs, ( with a blast temperature of
2475°F ) and the production rate increased by 134 1lbs,/hour, whilst

p /
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with a moisture addition of 26 grainsf/cubic foot of air, the coke rate
decreased by 88 1bs, andthe metal production lncre.sed by 280 1bs,/hour,

Decker ('26 ) has shown that the best figures obtained from a
European experimental furnace were with a moistu;'e addition of 4,37
grains/cubic foot of"air. This is illustrated in Fig, 8, The reported
blast temperature was 900°C, i

The practice of injecting various Arv;ounts of moisture into the
air blast is widely used by blast furnace operators to control hot
metal temperatures on account of the relatively rapid response of the
furmace to any operating changes made in the bosch zone,

(11) Natural Gas,

As with steam, the fhjection of natural gas ( CHu )‘ into the
raceway causes a considerable decrease in flame temperatures,
necessitating an increase in blast temperature, comparable to that
of steam, to compensate for the decrease in the R.A.F.T., Initial =~ ~
tests ( 27 ) indicated that with a 7% natural gas injection rate
( based on wind rate ), a 475% increase in blast temperature was
needed to maintaip the furnace driving rate constant, At the same
time, the coke rate was decreased by 256 kgs,/NTHM, and the hot
metal production rate was increased by 307,

When natural gas burns in the oxidation zone, it produces CO and
lHZ,' and only one third as much heat as coke; consequently, it has
about the same cooling effect as an equal volume of water vapour,
Althmléh the heat produced by burning coke with the hot air blast
i3 6,600 Btu/lb, of carbon, that produced by burning natural gas is
only 2150 Btu/lb, of carbon, ‘

\
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v

It should be noted that oxygen enrichmént of the blast is now
generally utilised with fuel injection, and in the case of natural

o

gas, the increased flame temperature, due to combustion with more
o;ygon. offsets to some extent, necessary compensating increases in
blast temperatures,

The effect on the replacement ratio with increase in natural gas
( and other injectant ) rates can be seen in Fig, 9.

(111) Fusl 01l

Because of its high carbon/ hydrogen ratio, and low cracking
temperature, oil has only a relatively moderate cooling offect,
Consequently, larger quantities of fuel o1l versus natural gas can
be used to produce an equivalent decrease in adiabatic flame temperatures,

Although the amount of coke saved for each pound of o1l is 193;
than that éf natural gas, more coke can be saved in total with these
fuels, in view of the preceeding comments,

As reported by Bell and Taylor ( 28 ), if oill is added without .
temperature compensation, then 1,2 units of o0il carbon rep}aces 1 unit
of coke carbon, Jith temperature co;pens‘ation. th:gg ratio' drops to
0,62, These figures illust;ute the fact that the prinecipal uﬁvtntage
to be derived from fuel o0il is the ability to use higher blast temp-
eratures, In fact, some 60% of the coke replacement is due to t};is
effect. However, where there 1s a limited hot blast available, heavy
oil, with its carbon/hydrogen ratio of 7:1, would replace some coke
by direct substitution of coke carbon by oi_l carbon,

An addition of 115 1bs, of o0il saved 100 lbs, of coke without

temperature compensation, yet with a 209°F rise in blast temperature,

A
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the saving was 173 1lbs, of coke ( 29 ),

A 'rule of thumb' value for the benefit of oil injection was
given by Taylor and Rombough (30 ), They quote an air blast temp-
erature increase of 150°F per pound of oil injected per 1000 cubic
feet of wind blown, Under these conditions, about 65 pounds of oil |
will replace 100 pounds of cojco.

Decker et al ( 31 ) have shown that improved combustion, either
by better atomisation or oxygen enrichment, has ml_.‘d'_e: it poss?.bl; t;o
add nearly‘\“ 308 of the ‘total fuel requirements as fuel oil injected
at the tuyeres, * b
(iv) Comd. .

The changes to be expected from the injection of powdered coal
can be evaluated in precisely the same way ;a has been done for oil,
Coal is ruch more varhhle in cofnposition than oil and, as examples,

the composition of anthracite and low-grade coal are compared;

i«  3i4 2]
_anthracite 93 3.5 2.0
low grade coal 77 5¢5 15.0

-

Sinoce the chemical oo;aposition of anthrecite 1s so similar to
| that of eok:, it can be taken as being equivalent i,e, the replacement
ratio is 1, The effeat on the combustion temperature is small, { o
the required increase in blast temperature is algo small ). Rally
temperature-compensated, i:ho replacement matio for antl!noito is -
13(28)., '

Coal, with its higher carbon/hydrogen retio, should allow more
ooke to be saved for a partioular change in bllnt noistnr_o content

, .
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or in hot blast temperature than either natural gas or fual oil,
. Strassburger ( 32 ) has stated that:

"The full potential of solid fuel injection can be realised when
using high blast-temperatures and oxygen enrichments”,

The main differemes compared with oil ndditions‘are that the
hydrogen content of 1\:he gas 1s lower, and the top gas volumes are
rather higher, Any improvement in g;\;oous reduction due to hydrogen
will therefore be les's and the limiting effect of tbp gas volume on
;;roduction rates will be greater,

Complets combustion of coal particles to CO in the limited space
ofa tuyere raceway is only possible by an extremely fine grinding
of the coal,

However, as the reserves of coal suitable for blast mr;'nce
injection are mach more important than those of fuel oil and natural
gas, it 1s possible that coal injection will be applied on a wider
basis and ‘t.hat. the effort and expenses necessary to fully develop
its technology will be made in spite of initial difficulties and
set-backs, ’

(v) Coal Tar and Pitch.

Since the injection ot: these fuels uses a similar technology to
that used for Bunker 'C* 611\. ard also have a higher carbon content,
indications are that their use would be prefersble to that of oil, ’
They also bring the additional benefit of a low sulphur input to
the furmace,

Schmanch ( 33 ) has indicated a replacement ratio of 1,25 kgs./kg.
of pitch, whick/ agrees with the value of 1.2 quoted by Van Xeuren

" —



16,

( 34 ), although Stolnacker ( 35 ) reports a higher value of 1.54,

)

(v4) Coke Oven Gas, -

This has attractions as a blast furnace additive because it is
readily available, However, apart from the x-o]:atively small methane
content, coke oven gas has little vallle as a fuel in the blast
furnace, Hydrogen and carbon monoxide can take part in the reduction
of iron oxide, but only at the expense of the combustion of coke,
~“unless the proportion of gaseous reduction is increased, It isas a
compensating addition enabling use of higher blast temperatures that
“it promises to be most useful,

A replacement ratio of 1,2 was quoted by Dean ( 36 ) on a Shenago
( U.S.A. ) furnace.

(vii) Slurries of Coal in Liguid,

Injoctién of slurries has only been done on an experimental basis,
since its use has not been as economically favourable as that of
other f;xol available, Trials have been recorded on fuel-oil slurries
( 37 ), and also on coal-water slurries,

(vii1) Oxygen Enrichment of the Air Blast,

The rea\71t of oxygen erichient of the combustion medium is to,
decrease the volume of combustion gases produced per NTHM, to there-
fore raise the instantaneous combustion temperature and to increase
the proportion of the energy of these gases, which is useful in the
melting sone, ’ :

Oxygen enrichment of the blast requires anL increase in the level
‘of either blast humidification or fuel injection, either of which

will increase the hydrogen content of the bosch gas,

N
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Increasing the percentage of oxygen in tix'e bl;st permits a furnace
to accept a proportional increase in oll injection rate at a constant
i:last temperaaxro. One result of the combined use of o0il and oxygen
igha decregao in coke rate, although the expected coke savings may
not be as large as those achieved at the same 01l rate using high ’
blast temperature and no oxygen, These smaller coke savings are due
to & decrease in the volume of bosch gas -ith increased oxyzen usage,
resulting ;n?oss ef ficient pre-heating of the burden, Another result
of combined 1 and oxygen'usagé is a much greater production increase
than would be achieved with fuel injection alone, A faster rate of
stock descent is achieved as a result of the increase in the coke
consumption rate corresponding to the level of oxygen enrichment in
the blast, The flame temperature at the tuyeres is increased by the
use of oxygen enrichment, which in this sense, can function as a |
substit}xte for an increase in the hot blast temperatures, The value
of oxygen omirohnont as a temporary substitute for hot blast temp-
erature was clearly demonstrated by Ostrowski ( 38 ).

With supplemental axygen enrichment, the problem of uncombusted
carbon carry-over to the gas cleaning plant is decreased, when high
o1l injection rates An; precticed, ( 39 ) '

Work with oxygen and natural gas, 8% and 11% respectively, showed
t-hut a proper balance of axygen and natural gas is maintained,
replacement. rates of coke and natursl ga; is maintained, replacement
rates of ooke by natural gas are equivalent to non-axygen fuel injection
with production incressing about 4% for each 17 oxygen added,

From Fig, 10, the effect of oxygen compensation for oil, gas and .
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coal can be seen, It 1s evident that as the level of oxygen enrichment
is iﬁemsod, so the w‘l of fuel injection can be increased, for

2ll fuels surveyed,

-

2.4 MRANS. OF INJECTING FUEL INTO THE BLAST FURNACE.

This section will illustrate the different systems of injecting\/—
the different fuels into the furnace,

In order to fully understand the mechanics of injection, .Fig, 11

" 11lustrates a schematic flow-sheojt cg)the blast furnace, It can be -
o~

seen that the fuel is injected at the tuyere level, Fig, 12, so it

may be incorporated in the air blast,

Since the gaseous injectants mix thoroughly with the air blast

r(/l) Hatural Gas. and Coke-Oven -Gas.

by

prior to combustion, the injection distance from the nose of the
tuyere is only small, This is illustrated in Fig, 13a & b.

The gas is injected cold, at a pressure of 60 - 75 psig, and .
entry of the gas into the %{fyare is offec;.od by passage thlrmigh .
lance, inserted through the water-cooled tuyers vall.

According to Stephenson ( 40 ), the gas do;s not mix completely -
with the air, ( at high gas injection rates th;"ough the tuyere ),
and does not reform completely. Consequently, \;nburnt gas escapes
froam the oo-bustionmbom. and hence there is a smaller proportion
of reducing gas available for direct reduction, ( i.e. reduction of
iron cxide at lower temperatures, by FeO + CO = Fe +CO, ). This
‘has necessitated some study of injection methods through the blow-

Pipe to produce a better wixing of the gas and air before combustion,



19.

(11) Fuel O1i1, < /

Since o0il is a viscous fluid, to inject 4t cold into the furnace
would require a great deal of pumping energy, However, as seen in )
Fig. 14, Jwith increasing temperature, its viscosity increases rapidlys” .
Consequently, it is oomagn practice to pre-heat the oil to a teﬁp—
erature between 150°F - 200°F, This has a two-fold benefit since it
lowers the energy required for pumping and also improves the
atomisation characteristics. It has been calculated ( 20 ) that the
temperature of the oil incisases by some 30°F in passing through the
lance into Ee blow-pipe, J/:Since oil t;nds to ‘crack' at temperatures

over 260°F, a 'margin of error' should be allowed in the oil pre-

heat temperatures, ;

@)
The oil is injected into the blow-pipe behind the tuyere to allow

time for the oi1 to reform to CO and H,, The distance from the

2
tuyere arnd injection angle into the blow-pipe generally depend on
indiyghunl plant practice, In some plants, exact centriyng of the
lance in the air blast is thauéht éo be ~ssential, Some practices
can be seen in Fig, 15,

The_l;nne through which the oll passes may or may not. have an
atomising device at the axit orifice. Dofasco, ::”:.d on computer
analysis, opted for a simple lance, with no insert, TFig. 16a, whilst
other plants have used an atomiser. Atomisation of the oil can be
achieved by either pressure atomisation, where the stream of oll is
caused to disintegrate by a mmber of methods, such as inserts,

Fig, 16b & o, or by M tic atomisation, where the stream of fluid

is disrupted and atomised by a high-velocity air stream impinging on

- )
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it, Figs, 16d & e. Steam has been found favourable as the break-up

- medium in at least one plant ( 39 ).

In all cases of oh injection, the system is fitted with a purging
stream of steam so as to clear any blockages and expel any oil
remaining when the system is turned off, |

Problems with oil injectlion can sometimes arise due t;; ‘coking® of
the oil at the lance tip, causing aécretions to build up and cut off
the fuel supply,

Bunker 'G' oil, a heavy ‘residunl .oil, is most commonly used as an
injectant, although light fuel oils have been injected im French
furnaces. A typical analysis of 'C' oil is given in Table 2-1, As
can be seen this o0il has a high sulphur contént, thoug\h no »>roblems
have been reported with high sulphur in the metal,

(131) Tar. ] _

Tar is also a viscous liquid, and also requires pre-heating pri?r
to injection, Van Xeuren ( 3% ) records a pre-fieat temperature of
220°F, It appears that injection of tar mnecessitates a form of
screen through which the tar passes before injection ( 41 ), to

remove any susperded material that may cause a blockage in the system,

" No atomising is done prior to injection, although it is considered

that air atomisation ocould help, due to the ability of such a system

to atomise viscous liquids, Injection rates are generally lower than

oil, in the range 40 - 75 kgs,/NTHM,
" A typloal injection system is showm in Fig, 17,

" (4v) Coal.

L]

Generally the coal is first pul{a'rind and dried and then stored

-
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in bunkers from which it is transferred to a high pressure stream of

air that carries it into the blast furnace canbust:\.on zone,

i Molisture was a proble’r\ initially in the storage bins and the

“iilverised coal tended to pelletise, This was checked first by the

use of screens to prevent ‘these.pellets entering the furnace, and
. ' B % .
then by pre-hesting the #ir blast to eliminate moisture from the coal,

The rate of combustion of coal is less than that/ of either gas or

- ‘011, and consequently, the céal must enter the air blast about two or,

three.feet in fromt of the tuyere.

The size okf< the coal is also important because it affects the rate
of combustidf, In one System, the coal is pulverised down to -200 mesh
in order to effect good combustion,

«A coal injection system is shown in Fig, 18,

2,5 FUTURE TRENDS IN FUEL INJECTION.

Bocn;ao of the increased cost of coke andsreplacement fuels, it ‘is

1

evident that injection practice must be optimized, The injected fuel
|

must be combusted at a rate approaching:maximum efficlency, which

necessitates study of the present practice,

R4

has all\ovhtod most of the problem of 's Jfomtion at a West German

¢
-

_plant, and has Yed to“higher injegtioff rat

Much research has been directed towards the injection of ormed.
L »- . -
gas into the ares of t.ho furnace above the tuyeres., Any hydrocarbon
.fuel o be considered for me mt.o co -and H2 Raick and "

‘((
Brassert: ( 42 ) studied the fouibnity of such & system and fannd,-n

B
A J

WM that,—hmnag%\iution of o1l with water

.
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theoretically feasible, In the Soviet Union and Japan, plans are
underway 1£o inject reformed cas into the blast furnace, b 4

Schweitz ( 43 ) briefly Jcouments on the F,T.G. process now being
employed by Nippon Steel in Japan, where reducing gas is injected
tfxrougil the tuyeres, The gas is made from oil by Texaco's nartial
oxlidation method, ard 1s considered to giw}e a better replacement ratio.
A disgrammatic flow-sheet is shown in Fig, 19, o

Other processes use natural gas f,nd ref?ém it with steam, One )
company has indicated a process which yeilds a higher purity pgas wit .
lower CO, and H,0 content, '

However, Star;dish ( 44 ) has-intimated that the full potential of
injection of reducing gas has not yet been realised due to the
fundamental difficulty of m;xing it with the rapidly ascending furnace
gases,

Finally, in the Soviet Union, muclear energy has been considered

as a source of power for the furmace, to replace some of the coke, but

no meaningful reports have, as yet, been rAceived,

L}
S
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3
Fige 5
COMPUTED COST SAVINGS WITH INJECTION OF OIL AS A '
PARTIAL REPLACEMENT FOR COKE IN A LARGE BLAST FURNACE.
Based on replacement ratios of Harries and Thomas (23),

and cost of coke and oil being $1,18 and $0,78 respectively,
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Fig, 15
TYPICAL OIL INJECTION METHODS. :

(a) INJECTION THROUGH PEEP-HOLE INTO ELOW PIPE
(b) . INJECTION THROUGH ELOW PIPE WALL. -
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3,0 INTRODUCTION,
combustion, _
This chapter reviews the mechanisms of fuel A and, in particular,
summarises work on the burning of heavy fuel oils, Finally, the
significance of previous studies in indicating criteria for jood oil

injection practice to blast furnaces is presented.

A+ )

3.1 MECHANISMS OF _COMBUSTION,

According to Hasd;:n and Thring ( 45 ), the important steps in
the combustion of a fuel spray can be summarised thus;

(1) Atomisation of the fuel 1m:;> droplets of suitable size,

(2) Mix of the spray with air ( and relcirculated hot sroducts

¥

of ¢ombustion ),
(3) Heat ¥ransfer to the drople*s by convection from the hot
gases ¥nd radiation from the walls and flame,
(4) Evaporat of the 1iquid, |
(5) Mixing of the inflammable vapour with air ( and re-circulated
combustion products ),
(6) Ignition of the vapour and subsequent heat transfer to the
droplets by conduction from flame front now surrounding them,
(7) Progressive combustion of the droplets,
(8) Formatioh of flame carbon ( soot ) amd, 1n some cases,
carbomcooug ”ruiduos .
(9) Combustion of the soot and carbonacecus residues,
The model droplet used in these studies is as shown in Fig, 20,
A similar model wo;,s used by Nurrazaman et al ('!c6 ).

» The combustion of heavy residual fuel o1l droplets has been
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envis'aged to be as follows: the volatile mterialki.s distilled from
the droplet and the customary flame established, Combustion proceeds,
swelling and contraction maintaining .the dro{:let di’a.meter“at
approximately the initial value, The outer droplet shell, becomes
more viscous and towards the end of the volatile combustion period,
is inflated ar:;l finaillly ruptured by internal gas pressure, Surface
tension forces act to decrease the.size of the, i{;scms’ egmrelépe,' but
almost’ simultagaous]y, crackir)g of the r;qn-volatile residue causes

' solidification. The resulting carbonaceous material burns hetero-

~

éeneously by a surfece reaction.

'4

3.2 PREVIOUS WORK ON_COMBUSTION OF OIL DROPLETS.

Studies ( 47, 48, 49 ) have shown that during the combustion of
heavy fuel oil droplets, a so-called cenosphere ( 1.,e, a themilly-ﬁ
Adegr.dod oil dfoplet of oarbonaceous residue ) is formed and that the
material consists mainly of residual carbon,

Sakai and Sugiyama ( 50 ) have indicated that there are two
products of incomplete combustion, as shown in Fig. 21.‘

(a) Selid particles in the size range 10-200 microns, resulting

from combustion of residual heavy fuel-oil,

(b) Carbonmaceous substances xeposited from-the gas phase in a .
diffusion of pre-mixed flame of hydrocarbon fuels 1i,e, thaml
ocracking of the volatile content,

Tho,n ( 51 ) referred to the latter particles as 'soot'.ﬂ {io

also stated that c;arbon particles and soot particles differ in
chemical ‘composition, Soot, he suggests,/#is not carbon, but simoly
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has a large polylbenzonoid hydrocarbon structure, formed bv cracking
of the volatile content of the oil,

Clarke and Hudson ( 52 ) agree with the idea of soot formation by
cracking of the volatile content of the oil, but intimated that in
the case of a Bunker o0il, & more likely cause of gwt is the enhanced
tendency of the oil to crack on account of the high carbon/hydrogen
ratio ( 711 ), ’

It is evident that the oombustion phenomena of atomised heavy
fuel-o:L'L droplots are conpi{cated. During the combustion of heavy
fuel 0il, soot particles and carbon particles are produced similt-
anoous\ly. However, the soot particles may be completely burnt ut;ny
in the time and space auﬂ;blo, because of their srfs’.ller pdhmetor
( generally less than 0,1 micron ), whereas the much larger carbon
particles ramup‘ \

Kito et a1l ( 53 ) believe that the time required for combustion
of droplets is largely occupied by that of combustior of residual
carbon particles, Many studies have been undertaken ( 54, 55, 56, 57 )
on the combustion of these particles, and Von Bogdandy ( 22 )
1llustrates the combustion of coal particles, Fig. 22 indicates the
burning time of a carbon particle and an oil droplet. As can be seen,
the carbon particles require a longer burning time for complete
combustion, and in the comb{.lstion zone of the furnace, this tihe is
not available, Heynert ( 21 ), working from a knowledge of. blast
velocity cnd the 10ngph of the combustion zone, states a residence
time of only 2-5 microseconds is available for complete gasification,

‘, , Sakai and Sugiyama have caloulated the oritical coke generating

-\
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dilameter of the fuel-oll droplets, by considering the combustion
history of a single oll droplet, They postulate the relationship:
Dperit = K ( i(s OS )% 301
where-

Dperit = coke generating diameter,

- 3
‘ K = constant = (ki/ks+k1)
kg = gasification constant ( solid ).
- ky = gasification constant ( liqid ),
Os = pesidence time of particle in combustion zone,
s~ Coke particles will be generated from fuel oil droplets greater in
diameter th‘n'Dperit' while with diameters smll_er than Dperit' the

particles are able to burn out comoletely before emission from the)
oombusiion zone, which is considered to be of the order of 2-3 feet.
More studies of the size and structure of the coke particles were
reported by Masdin and Thring ( 46 ) and Masdin and Foster ( 58 ),
They correlated the diameter of carbon pavrt.iclu formed during the
combustion of pitch-creosote droplets in air at 700:’C with the square
. of the initial droplet diameter, ‘
D, = 0,66 D 3.2

where \

. D, =’ cenosphere diameter, -

Do = initial droplet diameter

‘ From this relationship, and also from Eq, 1,1, namely

D2 - p® = kK (t-ty)
o
it can be clearly seen that for efficient combustion, the initial

. ' particle size, Do' is of great importance, and ntouiution’ of the
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liquid fuel stream is required for this condition to be met.

3.3 COMBUSTION WITH PRESSURE ATOMISATION,

Joyce ( 59 ) considered the effects on combustion of a spray
resulting from pressure atomisation, At low pressures { e.g. up to
100 psi, ), the spray structure was more uniform in terms of droplﬁe:(l.
sizes, giving a relatively narrower size range distribution thn‘n at high
pressures ( e.g. over 500 psi, ), although at high pressures, the
average drop size produced was smaller, Becfuso a considex:able
proportion of the droplet size )range is in the small size range, the ~
initial ignition of the spray is facilitated and the stable contimity
of burning promoted, Once the flame is established it is almost certain
that many of the small sire droplets successively emergzing from the
atomiser provide a stable gaseous flame region as a foundatlon for the

rest of the flame,

-

3.4 COMBUSTION WITH TWIN-FLUID ATOMISATION,
Archer and Eisenklam ( 60 ) have investigated the twin-fluid atomiser

with regard to efficlent combustion, the purpose of their study boi;xg to
compare the effects of air and super-heated steam as the atomising
fluid, It is lmown that the drop size is inversely proportional to the
relative velocity between the atomising fluid and the fuel, and inversely
proportional to th’ixl' mass ratios, At high velocitles, the '@g}; ratio
of atomising fluid to fuel is the most important variable,

The use of'u‘x atomising gas at a constant mass ratio of atomising
fluid ;.o mol influences, as expected, the initial spray drop site ard

3

3 -
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hencé the burning time of the fuel,

The researchers foun% that the same mass flow-rate and pressure,
the velocity of super—heated steam at 170°C was twice that of air at
40°C when used as the atomising fluid, At a mass ratio of 1, the drop
size was reduced by some 15f by using atomising steam instead of air.

Analysis of experiments to show the effect of possible benefits of
steam atomisatlion revealed that for the same comparitive velooitie‘s of
air and steam, the # fuel which formed carbonaceous sclids was 2,98
for air and 2,064 for steam, At the same ‘mass ratio of At.ou;xising

fluid-to-fuel, the reported figures were 2,9f for air and 1,88 for

steam,

3.5 COMBUSTION OF FURL OIL IN BLAST FURNACES.

In all cases of combustion, the mumber of big droplets that can
be toleratéd depends upon the relative proportion of large-to-small
droplets ( the flame-sustaining capacity of the ]:attor enhance their
burning rates ). T

In general, large droplo:ts of liquid fuels m;obo avoided as

A 4

. " f
far as possible, unless there is adequate time for-their complete

*

combustion,

!
As indlcated by Heymert ( 21 ), the ptrf;éio sise necessary for
efficlent combustion in the oxidation sone of the tuyeres lies in
the sise ur;go 25-45 microns, as shown in Fig, 22, To achieve such
a small droplet size efficient atomisation in the blow-pipe region
of the blast furnace is of the greatest impertance,
Another parameter affecting ccnbustiqx} is the temperature of the

~—

2 . ’ - \\_:
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air blu‘t.: Inoreasing this temperature, besides improving the overall )

thermal efficiency of the process, gives a higher initial tempersture
\In\t,hn combustion :on;, and thereby reduces the ignition lag and

, overall combust t M

- L[4
3

The two products of incomplete combustion, carbon pcrticlés and
soot, are always formed d&:ng the burning of heavy' fuel-oil, the
amount depending on the degree of atomisation and the residence time
in the combustion gone of the furnace, While the presence of soot
pu-tié;\ds should pose no problems, due to their -small size and thus
easy combust:@on, the carbon particles can be drastically reduced by

improving a.tcnisat:\:on and increasing residence time in the combustion

4 2

/\gone of the tuyere region, ‘ =
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(a) PARTICLES OF CARBON BLACK FROM INCOMPLETE COMBUSTION
OF OIL. (50) n
(b) PARTICLES OF SOOT IN GAS-CLEANING PLANT.
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BURNING TIME OF OIL PARTICLE AND CARBON PARTICLE (52) ‘
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4 ,0. INTRODUCTION.

The need for atomising fuel oil within the blast furnace blow-pipe
has already been underlined in chapter 3, The most common methods of
a'tomisi‘ngi liquid streams are: pressure atomisation, twin-fluid
~ atomisation, rotating-disc atomisation, and much less commonly, /

atomisation by an electrical charge, However, since otal\y pressure
atomisation and twin-fluid atomisatiqg find npplicationv in current
blast furnace practice, the discussion shall lbe lim'it:ed to them,

g

4,1 PRESSURE ATOMISATION. ' !

The simplest method of causing a stream of liquid to disintegrate
is to use pressure energy. By converting it into kinetic energy
‘hthrough accelersation of the liquid, there is a tendency for/ the 1liquid
t’o dismx‘at as it* exits from a norzle, There are two distin}:t types of
pressure nozzle, one which imparts a rotatiomal velocity to the fluid,
J .; a‘n‘d one which causes the 1iquid to exit as a solid stpeam, or jet, to
] be ;\ismptod at some distance avay fra,n. the nozzle,
The swirl spray atomiser, Fig. 23, is the most commonly used
‘notsle which falls into the pressure atomisation category, Many ‘
theories ( 61-66') have been proposd to explain the principles of
atomlsation for this type of atomiser, }n its simplest form, the
atomiser consists of a cinnbor into which the 1iquid flows tangentially,
 and leaves by a co;ﬂ,nl]y-loodtod orif‘ice; of smailer Ulameter than
“ the spray chasber, A hollow air core is formed qoncentric with the
notsle axis, The, resultant exiting conical sheet, which is v’.:-y thin,

atteruates rapidly, becomes unstable, and disintegrates into droplets,

"

“
-~



-

3,

At low flow ng\es. the hollow cone may not form properly,\ the resulting
‘drowned spray' giving much coarser droplets,

T A1l simple‘ gmre atomisers suffer from low flexibility, ( or
tu;'n down ratio ) because the discharge rate varies approximately .as
the ( injection pressure )é. Fo;' certain applications, this can be .
corrected by using a 'spill-type’ nozele, rFig, 24, where part of the
fluid is returned from the swirl chamber to the supply side,

In summary, the pressure nozzle is usually simple and -cheap, but
it has several disadvantages, It cannot be used. to atomise s les,
( because of the possibility of clogging if orifice is small ) or
very viscous liquids ( because of excessive liquid pressure drop or of
poor resulting atomisation ),

- 4
\

»

4.2 PHEIMATIC ATOMISERS ( OR _TWIN-FLUID ATOMISERS ),

The twin-fluid atomiser has few of the limit’at'ions of the pressure
atomiser, It is more adaptable with slurries and viscous @xida,
since there are no #mall orifices to clog. Very fine aversge drop
sises can be sbtained, although the drop-sise distribution range is "
large, Efficient atomisation can be obtained over a wider range of
1iquid flow retes with twin-fluid atomisers, while high 1iquid
injootsion pressures are not roquirod{.

Unlike pressure atomisation, where all the energy for bringing
about 1iquid disintegration must be contained within the liquid itself,
the twin-fluid system also uses the pressure omrg‘y ofltho'gaa.

‘ Since this energy is independent of liquid flow rate, smaller droplet .
: sizes ;s well as wider spray angles can 'bo achieved at low liquld

4
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rates, compared to pressure atomisers, .

The simplest twin-fluld atomisers are converging no'zzles. In these
atomisers, a core of liquid is impacted co-axially by a high-velocity
gas stream, At low liquid flow rates, the jet is violently disturb;d by
the impinging gas stream. The liquid stream becomes distorted\ and is
readily blown apert, However, when the liquid throughput }s high and
the stream diameter hrge,mtho energy offici‘ency of the applied stream
is lessened, ;

As a means of overcoming this limi\t.;\tiror;. atomisers are constructed
with meansh of spreading the liquid into a thin sheet before being
contacted with the gas stream, This is/ usually accomplished\by passing
it through a kind of ‘swirl-spray’' norzle, This process is called
'Pro-filming' and excellent atomisation can be achieved at high 1igquid
flow-rates, .

Clare and Radcliffe ( 67 ) have designed an air blast atomiser,

Fig, 25 for use with yiscous fuels, An essential feature of this |
atomiser is that the :;191 is introduced radially inwards into a
swirling air stream just before it exits from the atomiser into the
combustion chamber, They found that the droplet size depended mainly | \
upon the air/fuel ratio and that the air pressure and fuel gap only \
affected the droplot size by Altering the fuel[\i:r ratio, When the
fuel injection prouuro,wu Mﬁh. it was noticed that the droplets

were smaller than for low fuellpressure at the same air/ fuel ratio, .

1

4,3 THEORY OF ATOMISATION. | . : /
There have been a number of excellent reviews on the principles
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of atomisation ( 68-72 ), .The first contribution to the phenomena of .
jet disintegration was that by R;yleigh ( 73 ), vwho noted that when
a stream of imviscid liquid issues from.a:pipe at a relatively low
velocity, into still air, the probable length before break-up is about
4,5 times the dhne;oer of the 1liquid jet, This follows from a concept
of minimisation of surface energy which shows that under the conditions
mentioned, the disrupted stream can form droplets, whose cumulative
surface area 1s less than that of the 'parent' stream, In practice,
the size of these Qroplets depends upon the physical properties of
the fuel -and gaseous medium into which it is injected ( e.g. viscosity,
surface tension ), as well as the nature and intensity of fluid
disturbances oreated within a given atomiser ( 74 ),

Analysis by Schweitzer { 75 ) concluded that jet disintegration
could be effected without air action if a high \turbulence level was
obtained on exiting from the nozrle, However, ordinarily, both

turbulence and air friction combine to breaR-ep-the jet, Hinze ( 76 )

also suggested that turbulence caused initial surface disturbances in

the jet, but that these were amplified by air frictdyon to form %igmom:s‘

whic‘h tore' off from the jet stream, .
Where a hrgo_ tangential velooity is impu'ted to the 1iquid, as

is the case with the swirl atomiser, the 1liquid spreads out into a

thin conical sheet. Such & sheet is less stable than a jet and is

p‘rilm.arly mgop\‘.iblo to disruption by air resistance, It has been'

shown ( 77,78 ) that these thin f;.'l.ns tend to develop waves, which

build up, whip back and forth ( and may eventually curl back completely )

_to form unstable hollow tubes which break into drops,
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Conditions in the blow-pipe of a blast furnace are such, however,
that the issuing stream of fluid, vhether it be a jet or a thin sheet,

is subjected to a high velocity air blast,

b4 ATOMISATION IN AN AIR STREAM,
A mmber of_ studies ( 79,80,81 ) have been made with regard to

the phenomena of break-up of liquid jets in high-velocity air blasts,
These have generally been conducted on single drops, to analyse
disintegration mechanisms, However, some investigations ( 82,83 )
were of a more practical nature, such as the study of fuel injection
inetlcv ramjets e’t.o::..a _

The first theory of jet disintegration to gain acceptnnc;\ vas
that of Castleman ( 84 ) who proposed that'disturbances ( or ripples )

were induced on the surface of the jet by an air blast, Such

disturbances were duwn out, into 'ligaments’, with ohe end remaining
anchored to t;ho bulk liquid, These ligaments were cut off from the
bulk to co e into drops, The important parameter, governing jet
dsintegratidn, as postulated by Castlemen, was the sffect of the

relative veloocity -between the air and fluid streams, This theory

_was supported by the photographic work of Lee and Spencer ( 85 ),

-

L_ittuya' (8 ), a'n;i Sustrunck ( 87 ), However, the latter yorkora"
dvaiqugrood with Castlemani®s oont;lusion that a minimm drop. sise of
about 7 miocrons for oil resulted because inoreasing tho: ;e'.lntivo'
velooity caused the ligaments to detach as quickly as Atha(y ware
formed, h )

Sisdlar theories have been proposed bty Mayer ( 88 ) and Adelberg

—
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( 89 ). Both considered the shredding of ligaments, and subsequently,
of liquid drops, from waves on the liquid surface, The waves were
assumed to be initiated by some disturbances, such as internal
turbul_‘ég‘)ce, foreign gds bubbles, pressure fluctuations, etc.. The
model proposed by Adelberg 1s as shown in Fig, 26, - .

These theor/ies are intended for use with a simple pressure nozzle,
where there is no atomisation prior to injection into the gas stream,
The effect if injecting fluld in such a mammer into a supersonic air
stream was clearly denonstntqzd byk the photographic work of Sspiro
( 90 ). The effect would be the same if subsonic velocities were
used, although drop size and spray d{stribution would undoubtedly be
different,

When the 1liquid is atomised prior to 1utrodu<;tion into the air
blast the issuing thin sheet is immediately disrupted, ligaments being
‘torn-out' and droplets produced, The phenomena of secondary
atomisation now proceeds, .

This phenomena was initially observed by Hochschweinder ( 91 ),
but dramatically illustrsted by the photographic studies of Lane ( 92 )

on the break-up of single drops in an air-stream, Fig, 27, It was

'obsorvod that as the drop came under the influencé of the air stream,

it became increasingly flattened, and, at a critical air velocity, it
was bloyn out into the form of a hollow bag attached to a cirdular
rim, Subsequent bursting of this bag produced s shower of fine
droplets, and the rim, which contained at least 70% of the mass of the
ordginal drop, broke up later imto mush larger drops. |
Similar results have been réported by Simons and Goffe ( 93 ),

<
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N
Nukiyama and Tanasawa ( 9% ), and Andersen and Wolfe ( 95 ).

The break-up of drops in fast air streams has been observed to be
_strikingly different from that in a steady stream of Wir, In this
case, the drop is deformed in the opposite direction and ~prz;sorfts a
convex surface to the air flow, The edges of the uuc;;' shape are
drawn into a thin sheet and then into fine filaments which in turn
break up into ‘droplets.

Whether or not the droplet is blown into the shape observ‘ed depends
hon surface tension, initial drop size, air velocity, and the nature of
the exposure of the dropoto air, h

Balze and Larson ( 96 ) concluded that the maximum stdble drop

size was proportion-al to;

L
‘gi (AL

where 5
X L = surface tension of the liquid,
PA = density of air, ]
V. =

r relative velocity between air- and fluid- streams, .
Ranger and Nichols ( 97 ) noted that the impact by a strong shook-

wave was an insignificant element in producing the shattering of a

liquid drop, The factor causing disintegration was the high-speed

convective flow, produced by the shock wave, A drop, qrigixﬁl]y

spherical, would be deformed into an ellipsoid with 1tq\‘1injor axis

perpendicular to the direction cl:f flow, The shearing action ‘axerted by

{

the high-speed gas flow caused a\ boundary layer to be fojmed in the -
surface of th:liquid ard the sti-ibping awvay of this layer uccqunteti,

for the break-up, These studies further support the fa

- . 1

that the

P




37.

break~up time is proportional to the initial droplet diameter, and the
( 1iquid-to-gas density& ratio )%, and inversely pr;aportioml to the

47

‘relative velocity, -

!

Beuthen ( 98 ) concluded, in‘a physical study of blf.“'\f,‘. mr\‘r'\'n‘ée oll |
injection, that droplet, size did not vary significantly  when injection
of fuel oil into the hot air blast was uxﬂemken,'}xsing both a smplQ
nozzle, h;ghere no primary atomisation was effected, and . complex
hydraulic riozrle, where there was primary stomisation, iAtimating the
accepted fact that secondary atomisation of the fluid stron\.m by the
air blast is the main parameter as regards fineness of droonlet, size,

Weiss ( 72 ), in an excellent study of atomisati:on suitable for
ramjets, observed that the droplet size decreased by ,s%e 20-30% ;when
primary atomisation was undertaken, However, at high air blast
velocities approaching 650-700 feet/second, the difference in drop
size between the two atomlsing techniques became nogliéiblo. It should
'be noted that the nozzles used by Weiss exhibited low flow rates,
from 0,1 to 1,0 gallons/minute, and thus the\ results \obtcineq can not be
directly correlated to blast furnace practice, but may be ugeﬁ:l in
indicating expected tronds..
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5.0 INTRODUCTION,  ° . ',/

. ° i - : *
This chapter concerns nozzle.design and the performance characteristics

of the present corkscrew nozzle operating in still air,

5.1 THEORY OF NOZZLE DESIGN; : )

As indicated previously, the corkscrew-insert notzle was designed
specificnlh' for trials on No. 3 blast furmco at Dofasco, Thus, the
design had to be such that the nogzle udo optimum use of pumping
pressure, Since the oll pump operating No. 3 oil delivery operated
at & maxirum allowable exit pressure 'of 180 psig, and 1line pressure
losses were about#0 psig, down to ‘;,ho 0il lances, a two-revolution
(~or spiral ) corkscrew was found to be best suited for obtaining the

required oil rates of 2,4 gallons per minute per lance ( 2000 gallons

per hour overall ). Guthris, ip his initial design study ( 20 ),

inrdicated that, with a blast furnmace pressure of about 30 psig, the

3 , y
available pressure differential for atomisation was about 120 psig.
As can be seen from Fig, @, three-spiral corkscrew inserts could not-

deliver the required flow rates, due to the increased pressure drop

A
across the lances,
The piteh of the insert had to be such that the smk was

discharged at an angle, such that, in the high velocity blast, the

particles approached the walls of the tuyere, thereby faoilitating
subsequent mixing prior to evaporation and combustion, X

While dgoiding upon the optimum pitch of insert ( the pitch is the
number of :pi.n!.o to the inch ), it was found that the only pitoh of

corksorew commersially available was one with 4 spirels to the inch,
o /
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where each spiral had an angle of 60°, Since this approached the
reqtiisito design pitch, and large quantities could be readily obtained,
their use was adopted,

In the initial studies, i\t was thought that there was little
chance of the sprdy being 'thrown out' to the walls of the tuyere, due
to the qi&igh velocity air blast, and thus the ‘insert was moved 4" from
the lance opening so as to minimise rotational energy losses due to
the shearing action of the spinning o1l on the w;lls of the lance,
This was considered to ba a rusomblep compromise between the uniformity

of the exiting spray and rotationsl energy losses,

5.2 INVESTIGATi ON _OF INITIAL NOZZLE DESIGN. ‘

One of the man noztles that had been used in the plant trials
vas returned to the laboratory, It was found that in spraying water
at a."pro:ssuro of 80 psig ( which was the maximum mains supply pressure ),
a true hollow cone did 'not form, The water |.na sprayed vertically

dowrwards, ‘tnd collected in a series of containers placed in a circle,
"at a distance of 187, as shown in Fig. 29. The collected water was
then measured to detm:.no .the volume in uo&’ container, and from
! X

this date, an indication of spray uniformity oould be cbtained,

-

543 NOZZLE DESIGN. ~
The spray lances used in the present investigation were gmtrioq.lly

similar to those used in the plant scale study ( i.,e, 4* 0.D,, #" I.D. ),
but made from acrylic tubing rather than mild steel,
The nossles weré made by screwing the inserts, which measured £

J
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\ ' . 4
diameter, ihto the acrylic lance, The insgrt was then broken off{ from
the oriéim.l corkscrew, sohthat. two revolutions remained in the tube,
The distance from the end of the insert to the exit orifice was varied
until a hollow cone spray, with maximum cone angle, was formed., Fig, 30
shows the completed noztle, with the insert set at the optimum distance

of 3/4" from the end of the exit orifice,

5.4 MODELLING - mﬁmlmrru APPARATUS FOR STILL AIR ATOMISATION
‘ ' STUDIES.

Since tests involving heated oil was not possible, with the
laboratory facilities available, water was first used as a substitute,

e
As ron in Table 5-1, water has a viscosity of 1 c¢p ( 5SUS ), a

2, at 70°F,

density of 1 gm, cm:3 and a surface tension of 73 dynes ’cm'.'
compared with 24 ep ( 120 SUS ), 0.98 gm. cm‘."B, and 22 dynes/em,2 o
" respectively for Bunker °C' oil at 220°F,

Although‘the figuro‘s do not correlate precisely, it was decided
that the results on spray trials using water would provide a useful
indication of optimum injection practice for good spray uniformity,

'Il‘ho apparatus used for these preliminary studies is shown in Fig, 31.
Two cylinders, one containing compressed air, the other wator,' were
) ygnmctod. and a constant high gas pressure maintained in the water
cylinder by suitable adjustment of the pressure regulator. When
needle valve D was opened, the water was displaced from the cylinder,
and into. the lance, A pressure 'gcuée on the exit side of the cylind&r
monitored the exit water pressure, since no significant variations in

either air pressure or water pressure occured during the course of a
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run, no needle valve adjustments were necessary to provide constant water
flowrates into the lance,

A’ series of ‘photong‘a;?hs were then taken to study ;,he off?ct of
injection pressure on the cone angle of the 1ssuing spray, -fhis was
done using Kodak Tri-X f‘pm, with a shutter speed of 1/500 th., second,

The injection pressures used in the study were 20, 40, 60, 80, and 100 psig,

5.5 DROPLET SIZE ANALYSIS OF WATER TNJECTION.

In view of the importance of particle size and particle size
distribution in combustion phenomens, an efficient method of ,droplet size
amiysis was esaentﬂl._ Howcv;r, perhaps as a consequ‘gnce of the high
flow rates involved, from.1,8 gallons per minute ( at 20 p;ig ) to 3.2
gallons per minmute ( at 100 psig ),/ collection of the water spray droplets
proved impossible, Dilute solutions of gelatin in water, glycerine,
0il with additives, and other techniques failed owing to the tendency
of the water to 'spread' across the surface of the colleoting medium,

In those cases where the water penetrsted the surface of the collecting
agent, droplet coalescence occured, Similar difficulties were
'emount..crod with collection of the water drops on glass. slides covered
with HgO or soot,

5.6 INJECTION OF MOLTEN WAX . INTO ‘g& AIR.

Due to the difficulties involved in obtaining particle sizes with
water, an altermative system was adopted to provide dntalon droplet
sise _dﬁmbuuon"fm of its importance in terms of combustion

3

efficiennies, A paraffin wu was ftmiJJ chosen as belng closest to

A



L2, .
‘ ) . ©

ideal because of (a) its similarities with Bunker 'C' oil in terms of
viscosity, density and surface tension { see Table 5~1 ), (b) its low
vapour pressure ( which means no evaporation during testing and thus

a relisble final drop size ) and (c) the ease of subsequent droplet
size analysis by allowing the wax droplets to freeze in flight, ’

An equivalent system to that previously described for water spray
studies was uéed, as shown in Fig, 32, In the wax cylinder, melting
and tempereture control were accomplished using a 500 watt heat.‘ing
element, connected in series with a varhbie resistance, The cylinder
was lagged with a %" thick refractory cement to prevent excessive heat
loss to the surroundings,

The wax chosen as a substitute for oil was Mobilwax 2305, a high
melting point pareffin wax, The viscosity- chart of this wax i§. as .
shown in Fig, 33, where it will be sooncthlt the viscosity of the wax
over the, temperature range 195-210°F is ;;mctiéclly equivalent to .
that of Bunker 'C' 01l injected into blast firnaces between 170-200°F,

Other relevant physical properties are given in Table 5-1, which
also ‘close match those of Bunker °'C' oil.

A lower melting point paraffin wvax was also used in the initial
work, The viscosity of this latter wax was lower than that of Mobilwax
2305, wvhile the surface tension was similar at 13 dynes o, "2 ( at
temperatures from 190-210°F ). This allowed the effect of viscosity
on droplet size to be asoertained, )

Initial experiments involved spraying wax at various injection
pressures and determining resultant wvax flow rates by spraying it
into a large container for a known period of time, and weighing the
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" amount. collected.

An injectionr temperature of 200°F was chosen &0 as to give an
exiting wax viscosity of about ?0 cp ( 100 SUS ), and thereby match
the viscosity range of oill injection, It was found that by controlling
the temperature of the molten wax, in the cyli;xder. an exiting wax
temperature of 200°F was achleved from the lance when spraying into

still air at 70°F,

The height of the noszgle from the was set at fiv at

a slight upward angle, so that the spray plets f}rozg before

being collected on a polythene sheet set t the m:zlé,
Fig, 34. Using these procedures, the collected wax

and remained undeformed on impact, . N /

5.7 AMALYSIS OF WAX, SPRAY. _
Various methods of\gnALvaixg the droplet size distribution of the

sprayed wax were tried, The simplest considered was that of mechanical
sleving, whereby the s0lid wax could be sised according to the mesh
sizes of different screens, This method proved unsatisfactory, due

to softening of the wax, and subsequent clogging of the mesh,

The method finally adopted was ‘t.o riffle the collected wax down
to a weight of SO grams, this being deemed to be representative of
the whole of the wax sprayed ( typically, 1000 grams ), Portions of
the riffled sample were placed on glass slides and random qreas
photographed on a Vickers Projection uc':-‘oseopo. using a macrogrephic
lens, at a magnification of X40, The pbotsgnphs were taken using
Polaroid Type 42 film, which provided the necessary resolution and



- 5.9,1 NOZZLE SPRAY “CHARACTERISTICS.

“

deptl:x of field, It was decided to take photographs at two different
focus s;ttings, in order that both t'h: large droplets and small droplets
could be sized whilst: in focus,
The droplets were then sized using an accurate scale, directly
from the photographs, although some siszing was doﬁe directly from
the microscreen, Sizing of the droplets was undertaken by measuring
the diameter of the :n.rticle. Some 500-600 particles were sized in e
the initial spray test in order to find the'necessary mmber of
particles t;> be counted for a representative and reproducable value,
Similar work was done using the low viscosity wax gt.,; the same

temperature as used previously, and under the same conditions.

5,8 DROPLET _SIZE ANALYSIS.

The droplet sire was determined as the volume-area diameter, or
the Sauter Mean Diameter. This had been.found in previous studies to
be appropriate for combustion work, and the like, since it takes into
account the diameters of the large partic_los. which determine the
efficiency of evaporsation and subsequent ;:o-bustion. The Sauter Mean
Diameter, or D32, is defined mathematically as ZDBNIE:DZN %s
determined by taking a siso range, say, 0-50 microns, 51-100 microns,

ete,, and counting the number of particles 'hoso dismeter ‘Ioll in’

that range., This analysis was done for all the p-rticlu over the

onﬂra sise range. ? -

5.9 EXPERIMENTAL RESULTS AND DISCUSSION OF RESULTS.

From a study of one of the origimal injection lances used in the .
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pIant trin.ls, the data collected frcn tho nter&tudios was correlated,
and Fig 35a), which is a dhgrurmtic prosontation of the spray
distribution, obtained. As can be seen, the appesarance of the sp:ny)\)
was that of a 'drowned ;:qne', i,e. an incomplete hollow cone where
<;ne part of the cone was s ar to a fan spray. This effect would
reducd the mﬂomity of the spray in the blast furmace blow-plpe,
and could be a contributing factor to the results obtained in plant
‘trials, l

A similar study of the spray sheet resulting from a nozgle of current
d?sign’.producod; Fig. .35b),‘ reveals that the spray was more uniform,
being a near-perfect hollow cone, with 1little.or no deformation at .
any part of the spray sheet, Consequently, the notsle design, \rheroby
tixe corkscrew insert was set 3/4" from the lance axit orifice, wvas _
deemed satisfaotory for further work, '

o /\_\/

5.9.2 DETERMINATION OF FLOW RATES AND CONE ANGLE AS A__FUNCTJON
h' ) ' OF _INJECTION . PRESSURE,

Fig.”)% is a stud:y of the formation ;f cone angle and sprey pattern
as a function of injection pressn;ro. The pressure used were from >
"20 psig to 100 psig, Fran analysis of the photégraphs of the spray, ’
it was seen that at low pressures, the\spray was hrog\‘;hr, due to\f
the cone not being ‘cbmplote]y umiform, i.e, surface dist\)(rb\amos—could
be seen, Immse in injection pressuro, ( and thus {low rate ),
caugcd the spny to become more unifom, and at 60 psig, the obamed
spruy exhibited aXl the characteristics of a good hollow com.

Hmrcnr. the spray remained as a ‘sheet’! for some distaice from the

fn
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nozzle, before break-up of‘thel sheet into drops occured, by the
phenomena of surface diéturban(;es di.:cu ed previously in chapter i,
Subsequent increases in injectlon pres caused the sheet to be
disrupted closer to the nozzle, and at 100 psig, the spray sheet was
disrupted immediately on exiting, the resulting spray being conpose:i
of myriads of droplets of varying sizes, with a ‘'blanket' of fine
pa'rt‘;.oles on the ocutside of the cone, surrounding the main ‘cohe’ of
coarser particles, '

Again from the )phctographs of Fig, %.Oa, plot-of cone angle versus
%’low rate was obtained, The cone angles were evaluated from the
photographs by drtwi.'n;u tangent from the nozzle exit orifice to the
s;;:{y/.\’ The results were then flotted as a function of the wax flow
rate, as shown in Fig, 37, It was seen that at 1low flow retes of
1.8 g;llons per minute, the cone angle was 75°, due to the incomplete
formation of the spray cone, Increase in"the flow rate caused the
cone angle to increase, and n‘mimum cone aggle of 86° was exhibited
‘t, maximun flow rate of 3,2 gallons per mimte,

Fig, 38 represents a plot of injection pressure as a function of
flow rate. As. can be seen, the flow rate of fluid exiting from the
nozzle increased from 1,8 gallon® per minute ( 108 gallons ner hour )
at an injection pressure of 20 psig up to 3.2 gallons per mimte
( 192 gallons per hour ) at an injection oressure of 100 psiz, These
yalues contain the range of flow rates of oil to the tuyeres as
presently practiced. in many blcst:- furnaces ( 99 ).

The 1nject10¥x pl:osxuros iised in the investigation depended upon

the captbility‘ of the proqsuﬁ regulator governing the constant

[ 2
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pressurs head to the fluid being atomised. regulator had a
meximum capacity of 112 psig, but it was decided to use an upper limit
of 100 psig for injection,

In order to maintain a stable spray cone, which is essential for
consistent drop\size analysis, as well as producing a uniform spray .
distribution, the nozzle should exhibit an approximately '11nonr
relationship between the flow rate and the square root of the injection
pressure

1,e. K = qfff
where

Q = Flow Mgmons per mim;,e.

P = Injection Pressurs, psig,
The constant K is a characteristic of any particular nozzle, From
a plot of Q vs, P%, Fig, 39, it can be seen that the relationship was
linear and that X 13‘10; the order 20, Consequently, it was felt that
subsequent drop size studies would be reprodycable due to spray cone

stability,

.
.

5.9.3 DROP SIZE ANALYSIS OF WAX PARTICLES.

Due to the method chosen for wax injection, i,e, no lagging of the
lance, it was thought that some problems may be forthcoming due to
freering or\,the wax in the lance, However, this did not prove t‘.o be
so, and wax injection procaedpd smoothly, ’

\Tho spray wax was collected on theJ polythene shw The wax <
pu't:icloa vere noted to form in flight, i.e, sheet disruption was

observed, the resulting sheet appeering as a 'mist' of droplets, The

-
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wax droplets wers solid on impact, indicating that the spraying distance
of ten feet was adequate to allow freezing of the wax in flight. Due
to the nature of thek\wa.xos, 1.8, both exhibited softening tendencies
in the conditions prevailing in the lsboratory ( high humidity and a
high room tunpomture‘,), collection, and subsequent handliﬁg, was done
with care. The collected wax was then placed in a freezer, prior to
examination, to facilitate handling.

when the pu:ticles of wax sprayed into still air had been collected
and froten, they were photographed and a photographic study is .
presented in Fig, 40, The injeotion pressures were ‘4o psig, Fig, ’40&‘).
60 psig, Fig. 40b), and 80 psig, Fig. 40c), with an exiting wax
temperature of ZOOOF. From the observations on the Vickers microscope,\
it was seen that the colloct’od wax particles were, in general, perfectly-
spherical, There was no indication that any distortion of the ’;particles
had resulted on impact with the collecting sheet, Particles of many
diffoxiont sizes were noted, although it appeared that large particles
of 300 microns diameter and greater were in the majority, Subsequent
analysis proved this to be the case, }

No evidence of particle coalescence was noted, although Joyce ( 100 )
has reported that small drops can unite in flight to form a larger drop.

A magnification of X4O0 was found to be adequate for the optical
examimation and subsequent sizing, )

. In order to establish the necessary rumber of particles to be

counted, so that any result would be roprosenta;,ive and consistent,
a m.mbor of particles were sised from the photogrephs, and the Sauter

Mean Diameter found, then more particles wo’ro sifed, and the new
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Sauter Mean Diameter fourd, ‘This technique was contimued until tl)
Sauter Mean Diameter was reasonably constant. In all, some 700
particles were sized, with trials being .done at two different injectlon
pressures, The results of fhis analysis can be seen in Fig. 41, where
a consistent droplet size was obtaified when more than 500 po‘.rticles
were sized, It was seen that fewer than this mmber resulted in a
\hblo Sauter Mean Diameter, the variation in some cases being 20%,
Durirg the course of this particular study, it was noticed that
the Sauter Mean Diameter appeared to be strongly biased towards the
diameter of the larger particles, due to the method of calculation,
Consequently, the appearance of a particle of greater diameter than
the majority would cause tha Sauter Mean Diameter to be increased,
while a calculation of the Linear Mean Diameter ( Y ND/ 30N ), would

be relatively unaffected,

5.9.4 DROP SIZE AS A FUNCTION OF FLOW RATE.

From a plot of the Sauter Mean Diameter versus the flow rate, Fig, 42,
it can be seen that both waxes exhibit similar behaviour, namely that h
the drop size decreases with increase in flow te,- up to 2.8 gallons
per minute, arnd then increases with further increase of flow rate,
This can be explained by noting that at low flow rates, the spray is
irregular and not fully formed, and thus breakdown of the spray sheet
into 'ligaments' resulted in the formation of coarse drops, I,ncr;as'e
of flow rate caused the spray sheet to become more regular, ard at
2.8 gallons per mimute, the sp::q was almost at its maximum cone

angle, thus subsequent disruption of the sheet resulted in a
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proportionate increase in smsller drops, Increase of flow rate beyond
this point then caused the particle size range to increase { i.,e, an
increase in the proportion of both small and large drops was noted ),
which caused an increase in the Sauter Mean Diameter, due to the
increased volume of wax to be ;tg‘nised, alth?ugh the spray sheet was
disintegreted immediately upon exiting, This phenomena of increase
of mean drop sise with h:crfn.se in flow rete, at a stable cone angle,
has been reported in many other studies { 101, 102, 103 ), and is a

feature of atomisation,

5.9.5 DROP SIZE AS A FUNCTION OF VISCOSITY.

——————— 4

In the atomisation of fluids, it is known that the variables which
affect droplet sisze are (a) properties of the fluild ( i,e, surface
tension, viscosity, density ) and (b) properties of the gaseous medium
( density ). It is generally agreed that the surface tension and
density of the fluid ( oil or wax ) will not change more than
marginally duri:g/the process of atomisation, Thus, by maintaining
conditions in the laboratory, so that the density of £ho ailr did ‘not
chug;o. the only variable which could affect the particle size was
the viscosityr of the wax,

It can be seen from Fig. 42 that at the low viscosity ( 40 SUS,

2 cp ), the Sauter Mean Diameter was significantly lower than that
obtained under identical conditions with the high viscosity wax
( 110 sus, 05 cp ). This 1s dhe to the fact that droplet size is
directly proportionmal to the scosity of the fluid, arnd hence any
decrease in viscosity will result in a decrease in drc;plot size,

s
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This is significant in blast furnace fuel oil injection in that an
NG
increase in the pre-heat temperature of the oil “decreases the viscosity,

and hence the droplet sisze, thus affording more efficient combustion,

*

5.9.6 DROP_SIZE DISTRIBUTION OF THE SPRAY,

From an analysis of particle cihmotora, a size distribution of the
collected particles was obtained, There are many possible‘*:mys of
proslenting this data, such as the Rosin-Rammler Distribution and the
Nukiyama-Tanasawa Distribution, However, it was decided to make use
of a normal distribution, i.e. a simple plot of £ particles in the
spray whose diameters fall within a certain size range, since this
) gavo‘ an :hm;dh.to indication of the results,

Such a distribution is presented in Fig, 43, where the flow rates
ﬁ;\restigatod were 1,8 gallons per minute, 2,8 gallons per minute and
3.2 gallons per mimute,

It can be seen that at low flow rates, the drop size range was
large, from particles of diameter 25 microns up to particles of 1 mm,
‘Hiameter, However, the majority of particles vere in the re‘gion of
&the Sauter Mean Diamet?r ( 550-600 microns ), and few particles had
diameters of less than 100" microns,

. With increase in flow rate, the sp;-w sheet became more uniform,
and at 2,8 gallons per minute, reached optimum uniformity. This was
reflected in the diﬂstribqtion of the particles, simo_ the particlt
distribution range was marrower, with an inoreased pm?/m
droplets hu}ring diameters less than 100 microns, Further increase

of flow rate caused the distribution range to increase slightly,
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with same particles exhibiting diameters of up to 700 microns,
5.9.7 REPRODUCABILITY OF RESULTS.

In the droplet size analysis, the figures reported are the mean
value of results obtained it sach variable increment, whether it was
injection pressure or flow rate, At least three trials were done at
each increment of pressure/flow rate. It was noted that in most cases,
the peproducability was good, being of the order s-7%. However,
particularly at the high flow rates, where an increased site range
was noted, the errors were somewhat higher, being 10-15%, due.to the
appearance of a large particle, which would cause the Snut)or Mean
Diameter to inorease, Nevertheless, the trend of drop sise as a
function of the varlables already ment.ione'c.l does follow previously
reported ones, ‘\

It is difficult for any investigator to be c‘bnplote{y‘ unblased in
SJhe selection of areas for counting and sizing, and hence in some
trials, photographs were taken of aréas where no visual observation
had been undertaken prior to photography. Drop sise amalysis did not
reveal any major differences in the Sauter Mean Diameter betwsen the

two methods of photography.

-y .

5.10 EFFECTIVENESS OF WAQX‘ FOR > INJECTION STUDIES i

The purpose of this initial study of wax injection into still air

was to test.the performance of the uodifipd nozzle under opo}ating

. conditions, and also to justify the use of Mobilwax 2305 as a

‘replacement fluid' for Bunker °'C' 0il, Because the viscosity and



surface tension of both fluids is similar at the appropriate

temperatures, the results obtalned with wax indicate a similar trend
}““ for atomisation of oil, Satisfactory operating conditions were
experienced with the wax, with few problems of premature solidification
\in the lance or wax vessel,
Once the notzle had been proven in still air, the next aim of the
investigation was to }njoct molten wax into a high velocity air

stream, and study the effects produced,
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EFFECT OF FLOW RATE ON PRESSURE DROP ACROSS CORKSCREW LANCE ASSEMBLY
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EQIPMENT USED FOR INJECTION OF MOLTEN WAX.
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, DIAGRAMMATIC REPRESENTATION OF SPRAY PATTERN FROM CORKSCREW LANCE
(a) DROWNED CONE FROM ORIGINAL LANCE
(b) HOLLOW CONE FRQH MODIFIED LANCE
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, PHOTOGRAPHS OF CONE ANGLE DEVELOPMENT AND SPRAY PATTERN
2 (a) INJECTION PRESSURE, 20 psi, (FLOW RATE, 1.8 gallons/mimte)

(b) .INJECTION PRESSURE, 40 psi, (FLOW RATE, 2.4 gallons/minute)
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(c) IMJECTION PRESSURE, 60 psi, (FLOW RATE, 2.8 gallons/min.)
, (d) INJBCTION mms?m;, 80 p‘si, (FLOW RATE, 3,0 gallons/win,)
(e) INJECTION PRESSURE,100 psi, (FLOW RATE, 3.2 gallons/min,)
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FLOW RATE AS A FUNCTION-OF INJECTION PRESSURE
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PHUI'(X}RAPBS OF COILEUTHJ WAX PARTICLES, X440,
(a) F'LO:I RATE‘: 2,4 gallons/mimte,
(b) FLOW RATE, 2.8 gallons/mimute, X

(c) FLOW RATE, 3.0 gallons/mimute, . )
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. SAUTER MEAN DIAMETER OF SPRAY AS A FUNCTION OF NUMBEER OF
PARTICLES COUNTED. -
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Fig, b2 S
~-SAUTER MEAN DIAMETER OF SPRAY AS A F'UM:TI?N OF WAX FLOW RATE
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6,0 INTRODUCTJON. RN

In this chapter, the effects of wax injection into high wvelocity
air streams will be discussed, Thogo studies were made in order that
a full-scale model of oil injection could be obtained, With a view to

optimising the process of oil injectlion into bhst furnaces,

)
6.1 EXPERIMENTAL MODELLING OF BLAST FURNACE ELOW _PIPE,

In the tuyere region of the blast furnace, Fig, 12, the blow pipe
is a steel pipe, some 6-7 feet long and 6-7 inches internal diameter,
lined with refractory material to a thickll:xess of about one inch, ard
connected to f.he bustle‘-pipe by a 'gooso-;xeck'.

| The simulated blow pipe was a 5 foot length of plexiglas tube,
with an internal diameter of 6 inches and a wall thickness of i inch,
Plexiglas was chosen so that the spray characteristics of the simple
( straight through ) nozzle and corkscrew nossle could be readily
observed,

It vas decided to treat the blow pipe and the tuyere as one unit, -
‘) although it 1s appreciated that in practice, this is not the case,
the tuyere being "'locatod at-the end of the blow pipe, and having a
taper down to its nose, thereby reducing the intermal diameter from
6-7 inches to about 5% inches, Howavor; it was felt justifiable to
use this simplified treatment since neither the resultant spray
characteristics nor the final drop size produced would change if the
blow plpe were uper;d. L .

. In order to study the ;ffocts of injection angle on the resultant
spray, ‘holes were located 1n the plexiglas tube at?ngles of 15°, 30°,
ﬂ ‘ . .

j

-
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60°, ard 90°. These angles were chosen in or?or that a complete study
of e.ffoot of injection angle could be obtalned, In addition, these
injection ports were located 1n/such a way that injection could be
done at distances of 18 inches and 27 inches from the end ( or nose )
of the blow pipe, This is 11lustrated in Fig, 44,

The equipment used to produce the high velocity air streams
consistl.ed of two large tanks, each measuring 5 feet in diameter and
'8 feet long, with a combined volume of 314 cubic feet, They were
“;ressurisod‘ to 125 pe;;\g by a compressor, and were thus capable of
delivering the required ve ties, The tanks were emptied through a
6 inch internal diameter globe valve, located in a 6 inch internal
diameter pipe, whose end )am.-.’.v fitted with an 11 inch flange,

An 11 inch diameter plexiglas flange was made and fixed to the
blow pipe, The whole assembly was then bolted to the. pressure tanks,
as indicated in Fig, 45. Finally, the plexiglas blow pipe was held

rigid by two heavy metal supports,

6.2 EXPERIMENTAL, TECHNIQUE FOR JINJECTION INTO KIGH VELOCITY
AIR _STREAHS .

’ 6.2.1 MEASUREMENT OF AIR VELOCITY.

. In order that the velocity of the air stream be known at the point
of injection, a pitot tube was construgted, and standardised ih the

alr stream against a previously eal;bntod pitot tube, Both the @
pitot- tube and a static pressure tube were 9c;mectod to a mercury
manometer, and t}_o/ resulting stagnation and static pressyres found

at various air stream velocities, The velocity of the air stream w;.}-'\'



Po

]

P =

o -

velooity of air stream, feet per seocond,

gravitatiomal constant = 32,2 ft, ltm,/1b.f, sec,

ratio of specific heat of air at constant pressure and
constant volume = 1,4,

static pressure, 1bf,/ft.2

stagnation pressure at pitot tube, lbt‘./ft..2

fluid density, = 0,0735 1b./ft.2 ® 300°%, and 1 atm,

A pitot tube treverse of the blow pipe was performed y\l order

that any pressure fluctustions be noted, No significAnt fluctuations

on the mercury level in the manometer were noted dur this traverse,

shen a calibration chart for velocities as a function of the

differential pressure had been constructed, it was decided to keep
.

the air velocities below 450 feet per second, because of the problems

associated with evacuating a large volume of high velocity air into

the confined space of the laboratory., As will be discussed at a

l4ter stage in this chapter, the air veldcities used in this study

are gensrally lower than those used in general blast furnace practice,

yeot any trends resulting from injection of wax into these relatively

low velocity air streams can be extrapolated to encompass trends at %

the higher air velocities,

-
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6.,2,2 WATER TINJECTION INTO HIGH VELOCITY AIR STREAMS,
In order that the potential of the experimental equipment be

tested, water was first injected into the air stredm, since the
injection of water had proven much usier‘ in still air tests, and in
the low humidity of the laboratory, the wmater drops would evaporate,
‘thus negating the need for collection, Water was sprayed into the
air stream at different flow rates ( 1,8 gallons per mimute to 3.2
gallons per mimute ) and injection angles ( 15° to 90° ) and the
spraying characteristics noted,

The technique of water injection ( and also wax injef:tion ) was,
referring to Fig, 45, the globe valve was opened until the differential
pressure indicated the desired air velocity, and a pitot tube traverse
done, The nt;r ( wax ) was then injected, at the desired flow rate,
for a known period of time, ususlly 10 seconds.

The use of water proved that injection into the blow pipe could
be done easily, since the air velocity remained constant during the

- Jperiod of testing, and the plexiglas injection lances remained ,rigid,
even at high air velocities of 450 feet per second,

Photography of the injection of water was undertaken, and to aid
the optical resolution of the spray, a small amount ( 1% ) of 9

nigrosine black dye added,

6.2,3 WAX__INJECTION INTO HIGH VELOCITY ATR STREANS.

‘Some problems with Hlx-injection were anticipated prior to testing,
The tgirst, and perhaps the most urgent one, was the prospect of the
wax froezing in the lance during injection, due to the temperaturs

"\ :
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i

difference between the wax and the air stream, In previous studies,

two solutions had been used (a) heating of the air stream to the same
temperature as that of the fluid being injected ( 68 ), and (b) the

use of heating tape and insulation tape wrapped around the lance ( 100 ),
Longwell ( 68 ) had used an air pre-heat temperature of 300°F, and -
this had been sucessful in elimimating the problem of wax freeting in
Lthe lance, However, this could not be utilised in this study due to

the fact that the existing pressure tanks had no facility for heating
the air, Furthermore, the initial drop size immediately after injectlon
was required, and the use of high air temperatures would c‘iehy freezing,
and hence alter the resultant drop size.

The use of a heating tape was rejected, since this would result in
increased\ bulk of the lance, and would cause the lance to waver in the
air- stream, due to a looser fit in the injection ports. The re'sult
would be an unequal spray distribution, due to the movement of the
lance,

Another. problem was that of wax tiuponture measurement, fn the
alr stream, the viscosity of wax decreases with time, and hence, the
wax temperature alters rapidly, causing difficulty in recorfiing accurate
viscosity measurements, A thermocouple located at the exit orifice of
the lance gave some indication of wax temperature, lLongwell has
indicated that the use of wax for oil atomisation modelling can only
give a useful trend, due to the increase in viscosity of the wax, which
results in a .slightly larger particle sisze than would be obtained with
oil 11\100‘!’.10:1° umler the same conditions,

The wax vessel was heated to 212°F, and stabilised at that

o
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temperature ¥or thirty mimutes for tanpeuntur? equalisation, by the
use of the rheostat and contimuous stirring of the molten wax,
Injection into the air stream, whose temperature was measured at 80°F,
caused a substantial heat loss in the wax, the exitinc wax temperature
being in the range 185°F-190°F, as measured on the thermocouple.
However, this sti%l' gave a wax viscosity of 110- / 5 SUS (J l&.j—6 ep ),
which was deemed to be within the viscosity range of oil injection,
ard thus satisfactory for further studies, No fireezing of wax was
noted during the course of injection, but wax did free‘ze in the lances
after the wax flow was turned off, afi the lances needed cleaning
before another experiment could be done, Cleaning of the lances was
done by the use of hotm water, which sufficiently softened the wax “X
that it was readily blown out of the lance by passage of a high
velocity blast of alr,

'dq'& was injected at flow rates from 1.8 gallons per mimite up' to
3.2 gallons per mimite, into air streams of velocities from 250 feet
per second up to 450 feet per second, at injection angles from 15°
to 90°, and injection distances from 18 inches to 27 inches from the
nose of the blow pipe,

During th7' course of the injection trials, it was observed that
wax droplets,/ioro being deposited on the sides of the blow pipe wall,
This necessitated cleaning, usirne Varsol, before each suocessive run,
and hence it was decided to tape a plastic insert into the blow pipe,
Polyvinyl chloride was found sufficiently pliable to fit inside the
. tube, and a plece of 18 inches ( or 27 inches, depending on injection
distance ) long by 19 inches wide t;yl 1/16 inch thick, was so positioned,

i “
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and taped 30cu.ro]y to the walls, Passage of ahigh veloocity air stream
did not disrupt the insert, The insert, after injection was completed,
was removed for further examination,

No photography of wax hxjeot}on could be undertaken boca‘usQ of tbe

impact of some of the wax spray on the walls of th\e blow pipe,

{

™~

6.2.4 PARTICLE cmmxbx) AFTER INJECTION.

This was effected Pz/}(ositioning- a large sheet 15 feet from the
end of the blow pipe, The sheet measured 17 feet wide by 13} feet
high, and was supported from the roof and fldor by high-tensile cord.
Although somewhat crude in design, it proved extemely effective, ‘Hith
the passage of an air stre‘am, the sheet billowed out, much like a sail,
and caused the particles to adhere, On the floor, in fromt, of the
sheet, a large sheet of polythene was spread in order that the particles
falling. from the sheet eqpld' be collecte‘d. Partiéles adhering to the
sheet were removed by shaking the éheet, the frozen droplets dropping
onto the polythene, Since the particles were very small, care was ¢ ’

. observed in handling, the <;ollected particles being placed in the

freezer prior to sizing.

6,2,5 PARTICLE SIZING AND CALCULATION OF PARTICLE MEAN DIAMETER,
The same technique was used in this part of the study as outlined

previohsly in chapter 5, However, because the particles were now much
smaller than those resulting from the still air experiments, higher
magnifications were necessary for accurate measurement of particle
diameters, The magnifications used varied from X90 up to X670,

!
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although above X90, resolution of the particles became difficult due

to the inherent inability of the optical microscope to focus on
spherical objects at high magnifications, i,e, the optical microscope
has a low depth of field,

F:rom the photographs taken, the diameters of the pa.r’éicles were
noted and the Sauter Mean Diameter, as well as a normal distribution',

calculated,

6.3 EXPERIMENTAL RESULTS AND DISCUSSION OF RESULTS.

6.3.1 PHOTOGRAPHIC STUDY OF WATER INJECTION INTO HIGH VELOCITY
ATR STREAMS,

+ A short study of water injection is presented in Fig, 46,

From visual observation, it was seen that the behaviour of the

., two lances, i,e, the simple nozzle and the corkscrew nozzle, were

quite different,

As can be seen from Fig, 46a), at low air velocities, up to 350
feet per second, injection through the simple nozsle did not cause
atomisation until some distance from the lance, i,e, the penetration
distance of the solid core of water before disruption was of the oi'dor
of 2 inches, Also, the resulting atomisation did not produce a

‘uniform spray, since the observed ‘zone of atomisation' was quite

small, Subsequent increase in air velocity caused the penetration
distance to decrease, and at 450 feet per .second, the water was
disrupted immediately on exiting, Fig. 46b), °
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In contrast, the corkscrew noszle, operated under the same conditions

of flow rate ( 3.2 gallons per minute ) and air velocity, caused
atomisation of the water on exiting, Fig. U46c) and d), and this was
further disrupted by the effects of the air stream, It was seen,

Fig 46c), that at,low air velocities, the cone angle of the sprw was
by

still high, the air velocity not being high enough to cause substantial

‘bending' or 'bowing' of the sheet, Increasing the air velocity to -
450 feet per second, caused the cone angle of .the issulng spray to
diminish greatly, Fig,.46d), due to the increased bending of the spray
sheet,

The impingement of the air blast on the water stream was more
evident when injection was done at 90°, From Fig, 46e) and f), the
'bowing' of the water stream from the simple nozzle can be seen to be
quite considerable, and with an air velocity of 250 feet per secord,.
the penetration distance of the water is greater than that when an air
velocity of 450 feet per second is used, Similar studies of the
corkscrew nozzle, Fig, 46g) and h), indicated that the ‘bow-wave' is
less evident, due to the nature of the spray sheet, 4

The penetration distance of the spray for the simple lance was seen
to be most at a 15° injection angle, ard least at 90°, which is as
expected, since a greater surface is offered to the air stream, when
injection is done at right angles to the air blast, Beoo:\;se of the
:::ture of the spray produced by the corkscrew noztle, 1,e, a hollow
cons, the effects of\iinjection angle is substantially less as regards
secondary atomisation, since the air blast impinges on a thin sheet
of 1liquid, which is easily disrupted,

v
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With the simple nossle, it was seen that as the air blast velocity
increased, so the pomtntion distance decreased, for 1.11 angles of
injection, Figs, 46a), e), 1), until at an air blast velocity ‘of 450
feet per secord, the liquid was atonisod immediately on exiting, Fig.
45b), £), j). However, it appeared Ehat a good atomisation pattern
did not devglop until some distance from the nozzle, This is considered
to be due to the time needed for (a) disruption of the stream into
ligaments, and (b) formation of drops prior to the process of secondary
atomisation, Once secordary atomisation begins, the spray is disrupted
into many small droplets, thereby °'filling’' the blow pipe.

The effect of iizmsed air velqcity on the performance of the
corkscrew nozzle was to prgduce & 'bow-wave' on the issuing sheet, which
caused the sheet to 'bow', the extent increasiﬁg with inecreasing of
air velocity, 1In addition, increase of blast velocity caused secondary
atomisation to begin sooner, ( i.e, nearer the lance exit orifice ),
since the sheet m.s~ disrupted sooner, although the resuiting ‘zone of
atomisation’ was more confined than at the lower velocities, The
combined effect was thus to produce quicker atomisation, and an
initially confined _Spray pattern, which expanded rapidly, and appeared
uniform at a distance of some 6 inches from the injection lance,

During the course of these trials, it was noti‘cod that water was
impinging on the walls of the blow pipe, when injection was done' -
tfxrwgh the simple nozzle, - This was more noticeable at low air
velocities, which was to be expected, since the penetration distance
was greater, The observed effect was that when the water impinged,
it immediately formed a 'river’, which was pushed along by the air

1 a

)
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blast, until at the nose of the blow pipo, tho rivor' v&m either
re-stomised, or simply Tan cut onto the floor. This erffoLt depended
on the air stream velocity, since at the higléer volocitios. the
tendency was for the river to be re-atomised, This impingement was
noticed at air velocities up to 400 feet per second, although the
effect decreased with increased alr stream velocity,

The same effect was noted with injection through the corkscrew
nozzle, but only up to an air stream velocity of 300 feef: per Secornd,
and even then, the effect was much less than t;hat observed with the
simple nozzle, with the result that re-atomisation of tbo.'.'river' was
obtained at the nose of the blow pipe,

The effect of flow rate on the spray characteristics of water

_ Injected through the corkscrew noszle was such that at low flow rates,

the cone had not formed completely, and thus the spray was somewhat
similar to that produced by the simple norzle, However, increase in
flow rate caused the cone to become estuglished. and the full benefit

of the nozzle was obtained,

6.3.2 SPRAY SHEET VELOCITY,
In order to calculate the initial relative velocity between the

air stream and the exiting wax stream, the spray sheet velocity for
the corkscrew lances was needed, This was calculated based on a
knowledge of flow rate and cone angle, and by assuming the sheet
thickness, '

From the mathematical determination of these values ( see Appendix

1), Fig, 47 was obtained and provides an imdication of the sheet

.
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velocity of the wax spray at specific distances from the méle exit,
It can be seen from Fig, 47 that the velocity increa-ses with increase
'in flow rate, This oan be important in the realm of relative velocity
i,e, the velocity difference between the air-and-liquid stremn;s.

Since the absolute thickness can not be determined axperhenu].ly to
obtain sheet velocities, various hypothetical sheet thicknesses were
used, A sheet thickness of 0,05 cms, has the greatest valoc;tty, but

it is most improbable that the sheet could be this thickness, since

a particle of 700 micrqns is unlikely to be formed from a sheet: of.

500 microns thickness, It is much more likely that the sheet.thickness
liles between the values oni: 0,15 ems, and 0.%0 cms,, since below these
values, the same argument as previously used can be applied, and above
these values, t\he spray velocity becomes equal to that of the core of
fluid issuing from the simple nozzle, The spray velocity was calculated
based on 4 cone &ngle of 43°, which remained :onstant over a horizontal
distance of 10 cms, This approach was entirely justified, since '
penetration of the sheet in the high velocity air stream, prior td
break-up, was very small,

It can be seen from Fig, 46 that the resulting sheet velocities are
quite small, being in the range 10-25 feet per second ( depending on
flow rate )., Consequently, the relative velocity will not be too
different from the air stream velocity, The relative velocity with
a low 1n39cunt flow rate is only slightly higher than the corresponding
;ﬂuo with a high injectant flow rate, and thus the resultant drop size,
produced at any particular injectant flow rate for a given air stream

veloqity, should not be too different,

1



6.3,3_ INJECTION OF MOLTEN WAX INTO HIGH VEIOGITY ATR. STREAXS.

(a) Photographic Study of Wax Droplets.

When injection of the molten wax had been completed, the particle;
were collected and photographed for sizing, Fig, 48 indicates the
droplet sizes produced by injecting molten wax at 212% ( exiting wax
'3(',emperature being 185°F-190°F ), with a flow rate of 3.2 gallons per '
- minute, into air streams of velocities 300 feet per second up to 450
feet per second, Both the simple nozzle and the corkscrew nozzle were
used in these studies, A magnification of X40 was used in the photo-
graphic study in order that visual comparison between the droplet sizes
obtained in alr stream studies and those in still air could be obtained,

Under tfxe microscope, it was seeri that the particles were indeed
smaller than those of the still air studies, and, in most cases,
perfectly spherical, indicating that the droplets had frozen in flight,

Fig. 48a) is . photl.auqrograph of a random sample of the spray
produced by injection of molten .wax through the simple nozzle at a flow
rate of 3,2 gallons por mimite into an alr stream of 300 feet per second,
while Fig, 48b) is the corresponding phot‘ogrtph of dropl.ots produced
from injection through the corkscréw nozzle, under the same conditions,
It can be seen that in both cases, the size range has decreased
considerably from that obtained in the still air studies,” with many
particles hlving'dhmctorq less than 50 microns, and few havirng
diameters greater than 250 microns,: It can also be seen that average '
sizes of droplets ;vroducod by the corkscrew nossle are smaller than

those from the simple nossle. .
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the simple nozgle and corkscrew nozzle respectively in an air stream

67.

. Figs, 48c).and d) are an indication of the particles produced from

of velocity 350 feet per, second, -It can.be seen that the majority of -
the particles exhibit diameters less than 100 microns, and in the case - ¥
of the droplets produced from the corkscrew nosgzle, Fig, 47d), few
particles with diameters greater than 150 microns are MIfQ{It.
Figs., 48e) &nd f) illustrate the particle sises producdéd by injection
of wax into 1;1 air stream of 450 feet per second, through a simple /
m':zzle and a corkscrew nottle respectively, As can be seen, the
particles produced in both cases are very small, and sizing of these
particles could not be done accurately at this magnification, Fiz. 48g)
is a photomacrograph of an area of Fié. 48f), magnified to X670,
Phot;graphy of such fine particles proved extremely difficult, due
to the rapid softening of the wax at room tenperat;;ro. This led to
some ‘smearing' of wax on the glass slides, which, while it caused less

than perfect photographs, did not prevent accurate sizing to be carried

-} N
out,
(b) Particle Size as a 1on of Wax Flow Rate.

. (g
In Figs, 49, 50, 51 ard 52, the effect of increasing the wvax é‘low
rate on the particle sisze produced is presented, 7 v

(1) Injection through tie Simple Nossle. |

dit‘lhiruéct:\.on of wax into an air stream of 2\50 fest per secord
velocity, st different flow rates, a small ihorease in the-perticle
noa‘n' diameter, D32, .with increase of flow rate was noted, as shown in

£
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Fig, 49, This can be explained by the fact that since the relative

velocity is the main parameter governing the fimel droplet sisze, increase °

of flow rate increases the velocity of the spray, and hence decreases
the relative velocity, Thus, the terﬂg‘my for secondary atomisation

, ™
to shatter the large droplets is lessened, with the result that large

drops‘appear ,glui:ing sising,

Anot:her reason for the increase can be seen from the observed
features of mger injection, whereby increase in {low rate at the lower
wind velocitles caused an increase in the penetration distance of the

;stream. " Although this effect could not be observed in wax injection,
due to the impactlon of wax particles, it is thought Lhat a comparable
effect does take place, Therefore, a longer break-up time of the
stream or wax ensues, and the particles freeze before the full benefit
of socox*ry atomisation is obtained,

Beyond 350 feet per second, the air veloecity‘is hizh enough for
the effect of spray velocit} to be neglected, arnd the resulting parti
mean diameter of the sprey remains fairly con;tare. as shown in “ig, 50,

)

where the air velocity is 450 feet per second,

(13) I tio the Corkscrew : .
™~

Because the spray exits as a thin sheet, secondary atomisatibn is
able to proceed almost instantaneously, At the flow retes ( up to 2,8
gallons per minute ), the cone has not properly formed, and hence
disruption of the sheet is not as uniform as at the higher flow rate
As can be seen in Fig, 51, the particle mean d

impacted with a 350 feet per second- stream decreases from a h:l.g?{I

.

o
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at a flow rate of 1,8 gallons per minute to a low at 2,8 gallons per
minute, and then increases slightly with further increase in flow rate,
By comparison, in an air stream or 450 feet per second velocity, ."ir, 52,
the particle mean diameter remains fairly constant with increase in
flow rate,

It would appear that with the corkBcrew insert, the factor
governing the droplet size, as a function of flow rate, 1s the
development of (a) the cone angle and: (b) the uniform spray, since the
mean diameter of the sp:%f: a)’e%ti-soues, until the spray sheet 1s fully
deveioped. Once this has occured, the effect of a decrease in relative

velocity becomes apparent, leading to a slight increase in the particle

of the experiments, it would appear that with

a simple lance, if the obtalmable air stream velocity
is low ( up to 350.feet per second ), then a low injectant flow rate
should be used, If the system under! im;stigation is the blow pipe

of a blast furnace, a low oli rate would cause quicker break-up of the
stream, and hence faster combustion, although it is realised that both
of these factors would be marginal at best, However, in blast furnace
practice, it is unlikely that the wind velocity would be quite so low,
and hence a flow rate of 3,2 gallons per mimute couid be used,

With the corkscrew ‘noszle, no such limitations qeeur, and a high
flow rate of 3.2 gnll;na per mirmute can be used, without any substantial
increase in the droplet mean diameter,

As a consequence of results obtained in this section, it was

decided that a wax flow rate of 3,2 rallons per mimute would be utilised
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in future work, A high flow rate is important i;) blast furnace oil

injection practice if large amounts of oll are to be injected, and thus

the characteristics of sprays produced by lances injecting 3.2 zallons

per mimute was deemed sufficiently important to concentrate on this '

particular flow rate,

(111) The Effect of Injection Angle on Resultant Spray Characteristics,
In order that the optimmm injection angle be found, wax was injected

through the injection ports at angles of 15°, 30°, 60° and 90° to the
air stream, ‘

At the lower air velo?ities, the particle mean d%a.meter increased
from a low at an injection angle of 90° up to a high at 15°, This is

ﬂlustrag,ed in I:‘ig.ASB. where the air velocity was 250 feet per secord

t

and the wax flow rate was 3,2 gallons per mimte. As can be seen, both
tlihe simple nozzle and corkscrew nozzle exhibit similar behaviour, "his
was to be expectté:d since when the spray is presented to the air stream ~

at 90°, the relative velocity is hizher than at say, 15°. Thus, a
csreater shattering of the stream ensues, with a smaller resulting °
droplet size, Also, the penetration distance of the spray decrea§es

at 900. and secondary atomisation occurs soonei'.

At the higher air velocities, the difference’ ir; relative velocity
is less, and thus a smaller decrease in particle mean diameter, f‘rdm
15° up to 90°, is noted, This is illustrated in Fig, 54, where the
alr stream velocity is 400 feet per second and th; wax flow rate, 3,2

gallons per mimte,

As will be discussed in chapter 6.3.4, injection at 90° caused an

”
~ ' r
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increased proportion of the spray to impact on the walls of the blow
pipe., This phenomena of impactlon decreased with décrease of injection
anzle, and also with inorease in wird rate,

At an angle of 90°, the distance from the end of the lance to the
wall of the blow pine was only 3 inches, With a wax flow rate of 3.2
gallons per minute, it would seém practically impossible for thg air
stream of ﬁp to 350 feet per second velocity to sufficiently disrupt
the spray, without causing considerable impaction, whereas, at decreasing
injection angles: the distance to the wall increases ( almost 12 inches

4

at 15° ), and hence affords a gmter';iistance for stream dilsruption
before impaction, /\

At higher air stream velocities, the spray was disrupted more
readily, and the effect of injection angle diminished, although a 15°
injection angle still apeared to be the nost satisfadtory,

Thus, from a study of effect of injection ag}g,\ it appears that
although a slightly smaller particle sise resul;.s with an injection

- angle of 900, the most satisfactory injection angle for prlactical use

is 150, due to the decrease in the impaction of wax on the walls of tpe
blow pipe, .
As indicated by Rombough ( 16 ), impaction of oil onto the walls

of the water-cooled tuyere would result in the formation of soot. ‘‘hus, .

an injection angle is needed whereby little or no impaction 1k recorded,

g

(iv) Particle Size as a Function of Relative Velocity.
Wax was injected into air streams, whose veloéities ranged from

250 feet per second to 450 feet per second, at a flow rate of 3.2 gallons
. <
- N 4



.

' . 72, ,

t

per mirmute, and at an injection angle of 15°, The mmﬁzing particles
were sised, and with a knowledge of the spray velocity, the relative
velocity calculated, and Fig, 55 plotted,

A; can be seen from Fig. 55, as the relative velocity increased/
( i.e. the air stream veiocity was increased, the spray velocity being
constant ), so the particle mean diameter of the wax spray decreased,
from a high of 182 microns, at a relative velocity of 235 feet per
second, to 45 microns, at 435 feet per secornd relative velocity, with
injegtic;n through” the simple nozzle, 'a.nd from 168 microns to 39 microns
'at,th‘e correspronding relative velocities with the corl:screw insert,
This is to be expected if conditions within the blow pipe are maintained,
i.e. if the viscosity of the wax does not alter, and the density of .the
air stream is constant, sinc? it has lbeen poStulated that the effect
of relative velocity is the main parameter governing drojlet size,

Thus, the corkscresw insert does appear to produce a consistently
smaller droplet site at the relative velocities in the study, being
some 10-19f smaller than that produced by the simple nozzle, H;)\vrever.
at the high velocities. the trend does seem to indicate that increas:lng _
the air stream velocity beyond 500 feet per second will cause an
equally-sized drovlet, independent of the type of lance,

Even so, at the hi.gh air stream velocity of 450 feet per socond
( 435 feet per sooond relative velocity ), it can be seen that the
particle mean dimmeter does fall into the range specified by Heynert
( 21 ) of 2545 microns. Although Heynert doss not specify it to be
so, it }s assnnsd that his particle mean diameter 1s the Sauter liean

A

Diameter, as 1s used in this repart. If the Linear Mean Diameter
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( YND/3°N ) of the spray were used, the particles would have much.
lower mean diameters, being 25 microns and 20 microns for the simnle
nozzle and the corkscrew nozzle resnectively, at an air stream velocity
of 450 feet per second, {

The trend of results recorded here is consistent with those of
other workers, wWeiss ( 72 ) indicated a 25-30f difference in droslet Y
size, with the hydraulic nozzle being the more efficient, Beuthen ( 98 ),.
some of whose *sults are 1nd'ico.ted in Fig 55, reported no difference
in droplet size oroduced by oil injection through a s:\.mpie and
complicated hydraulic lance, but it is interesting to note that the ‘
droplet sizes ‘obta:\.nod in his study compare very favourably with
those presented here,

If, as has been statoci by Longwell, a slightly larger particle size
will be produced by wax injection into a high velocity air stream than
by oil injection under the same conditions of viscosity, air density
and relative velocity, then the results o;)uinod are @ven more
encouraging,

In blast furnace practice, blast velocities are commonly of the
order of 550 feet per second ( 21 ), and thus it can be seen that the
droplet size produced by the injection of 01l into an air stream of

sich a veiocity would be conducive with good combustion, regardless of

r

what system of injection were used, g

(v) Effect of Injection Distance.
From a short study on the effect of injection distance, it was

obsdrved that no decrease in particle ?ize resulted when injection of

/ .



.

wax was done into the air stream at a distance of 27 inches from the
nose of the blow pipe, as compared to that done at 18 inches’from the
nose, The reason for tl&s is quite logical, sinece the wax spray w{ll
s0lidify over the same distance, no matter how far away from the nose

of the blow pipe injection takes place, the rgsultirmg spray distribution
being similar, ‘ \ .

i

With injection of oil into the furmace, the injection distance is

*

generally no more than 18-20 inches from the nose of the tuyere.
Increasing this distance would increase the time available for
combustion, allowing any soot particlbes to burn away, but would cause
detrimental damage to the tuyeres, due to excessive heat produced by

the increased length of the flame front,

(vi) Effect of Lance Centring.

Another short study was undertaken, using the simple nozzle, to
determine whether centring of the lance was important, Since it was
known that the droplet size was unchanged with increase in injection
distance, the logical study’'was that of spray pattern, From
observation of the inserts, it was seen that up to 400 feet per Secomi.
centring of the lance was in fact decreasing the uniformity of the
spray, since with an injection angle ‘of 15°,Ja lance set one inch off
centre, i,e, one inch nearer the injection port, caused less impaction
than did a hmo perfectly centred. Obviously, a lance set closer to
the opposite wall caused increased impeotion,

At air stream velocities of 450 feet per s‘ecom!. tht; effect was

minimised due to the fact that at both lance positions, a good
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uniform spray was produced, h
If Heynert's blast velocities are considered as being representative,

then there is no need for the strict observance of lance centring

that some plants stipulate, if (a) the lance is not too near the

opposite wall, and (b) decrease in lance length does not appreciably

increase the spraying distance,

[ -
6.3.4 SPRAY DISTRIBUTION AND SFRAY PATTERN.

Observetion of the inserts taped inside the blow pipe gave an
indication as to the distribution and pattern of t;ho sprq.‘ Injection
of wax thrm—xgh the 90° injection port caused considerable impection of
vax, at all air velocities with the simple nozzle ( centred ), Fig. 56a),
and up to. 400 feet per second with the corkscrew nossle ( centred ),
Fig. 56b). As can be seen, there was no definite pattern to the
impacted wax, mm],‘y the molten wax had hit the wall, collected as a
‘rivéer', had been blown along by the air stream, and eventually the
wax had ﬁ:ozuon. The effect of the air stream was seen by the appearance
of 'ripples’' in the pattern, where the wax, being blown along, had
frozen, At the lower \Q_igk‘velocitio,s. ( 250-350 feet per second ), the
stream tended to exit from the blow pipe without too mich re-atomisation
at the nose of the l;low pipe, Fig, 56¢), the majority of the stream
flowing onto the floor. Increasing the air[ velooity caused total
re-atomisation of the ‘river’, in some ceses vell‘m from the nose
of the blow pipe, Fig. 56a),

Some evidence of the process of secondary ajomisation can be found

in the impaction of wax droplets on either side of the ‘'river', rlhese
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droplets were observed to be of various sizes, and are thought to be
representative of the particle mean diameter ofK the soray, ‘

Decreasing the injection angle decreased the amount of wax collected
;m the plastic inserts, and also changed the pattern of immctj.ox'n.w

.

That produced at an 1nje‘<;bd,<\:n angle of 60°, and an air streanm velocity
of 350 feet 'per second, was \porhlps the most interesting, because, as
can be seen in Fig, S6d), the spray from the simple nozzle on impaction
formed a definite 'cone'. This ‘cone' had two different components, °
(a) & thin ( #" ) outer shell of solid wax, beginning at the point of
impact of the spray and ending at the nose of the blow pipe, and (b)
‘ripples' of wax within the so0lid wax shell, These ripples were due
to the action of the air stream pushing the wax along until it froze,
but the reason for the lnppearnnco of the solid 'shell' of wax is not
understood, "

In this instance, the wax droplets caused by secondary afauisation
were seen to have a definite pattern alsc;. Impaction of larg‘or dropleté
was seen to have ocourod near the :'com', and that of smaller drops
at increasing dicsytancos awvay, from it, This is due to the phenomena of
seoondary,ctoniution. since the tzreak-up of the ;la‘rgo droplet results

in the production of many smaller 6nea. of different sizes, and the

. smallest ones will be thrown out further than will the larger ones.

Further decrease 1n the angl; of injection produced patterns
sintlar to those of 60°, although the 'cone’ of solidified:wax was
narrover and shorter, "since nigreater dist;me exists between the exit
orifice of the noszlé and the wall of the blow pipe, At 15°, the ‘cone’

- of wvax measured only 4 inches in Jength and 2} inches in width,
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compared to 15 inches and 7 inches respectively, \fith an 1nject’iqn‘ B
arigle of 60°, The sclidified vax pattern at 15° injection angle and
an air velocity of 350 feet per second is shown in Fig, S6e).

At 350 feet per second air stream velocity, and an injection angle
of 150, the corkscrew insert was seen to produce a uniform spray
distribution, as shown in Fig. 56f), whereby all the solidified wax .
on the plastic insert was in the form of droplets; These droplets
covered the pntire surface of the insert, and appeared to be uniformly
distributed, - Subsequent microscopic analysis of this insert revealed
" that the particles had deformed on impact, and the majorit; had lost
their original spherical shape, From observation of those spherical
particles remaining, it was noticed that the droplets impacted on the £
wall varied from 10 microns to 120 microns, i.e,‘a fair cross-section
of the droplet sizes produced by atomisation, ‘

At the same relative velocity, but with injection through the o
simple nozzle, it was seen that the wax was still impecting as a cone,
mentioned previously, armd it was not until an air stream velocity of
450 feet per second, that § uniform spray resulted from this noezle,

Fig. 56g). \

The effect of lance centring, as discussed in section 6.3,3 (vi),
can be seen in Fig, 56h), where a narrower ‘cone’ of solidified wax
is obtained with a\hneo one inch off cemtre ( towards the injection \
port ).

Fig, 57 indicates the weight of & cross-section of the wax pattern

»

shown in Fig, 56d). As can be seen, the weight of wax at the nose of

the blow pipe is greater than that at the point of wax impaction, due
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E

to the effect of the alr stream blowing the molten wax along the blow
pipe until it froze, : ""\

Injection of wax at 15° into the air stream revealed, that at a
constant flow rate of 3.2 gallons per mimth the amount of wax which
solidified on the walls of the blow pipe decreased with increase in the
air blast velocity, as shown in Fig, 5&. The amount deposited decreased
from nearly 20§ of the total wax sprayed at 250 feet pN down
to 6,4% at 450 feet per second, with injection through the simple nozzle,
and *from 15.8$Mat 250 feet per secopd down to 5% at 450 feet per second
with the corkscrew insert, At the lower air stream velocities, up to
350 feet per second, the 'cone' of solidified wax accounted for most
of the weight of impaction, and at high/er velocities, most of the weight
was due to the impect of the wax droplets,

The value of this study is that the corkscrew insert proved more
sucgossful in generating a uniform spray pattern at a lower air stream
velocity than did the simple noszle, -

At the higher air blast velocities of 450 feet per second, both
nozzles proved toAbg‘ successful in that the injected wax in contact

with the air stream was completely amd effleciently atomised,

6.3.5 DISTRIBUTION OF PARTICLE SIZES.
* As done previously the normal distribution was plotted for particle

sizes produced by ﬂjoction of molten wax at 3,2 gallons per minmute
into high velocity air streams, and Fig., 59 is a representation of the
results obtained, As can be seen, at the low air velocity of 250 feet

per second, the spray site range was somewhat large, with the largest
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particle being 300 microns, The majority of the spray was concentrated
in the size range 20-120 microns, This effect is the sawe, essentially,
" for both nozzles, _l

Increasing the air stream velocity to 350 feet per second caused
the size distribution to mrrow.‘and the majority of particles were now
concentrated in the size range 0-40 microns,

Further increase in the air velocity to a maximum of 450 feet -per
second caused the size distribution to marrow considerably, the largest
particle noted being 140 microns for injection through the simple
nozgle, and 120 microns for injection through the corkscrew nozzle,

The majority of the partt;:les were seen to be in the size r:xge 0-20
microns, which is the reason for the low particle mean diameters by

both nozzles at 450 feet per second air velooity.

6.3.6 mﬁ*xg TRAJBECTORIES, -
lThe computation of the trajectories of various sized particles
underlined that no mathesiatical concept of secondary atomisation can
be derived, The tnjoctoﬂ;s presented in Fig, 60a) were computed on
the basis of an angle of injection of 15°, an initial cone angle of 43°,
and o;\nir stream velocity of 450 feet per second, For the purpose of
. this study, the plrtiolos must be assumed. to be solid, ani no secondary
atomisation takes oghoo. At no time in the blow pipe did any pearticle
impact take place on the wall, A particle of 5 mms, ( 5000 microns )
approached nearest to the wall, but this is of no practical consequence
‘bocauao the largest particles are known to be 130 nicion;s. Consequently,

the ‘zone of atomisation' is small, since the particles of 0,01 cms,

_
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( 100 microns ) and less quickly lose their injection momentum, and
assume the velocity of the air stream, Consequently, if the pivcess of
secondary atomisation did not play an integral part in the ess of
fuel oil injection, the spray pattern would be extremely nmarrow, and
oxygen starvation wit&aln the 'tone of atomisation’ would result, likely
causing soot formation,

Fig. 60b) is an 1llustration bf the computed trajectories for
injection at an angle of 30°, and with the other parameters as before,
Again, it can be seen that the ‘ztone of atomisation’ is nmerrow, in fact,
slightly narrower than that at 15° injectiom,

Fig. 60c) is a similar 1llustration to those of a) and b), The‘
injection angle in this case is 90°, The effect of the ‘bow-wave’ can
be seen, yet again, the ‘zone of atomisation’, between the trajectories
of the 100 micron particles an either side, of the axis of the blow pipe, *
is narrow, ' I

Fig. 60d) 4s an indication of the effect of the increase of air

velocity on the computed trejectories, As ocan be seen, the effect 1s
as expected, since increase of air velocity causes a greater ‘bowing'’
of the sheet, and the treajectories ofi{the small particles at the high
air stream velocities of 550 feet per kecond and 650 feet per second
are hardly in evidence, ‘

Fig. 60e) was computed for hypothetiical spray gheet velocities of
30 feet por-socoml. 50 feet per secord and 70 feet per socond. As can

»*

be seen, by increasing the spray sheet velocity, a wider ‘zone of

atomisation®' results, which would help the process of combustion by
A oa

affording a greater surface area for oxidation, However, it can not/

F and

Bl -




81,

be envisaged as to how such a spray sheet velocity can be achieved
N B L

practically, since a velocity of 30 feet per second represents a flow
. A

rate of 3.2"’gal.lons per mimite, and a spray sheet thickness of 0,15 cms,
Thus, .from all five figures, 1t can clearly be seen that in the

blow pipJ of a bhst furnace, injection of oil would be wasteful, if

‘not for thq process of secondary atomisation, which spreads the spray

uniformly irlxside the blow pipe and tuyere, so that oxygen starvatlon

can be avoided, and cimbustion effected in a reasombly efficient
7~

i
4

minnor.
Ve

) 3 ,
6.4 OPTIMIM' CONDITIONS FOR ELAST FURNACE OIL IRJECTION.

From a study of results obtainod in the 1njection of molten wax into
high velocity air streams, a nunber of opersting paranoters bocono

Y
obvious. .Since'oll is a visocms fuel, & high pro-hoat temperature 1is

- nocess‘r.?/ﬂ in ordor that the v{poosity be low enough to permit small

droplet size produotion. Although no variance in viscoaity vas uttqnptod

with wax injection 1nto a:!.r stm-s. observation of wax lnjootion into

% 4
still air {?ndicatpd that lowering the viscosity caused a degreass in
the particle mean diameter of the s e Thus, the 0ll s be
Anjected with as high a pre-heat temperature as possible, without

approaching the flnsb-’-point too closely, in order that the viscosity
* ® t

botboutiZOSUS(j-éop).

o

Ine mos’t bhs'c furnace plants, cornditions \dbhin the blow pipe are
such that the high velocity air stream is mﬂ;blop Thus. use of k“

v 7 ~ -

S e ‘ e, 2 .
either a simple nozele or a complicated: nossle vould result in droplets - ..

of the desired size for efficient combustion, At these velocitles, the

s s B
' . L) R L
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-

resul@tant spray would be uniform in po'.rtiole size distribution, although
th produced by the corkscrew insert would form slightly sooner, due
to the initial pnrticle size offered for secondary atomisation, In
either case, the distribution of the spray within the tuyere should be
such as to afford good mixing for evaporation and subsequent combustion,
The angle of injection which proved most successful in the wax
injection studies was one of 15%, since this afforded a greater distance \
between the wall and the exit orifice of the noizlo, and thus greater
space for spray distribution, Such an angle appears to have found
widespread use in blast furnace pra—ctice, and the findings of this study
merely confirm this view, It should be noted that Weiss found a smaller
mean particle size resulted from injection contra-stream ( i,e, into
the air stream in the op;o—sitet direction to its flow ) than co-stream,
However, such practice in blast mrmce;s would prove difficult due to
the foreseen problems of accretions on the nozzle orifice,
The relative velocity between the air stream and the injected fuel
s been fourd to be of 1mpomx'1c‘e, apd a velocity of greater than
450 feet per second should prove sufficient to produce drt;plets of
suitable size for efficient ca‘nbust#/on.? In plants where a high air
stream velocity is as yet unavailable, such as at Voest- Linz ( 19 ),
where the air velocity is 400 feet per second, the drop size will be
oixt of the range specified by Heynert,, ‘In such a case, two alternatives
offer themselves, (a) having a slightl‘y' narrower blow pipe, whereby
fnss&go of 'the same quantity of air will cause an increase in its °
velocity, anfd (b)L the inclusion within the blow pipe of a venturi-

insert ‘which 'causes. the air at that polnt to go supersonic. This has
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been postulated by Duthion et al ( 104 ), and is currently under
investigation in France,

In consequeslée, the economic survival of the blast furnace will
depend to a large extent on the ability of greater quantities of col:e‘
being saved Ly the increased injection rates of oil, This study has
underlined the parameters which were fouxﬂc‘bp)give“t;ze optimum results
with injection of molten wax, although this does not necessarily mean
that application of these metors would immediately solve the '
problems currently assochted,w;th oil injection, Conditions within
any part of the blast furmace cannot be reproduceable exactly on a
laboratory se;.le, yot it is felt that this study does indicate trends

N

which may improve the practice of o1l 4injection, ' -
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(‘g) Corkscrew Nossle, 250 feet/second air voioci.ty; 906 injection angle :

' Lh)° Corksorew Nozzle, 450 feet/second airmity. 90° injection angle
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- Fig, % g
J (1) Simple Nossle, 250 feet/second air velooity, 60° injection angle :
(j) Simple Noszle, 450 feet/second air velocity, 60° injection angle
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' Fig, 48

PHUIOGRAPH? OF m PARTICLES PRODUCED BY‘INJE:';'ION INTO AIRSTREAMS

(a) Simple Nozszle, 300 feet/second air velocity, 3,'2 gallons/mimte
wax flow rate, 15° injeotion anglo. Xu0 ‘ )

(b) q/orkscraw Nozgle, 300 foot/sooond air velooity, 3.2 gn]lona/-imto

wax flow rate, 15 Wion angle, X40
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~ Fig, 48

<

"fc) Simple Nozzle, 350 feet/second air veloeity, 3.2 gallons
wax flow rate, 15° injection angle,

(d) Gorkscrew Nozzle, 350 feet/second air velocity, 3.2 gallons/mimte

vax flov rate, 15° injection argle,
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(e) Simple Nozzle, 450 feet/second air velocity, 3.2 gallons/minute
wax flow rate, 15° injection angle, . x40

! .

" (£) Corkscrew Nozzle, 450 feet/second air velocity, 3.2 gallons/mimite

s

" wax flow rate, 15° injection angle, . X40 (
(g) Corkscrew Nozzle, 450 feet/ second air velocity, 3.2 gallons/mimte "
! .
wax flow rate, 15° injection angle, X670 ‘
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PARTICLE MEAYV DIAMETER AS A FUNCTION OF WAX ¥1.0W RATE,
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PARTICLE MEAN DIAMETER AS A FUNCTION OF WAX FLOW RATE «

g Corksorew Nozsle, 450 feet/second air velooity,
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SPRAY PATTERN OF INJECTED WAX ON INSERTS

(a) 90° injection angle, simple nossle, 300 feat/second air velocity (
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(b) 90 injection angle, . corkscrew nossle, 300 feet/second air velscity
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Pig, % g _
(c) 90° injection argle, Simple Nossle, 250 feet/second air velocity.
(d) 60° injection angle, Simple Nozsle, 350 feet/second air velocity.
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(o) 15" indoctioh angle, Simple lou].o. 350 foct/soooni air velooity, )
(£) 15° moction angle, Corksorew Nozsle, 350 foot/ ueond air velocity,
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Fig, %
(g) 15° injection angle, Simple Nozsle, 450 feet/second air velocity,
(h) (1) 15° injection angle, Simple Nossle, 350 feet/second
air velocity, Lance 1" off-centre towards injection port,
(11) 15° injection angle, Simple lossle, 550 feet/second
alr veloeity, Lance 1" off-centre towards opposite wall,
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% OF SPRAY IN SIZE RANGE
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0.5,0.1,0.01 refer to particle diameters, cms.
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(b) 450 feet/second air velooily, 30 feet/second sheet velocity,

@ 30° injection angle,
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Fig, 60

15“‘ injection angle,
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(1)

(2)

(3)

——

The positioning of a two-revolution corkscrew 3/4 inch from the
axit orifice of tixo lance caused primary atomlisation of the liquid
stream, the exiting liquid being in the form of a hollow cone,

The use of wax as a 'replacement liquid® for oil proved successful,
The physical properties of the wax, Mobilwax_ 2305, were comparable
to those of a B\inqu 'C' o011, ard no pvroblgms were associdted with
molten wax injection,

The effect of viscosity on the fimal droplét size in the still air
studies was seen to be that with an increase in visoosit;r from

100°'SUS ( S ¢p ) to 40 SUS ( 2 cp ) caused a decrease in the Sauter

" Mean Diameter of 20-256, This is important in blast furnace oil

(4)

(5)

tinjection, since a small particle size is a necessary criterion

for efficient combustion,

Injection of water 1ntﬁ’°'h13h velocity air streams shc;wed that with
the simple ms:zle, a decrease in the penetration distance resul‘tod
with increase in the air s't.rel.m velocity from 250 feet per second ’
up to 450 feet per second, for all injection angles, At 450 feet
per ,sooond, secondary atomisation of the axiting stream occurod
imedh:hely on entering the air streu;. With the corkscrew npzil‘e,
since the exiting liquid was in tli;e form of a thin sheet, disruption

was immediate, at all air stream velocities greater than 300 feet

per second, T

Injection of wax, at varying flow ratos.' into air stfeuns of
constant velocity indicated that at the lower flow rates of 250-350
feet per second, injection through a simple nozsle resulted in a

A

/



85.

smaller droplet size at lower flow retes ( 1,8 gallons per mimte

to 2,4 gallons per mimute ), Increase in the air stream velocitjr

* to us'o feet per second caused a uniform di-oplet size at 21l wax

»

(6)

(7

flow rates ( from 1,8 gallons per mimte up to 3.2 gallons: per
minute ).
dith injection through t{m corkscrew nozzle, a decrease in

dr'oplet size was noted with injection of vax into low velocit“y
air streams ( 250-350 feet per second ), from a flow rate of 1,8
gall;ms per mimite up to 2.8 gallons per mimute, and then further
increase up to 3.2 gallons per mimte caused a slight’ increase in
the particle mean diameter. Increasing the air stream velocity to
400 feet per second resulted in a uniform particle meanﬁia;neter
at all flow rates,

~ Cor;sequent]y, from a droplet size of view, increasing present
oﬂ/;:tl"s should not prove detrimental to combustion efficiency
i.e. the particle mean diameter would not inore:.se to a stage
where evaporation and combustion time would be insufficient to
burn the oil, .
The injection angle which proved to be most sugeessful in this
study was 15°, since a more uniform spray vas formed sooner,
This is despite t{o fact that a smaller droplet size resulted
with injection at 90°, However, impaction of wax was greater at
90° than at 15°,
Injection.of molten wax at 3.2 gallons per mimute flow rate into
the air stream of varying velocities proved that injection into

an air stream of 450 feet per second ( 435 feet per secord

J



(8)

(9)
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relative velocity ) through bot’:h nogzles ( simple and corkscrew ) ]
resulted in a particle mean diameter of 45 microns and 30 micr'o;;é
respp?tive]y. Zven at 3‘.he relatively low air stream velocities
used 1in this study, both nozzles produced ’a droplet size which
fell within the size mrée of 25 microns to 45 microns as specified
by Heynert for‘t';atisfactory eombustipn. Thus, with an air stream
velocity of, 54y, 550 feet, per second, which seems to be an average
wind velocity in currerrg blast furnace practice, a droplet size
suitable for good combustion is produced,

Impaction of the inje;ted wax was seen to be greatest at the low
air velocities, and -increased with increase in the angle of
i:yjeeti.on from 15o up to 90°. Increasing the velocity ¢~ the air
stream to 350’ feet per second caused a uniform spray distribution
of the injected wax from the corkscrew nozzle, at an injection
angle of 15°, A uniform spray distribution of the wax was not
aclﬁgvod with the simple nozzle until an air stream of 450 feet per
secorx:l vel\oci‘.ty wvas attained, .
The effect that secondary atomisation plays in the process of fuel |
injection can be seen from the computed trajectories of droplets
within the blow pipe. With injection at 3.-2 gallons per mimute,

the computed sheet velocity of 30 feet per second is seen to be

such that at all vol9cities above 450 feet per second, the effective
‘zone of atomisation' i.e. that between the trajectories of 100
microns particles on either side, of the axis of the blow pipe,

was mrraw; and 1f no secondary atomisation were to take place, then

the spray would result in soot formation,

oxygen starvation of NS



Increasing the Csprq sheet velocity to 70 fo'et per second results
in a wider 'zone of atomisation'., However, i:c is t‘eit,,tbat such
s spray sheet velo;ity s, at present, unobtainable in blast
furnace practice, '

(10)- In chmparison of the benefits of the corkscriew nozzle and the
_simple nozzle for oil injectlon, it can be stated immediately that
based on results cbtained in this study, there is no benefit to be
derived for the use of the corkscrew insert if the particle mean
diameter of the spray is to be tho. sole cx‘itorion. 4here the
corkscrew nozzle does have an advantage is in the fo;-mtioz; of a
uniform spray distribution within the blow pip_e. Because the
exiting spray 1s in the form of an extremely. thin sheet, it is ’
immediately disrupted by the passage of a high velocity air streanm,
and since the shest of liquid is a hollow &one, the droplets are
already well dispersed within the blow pipe when secomhry
atomisation begins, v}ith the simple nozszle, the initial "zone of
atomisation' is narrow and it is the effects of secondary
atomisation which cause dispersion of the spray,

The corkscrew nozzle is relatively simple in design and
inexpénsive to construct, and in plant trials, has beeh found to
have as long an operational 1life as a sinploﬁ lance, Because of

. the sdvantage of spray distribution, it is felt that further plant
trials should be undertaken so that the full potentm‘ of the
corkscrew nossle as an aid for improved fuel oil injection can be

more fully investigated, L
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APFENDIX 1
Computation of Spray §hggt Velocities - o

Consider a flow rate of 3.2 pallons per minute through the

&

la;xce ,' the exiting sheet having a cone angle of L&3°. :

The initlal velocity of the spray shee; can be fourd by the use

of the relationship . o

Q=AU
where ’ . . ‘ \
Q = Flow rate of ‘fluid, gallons per mihute ) ) - 9
A = Area of ‘s;pray 5

~N

U = Velocity of ahyt

i D is the diameter of the hollow
%{ p =~ coneat distance X from the nozzie
N ~~ ¢ ) )
\\‘ o
x *

Consider a horizontal distange of 0,1 cms, from the exit orilicé
Iof' the lance., Therefore, the total diameter of the cone at this point
1s 2 x 0,1 tan43 + 2,54/l cms,, vhere 2,54/l is the.inside diameter
of the nozzle, . .

.
Therefore, cone dlameter 0,1 cms, from the lance = 0,655 oms,
Now consider the sheet to have a thickness of 0,15 cms,



) o 7
, e of sheat, = 1(0.655)° - {”"'355)2

2 o . .
= 0,238 oms, . 7~
Now Q = 3,2 scga.l].ons per mimute = 200,5 cms.3 pef' second

U = 200,5 oms, per second, o ~y -
0.238 ’ =

= 843 cms,/second
= 28,1 feet/second T

Application of this relationship can be used to obtain the spray

, sheet velocities presented in Fﬁg. b7,
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APPEDIX 2 ' .

Computation of Particle Trajectories
Consider \ ‘

V
Q )
ARTICLE -

where
! U = Air Velocity
V' = Particle Veloocity
Vy= Veloocity of Particle in X-Direction ’
Vx= Velocity of Particle ip X-Direction

Fr= Resul otion Force
Consider the angle of injection to be 15°, with an exiting cone
angle of 43°, .. . o A !
Tlm" o= ﬁ ‘ .
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Sum of Forces in I-Direction

Fx = ma = «Fr cos

. 2

-;?p a =-3% Qa Vioes A fp cos
Pp = Density of Part.ic)fle
P“ = Density of Alr &

fp = Coefficient of Frictlon

<
]

Resultant Relative Velocity of Particle

' 2
,aD dU =-I[D2P‘V f, cos
- 3‘39” it § ' res D
D = Particle Diameter

2 o ' :
Thus, AU = -3/4 Pa co86 fp At Vies 4

pe °

Thus, U'x = Ux, - 3/4 P, cos® f AtV
: - D
; Pr

Ux_ = Wind Velocity -~ Initial Particle Velocity in X-Direction

2 . N\
TGS '

C -V cos
= le cos .

v

rel = Relative Velocity

f can be found from the tables presented in Ind. Eng, Chem, 1940,

pages 605 ~ 621 ( Particle Trajegtories) with a knowledge of My, =D P, Vrel

/la

Al

Sum of Foro;s in Y-Direction
Fy = ma s-mg - Fr sin

Neglect Bouyancy Term
: "JPP%JI=-VPPg-]%229.V‘2.QS fp #1n@® - ~
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2P, £ =~y ¢ - 3 v £ e

Thus, dUy =Uy, ~ gbt - 3/b sin® f; Vies
' dt D
Sp

Uyo = V,.el $1n O

The distance travelled by a particle of diameter D, in time interval

t, can be fournd from /

Sx = U'x_+ Ux, At : Sy = U'y + Uy at
2 P . 2 .

Based upon these relationships, the trajectories of partdicles of

known diameter can be computed, a typical programme being shown overleaf.
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CCMPUTER PROGRAMME FOR COMPUTATION OF PARTICLE TRAJECTORIES

-

> <*
- %

0001 /LOAD WATFIV

0002 WRITE(6,7)

0003 7 FORMAT( ,°TOTAL TTME®,5X, 'X-INCREIENT®,5X, Y-INCREMENT*)
. 0004 U=13500,

0005 ¥=900, i

0006 vY=777,

0007 wX=48l, .

0008 THETA=1,036

0009 UX=13016.

0010 VRE=13039,

0011 F=0,45

0012 PA=0, 001145

0013 PB=0,98 .

0014 D=0,01 . :

0015 T=0,00001 :

0016 TT=0,0 ~ * <

0017 5 h=((3 JLR *PA/PB"F/D*COS(LHEI‘A)‘(:"’.E“*Z )))*'"

0018 UX=UX-K .

0019 =((2,*VX+K)/2,)*T

0020 gi{x-ﬁ(

0021 *(SIH(THETA) /COS(THETA))

0022 .  SY=(((2,*VY)-KY)/2, )‘T

0023 VY=UY-KY .

0024 THETA=ATAN(SY/SX) ’ .

0025 IF(SX,GE.50,0) GO TO 6

0026 1F(SY.GE.10,0) GO TO 6

0027 IF(COS(THETA).EQ.1.0) GO TO 6

0028 TT=TT4T

0029 WRITE(6,8)TT,SX,SY

0030 _ 8 FORMAT( ,F8,5,F8,2,F8,2)

00 GO TO 5 : KN

0032 6 STOP . v %

0033 END . o -




