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1 ABSTRACT • 

-The optimisat1on of the process of 011 injec,f.10n was stud1ed, using 

Mobll~ 2305 as a 'S}1b8t1t~te nu1d t for Bunker 'e' 011: InJ,ction 

of this JIIolten wax into 'high velocity a1r stream.! liaS effected us1ng 

two types of lances, one where there vas no atomisat10n prior to 

injection ( simple or stra1ght~through nozzle ). ard one where primary 

- , ft 
atamisation vas achieved by a two-spiral corkscrew inserted into the . 
lance ( corkscraw ~nozzle ). 

It was seen that the partic~e Mean diameter of the wax spray was 
, , 

• smaller with ,injection t~Jugh t~e oorksc5ew noule at a~, air velocities, 

but injection of wax through both nozzles into an air stream of 450 

feet""peli s~rrl velocity produced particles of suff1ciently small 

diameter a~ to affect effioient combustion. 

Also, the 1mportanc~ of injection angle am nuid now rate were 
r 

exam1ned. It was fourrl that an angle of injection of 150 gave the 

best results for injection through both types of lance, a~ that at 
".r 

l' 

the h1gher air stream veloo1ties, the nov rate of Ure fiuid vas not 
, 

crit1cal ~ produoing a uniform droplet size. 

Finally, -with a knowledge of the' partiole Mean dwéter of the l 

wax at Any air stream velooity. particle trojeotories within the bl~ 

p1.p6 were computed. 
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~ " RESUNE 

,1 

L' IJ.I.II1..L.::2ation du procede' d '::Injection d 'huile a ~tè 6tudi6 èn 

utilisabt la cire :'lobil 2305 c0111II1e "nuide de substitution" a l'huile 
1 

Bu~er ~C'. L'injection de cette cire liquide dans les courants d'~ir 
1 

'a. vitesse ~leve~ a ~t~ effectue' a l'aide de cleux lances, l'une ne 

produis~nt pas d'atomisation avant injection ( mlse directe - ou 
, -~, , 

simple), l'autre realisant une atomisation pr~ble grQce à un 

.... "" ( ) tire-bouchon a deux snirales 1nsero dans la lance buse tire-bouchon . " 

, 
On a obse~,e que le diaroetre moyen des particules de cire 

"apoureé est. plus petit l.orsque l'injeQtion est r(a1isee" avec la 

buse tire-bouchon, quelle que soit la vitesse de l'air. Ce~ndant, 

pour la courant cl 'air de 150 ml s., les particules sont d'un diamètre 

" " suffiSaMMent petit pour qu'une combustion efficace soit realisee, 

~ que l'une ou l'autre bes huses soit employee. 
o 

~ L'importance de l'a~lp n'injection du fluide et de sa vitesse 

d , '" u1 "1 ' '" ,,-"" "l eco amant a e~a l'lment f'tf' 'leterminee. On a observee que es 

meilleur perfonnano9.s ,(;taient r~alisets souS un angle de 150
• pour les 

deux types de lance, et qu'aux plus hautes vitesses de l'air, t 
l'un1fomité de la taille des gouttelettes ne d~perrlait pas de la 

vitesse d'éCoulement. 

Finalement, la connaissano~ du diametre moyen des Particules en 

founction de la vitesse de l'air a pemis de calculer les trajectories 

des particules a l'interieur de la comu1te d'air. 
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1. 

INTRODUCTION. 

1.1 PROBLEM FACIOO BUST FURNACE OPmATORS. 

Owing to the relative seareity and cost of good coking eoale, it , , 

has been a eonstant objective of blast furnaee oparators to minimisé 

the &Mount of coke required to reduce hron ,OXide to irone ~Tly 

solutions were to preheat the tneomi~1r blast to the furnaoe by 

burning the off -gases in a heat exc,bange system ( Cowper St oves ), 

am to use uniformly sized burdens. 

Sinee the early 1950's, this.quest 

been stepped up and current blast furnace 

(a) Improved burden preparation 

(b) High top pressure 
. . 

(0) Increased blast temperature ) 

(d) Huodd1ty eontr~the bl.st 

Ce) ~gen enr10~en of the blast 

(f) Fuel injection at the tuyeres. 

À»"'!~-'cok. rates bas 
If , 

now includel 

, 
Ali these procedures have been tried ani have been successful to 

var,ying degrees in lowering coke rates. Each has been the subject of 

extensive investigation, aJd UMoubtedly v1l1 oont~nue to be SOt The 
~ . 

work presently desct"ibed 15 concerned with fuel injection at the 

tuyeres ( item r). Items (0), Jd), and (e) are however generally 

associated w1t.h fuel injection am arEj discussed where appropria te. 

1.2 WHAT 15 FUEL INJPr!TION. 

SiIIlply stated, ,1t 15 the praot1oe or.1Ji6.oduoing a hydrooarbon 

ruel into the' tuyere reg10n o~ the bl~st t'urnaoe. wheré the fuel 
., . '-

, ..... VI 
! ; 

, > 

1 

..... 
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j 2. 
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1 

o , 

, . 

( eombusts to fom the recbJ,eing g .. ses, CO am, H2 , ( with the hot air 

bl*~ ) .• 
. 

The types of fuel that have been injected into the blast f'urnaoe 

·1.ncludl!t tar, p1toh, heavy and. light t'uel oUs, natural gas ani ooke-

oven gas. 

~ 

1.3 HISTORICAL REVIF;! OF FUEL. INJB:rloN. 'i'foo.:.1956. 
i 

, 
The concept 'of fuel injection 1s not new. During the,nineteenth 

century, at ~ea,t two British patents vere issued on th1s topie, 

one to Barnett (1) 1n 18)8, vho suggested the inject10n or gaseou! 
o 

hy'drocarbons aM tar as a meana of reducing the coke rate, am one 

to Banks, who r..,voured the injection of solid fuels. 

other ea'rly patenulof note are those or Weber (2) 1n .1885 am 

Fleming en in 1934. 

Spasmodic attempts to 1njeet fuel into the blast furnace vere 

... de throughout the 1940' oS and ur ly 1950' s. Cache (4), 1n a 

histor1cal revin, l1sts- trials 1nl France in 1947, ,where 80 kgs. of 

fuel. oU/Nr~ vere injected into the tuyere 'region, trials in the 

Sov1et Union in 1948. vhere powde~ coal na used as the injectant, " , ' 
• i 

'am. trials àt the ~one Star ,iteel fOllli»-l'\Y in 19{1, in :he U.~\.A., 
where natural sas vas 1njected. Al-l vere unsuoées:srul due to', , . 

. ,\ " 

(a) Too low an a.1r blast t_~rature 

(b) Incœplete Cœtbust~f ~he 'fllel, g1v1ng ris. to soot 

tor.t1on . 

(0) Inexperience and laek o'r expertise. 

, 

" 

• 
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, 1.4 REVI&r ,OF ,WORK FROM 1957 TO, THE\ PRESENt'. 
"-

During thi! period, re~ed 1nvestiga~ions of fuel injection were 

undert&ken. The first qf these were in 1957 in France, where reformed 

fuel oil ( i.e. CO am H2 ) was lnjected into the tuyere reg1.on of 
I~ 

the furnace. The experimenters first coooucted their trials with 

natural ~as due to the relative ease of introduction of the gas, 

" into the main air blast, am the ,'subsequent good m1xing of both 

gaseous mediums, prior ter' combustion. Such trials were cori<iucted at 
, 

the ~reau of !Aines Eltperimental Furnace at Bruceton, Penn. in 1~57. 
.......... ~:-

~ 

The follow1J:lg yN.r, s~nat: tr1als were coooucted both at Bruoeton, /' ' 
r 

am at Ougree, in Belgium, where fuel oil vas injected. Reports of 

these trials are weIl documented ( 5-11 ). In 1961, Dominion 

Fourneries am Steel C01ll~l'\Y L1Mitèd ( Dofasco ), in Hamilton, Canada, 
, ~, 

in conjunction with Imperial OU. were the first opeMtors in Nort.h 

America to use oil injection on full-scale furnaces ( 12 ) ~ whlle' 
, , 

tha year previou8ly, France bad,some ten blast furnaces ~sing fuel 
0' 

oil as a replacement fVel. The practice of fuel injection grew 

rap1dl.y am today about 70-75/~ of a11 North American furnaces use "-
r 

some form of fuel 1njeetion~( see Fig. 1'). 
, ~ . 

Advanoing technology ~s alsy enable& eurrent max1mui oU rates 

. of approxiMtely .250:19S./:1I'HH /.0 be a~h1eved. com~red ~h initial 

oU rates of some 50-80 lbs./N'!'HM a decade, or 50 ago. ~able 1-1 lists . - . 
ri 

s~e ~ th~~e ~c,s W~i~~ _ploy, ~~e' highest 'oU rates in the , 

world.· ' 
t 

o • 

.. ,., 

, , 

, 

, , , 

\. 
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1.5 PROBLmG ASSOCIATED WITH FUEL OU INJm:;TIOI~ • . 
The oost important problem asso,~th fuel 011 injection 1. 

that of 1ncOlllplete cambustion at h1~h oil rates. ihis reaults ln 

formation of soot, which ascends th~ough th, furnace, to he collected 

in the gas-clean1ng system. 1<16 _ 2 shows the l"esu1t of incomplete 

c~stlori, of ruel oÙ on the ~as-cleanlng equipment, where the 
, , 

r .ef.ft.Cl~.::Y of this plant 1.5 r9duced. -Al thoug~ thls !IIoot 1s J~ell.9rally 

fonned whereHt- fuel 011 'ls combust '19 ( *16 ). 'the're are also ;e:x>rts 
~ "'... , 

~ ~ 

of soot relSUl tlng" frOIII rw.tllral gas injectia'n ( f7 ) ~ Finally, l.t has 

been reported tl)at soot formation can 18ad: to' a decrease ln burden 

pel"lH&b~lty. 
\ 

, ). 

1.6 ffiiVlOUS 1JŒiC. ~'" . " . , 
, ........ t 

As 1Micated Ul '..section 1.4, ~ost, of tJle previous experilllental 
~ 

WQrk in this field bas been cOllll1lit tl'Kl to prov1ne the benefit of fuel 

'1njection on exper1ment.al. furnaoes. SOI'le opera tors have been dis-

sat>isfied vith their injection :rnlct,ice ard have souJht to change c 

th_ ( 19-;121 ).- Heynert ( 21 ), fol'" example, cit • ., york done at 

Auggu st-T l\Ts sen , .Iest Gel"lll&l'\Y, vher ... hom~enisat10n of the oil vith 

vater .prior to injection allovs injection rates of over 250 Ibs.I'.rrHM • 

• 
Other plants ( 19. 20 ) report trials vith camplex bydrau110 nozzles 

in an effort: to reduce. soot for,.tlon. 

It ia general.ly aoceptect that ~the ~_ of Joot i8 due to the 
.. 

1nefMoient- caabustion of the injectant • 
. / ( 

, . . , 
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~ , 1.7 ATOi-lISATteN OF roa OIL FOR COMBUSTION. 

.. 

, 
A pre-requisite fOl" oOllbdstlon 1s to cause the streur of fuel to 

r 
he disrupted into droplets vb1ch are nall enoolJh -to _1ntain a 

stable flame ln the tuyere re~1on or the Curr.ce. Good atOlÛsation 15 

\ 
therefore needed. 

There are two classes of atOlftiS.'lt10n, (a) Pr1uu ald (b) Secol'dar.Y. 

Pr1mary refers to the âtœisation caused prior to inject10n, 

either by pa5s1~ the stre&lll of fuel t~h a co.p1.1cated noszle, as 

15 the case in pressure atomisation, or b,y caus~ a ~h-Yelocity 
, , 

'8heat i.' of a1r to conver~e o~ th~~ stream, as in' fJI!l_tic 

atomisation. In bath cases. the o~reua of fuel v1l1 he , 

disrupted to either a 'fan' Fig. 3. or lIlO1"e .,probably, a 'hollov-cone'. 

~'1g. 4, In bath cases. 'the thickness of the sbeet vUl he very s.al'l. 

Secomary atonilsatlon 18 that CRUSed by the u.p&ct of' the ~h-

velocity air blast 1n t.he blov-p1~, on the stream of ruel. In the 

case where pr1mary atomlsation 15 ~~actlced ~lor to injection. t.he 

thln sheet of fuel 15 easUy disru ·.t ed ioto droplets by t.he air 

blast. wh1ch can then he reduced ln sice b,y the 5ecOn:lary atoadsation. 

"'here s8Cordary atomi:Mtion is used as the onl,y disrùptive force for 

the fuel stream, .the 'l~n1t'ion lag', 1.e'. the tt.e J1IMded for the 

stream to break into droplets, 18 longer than the case vIlen prLaary 

z.:ost of the experiaental vork 1rnrolvi~ ..a~s of atc.1sation , 

bas heen undertaken in the field of Aero-space research. 'JfJVertheless, . " 

~-t,he conditions . JlINftlling in this fleld can he aoplied to hlast' , 

Q f"u2"nace technoloftY, sinee tn bath. cases, a 11quld fuel 15 bei~ 



injected into a high-v~locity air stream. 

1.8 COMBUSTION OF FUELS • 

.\9 indicated by Von Bogdardy ( 22 ), replacement fuels display 

their greatest effectiveness when completely gasified to CO'and H2 by 

the oxygen in the air blast in front of the t~ere. The atom1sed fuel 

should combust in the oxidising zone of the blow-pipe, and thus the 

hot blast and auxiliary fuel must be conveyed separately to the 

blow-pipe, wherew1th efficient atomisation, the fuel can he combin9d 

vith the incom1ng blast vith maximum intensity. 

It 15 widely known that during the evaporat10n am combustion of 

a fuel-oil droplet, the droplet diameter decreases as 

2 2 
D - D = K(t - t ) 

where 

o 0 

Do = initial droplet diaMeter ( at t = to ) 

D = droplet diameter ( at t ; t ) 

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

\ particle size, Do' 1s of great importance, sinee a SIII&ller Do leads , 

to more rapid rates of evaporation am combustion. Good atomisat.ion 

•• 

of the liquid tuel stream is thus mamatory. 

In àll cases of combustion, th,proportion of big droplets that. 

can he tolerated is dependent u~· the relative proportion or .ery 

s-.ll droplets, sinoe the nue-sust4L1n1ng capacity of the latter v1l.l 
l . 

erfect the burn1ng of the former. This la of 1lIlportaœe because the , . 
sise distribution of droplete produoed by aJV' injection qat. v1l1 

• ( '1 

he suoh tbat ·there v1ll al1lÇ'1 be large dropl.ta t about 200 microns ) 



• 
.,. 

• 
'1 

( 

7 • 1 
present in the blow-pipe. A big droplet burns avay progress1vely in \ 

its turbulent n1ght through the a1r in the oombustion reg10n, the \ 

vapour envelope be1ng co~tinuously replenished from the res1dual 

/ ' 
11quid of the dimin1shing droplet unt11 the supply 15 exhaus~ed. 

Very big droplets ( 100 - 200 m1crons ) mày not be completely consumed 

and may paS! out in the exhaust gases, to be thermally degraded in the . . . 
stack and cause decreasing permeab111ty ot:,.th. oharge. 

" 

1.9 PRESENT WORK. 

The present ~rk was 1n1tiated following fuel 011 injection trials 

cOMucted on No. J furnace at Dofasco's plant in Hamilton. At that 

time, th1s rurna~e had the highest 011 injection rates in the vorld, 

at 200 lbsll.rrm·~ and 1t vas desired to obtain still hl~her oU rates 
, 

1n view of the favourable economics. However, soot vas appear1ng 1n 

undes1rable quant1ties in the gas-cleaning plant, indicating that 

further 1ncreases in oU rates could not he achieved without some 

process ~provement. At that time, Dofasco' s 1njection pract1ce vas 

to simply pump the oU into the centre of the ~t>8 via a heavy 

gauge mild steel tube ( or lance), t" 1.0. The ruel oU vas then 

injected 1nto the hot air blast without Any prior atomisation. It 

vas thought that the large Amount of soot result1ng frOlllI 

(1) Oxygen survation in the area of atomisation, evapont10n 

ard cOIlbu8t10n, ard/or 
\ 

(11) Too large a particle sise, 

On the tiret count, 1t can he caloul.&ted that there ls sa.e 8 

t1lllea the stolchiOlletric volume or o:xygen pre •• nt ln the .air blast 

\ 
-, , 



• 

\) 
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8 • 

for efficient combustion ( 20 ). However, if the 'zone of atom1~tion' 

of the oU, prior to subsequent evaporation ard combustion, is small, 

then there w11l be insufflcient Ume for a11 the oU droplets to 

react with the OXYeen. Also if the droplet size resulting from 

atomisation of the oil by the air ~ast is large, then there will 

again be insufficient time for eff.icient combustion. 

It was on these premises that a nozzle was designed for the trials. 

It was simply a corkscrew insert of known pitch set into the lance, 

whe~by a radial velocity component was imparted to the fuel oil, 

the issuinp, stream exi5tin~ as a hollow-cone. 

In the short s:J&ce of t1rne 'allotted for research, the aMount. of 

Boot collected at the, gas-cleanin~ plant was reduced, thou~h only 
1 

slightly. However, it was decided to continue the research at McGlll 

University to obtain fundamental design data on droplet size distributions 

ard mixing characteristics as a function of pertinent parameters 

( e,g. lance des1gn~jection angle, oil rate, wind velocity etc. ). 

An exparimental system was designed whereby full-scale,trials 

could he conduoted. wax was used as a " substitute nuid' sinee this 

material exhibits similar properties to fuel oil when l1quid, yet 

solidifies in fl~ght after atomisation to a110w rurther analysis to be 

done regarding droplet size and size distribution produced. 

the wax vas injected into high-velocity air streams, and tjle 

\efrect of relat>tive vel oc ity , injection angle, ard liquid now rate 

jinvestigated for bath the straight-through lance ( simple nozzle ) and . 

the nœzle vith the cork.screw insen • 
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COMPANY. 

Dotaseo, Canada. 

August Thyssen-Hutte, 
\-Iest Germl.lV. 

,,,,) 

lriland, Steel Co., 
U.S.A. 

Chiba Works, 
Kawasaki Steel, J a pan. 

Yavata h'orks, 
Nippon Steel, Japan. 

U sinor - Dunkergne, 
France • 

Hoogovens - l jIIIu1den, 
Netherlan:is. 

., 

on. RATE. OXYGEN ÎN BLAST." HO!' BUST TEMPERATURE. 
.... a"if 

240 lbs/m'HM. 21~ 
--

280-300 Ibs/NTHH. 21~ 
\ 

240 lb,/Nl'm:~. 2n 

220 lbS/m'HM. 

215 Ibs/NT'ftM. ~ , 
. ~, . ~~ 

200 lbs/N'I'Hl-I. 21~ 

190 lbs/m'HM. 

" <~ :",.; 

/ 

1850<7 

2 000 oF 

21200, 

1900~ 
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Fig, 1 
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,I~REASE IN POPULARTII OF NORTH AMPRICAN BLA.S1' roRNACES 

USIN:i FUEL INJE:TION. 
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DIAGRAMt!ATIC REPRESEN!'ATINI OF FAN S~Y. 

- Fig. 4 

DY.GRAMMATIC REPRESENl'ATION OF H01W.i CO!Œ SPRAY. 
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2.0 INTRODUCTION. 

This chapter discusses reasons for injecting auxU1ar.Y tutie ioto. 

blast turnaces t the types of l'uel injected am tbeir 1lOd. of injection. 

Finally, an 1n1ication of tutu,- trams in aux1l.1.ary fuel injection 121 

given. 1 

2.1 REASONS FOR INJa:;TI~ rom. INrO THE BLAST roRNACE. 

The chief reason for injecting auxIDary tuels is ~ne of economics, 

sinoe a proportion of the coke nonnally cbarged to the furnace can 

be replaced by.a less expensive fuel. Fig. 5 show. apprœt1u.te cost 

savings involved when heavy fuel oil is used as a replac .. nt for 

coke in the blast furnace. The economics are 1mpressive. the optimuM 

saving being about one million dollars per year. for a large blast 

furnace 1n North Alneriea. This hypothetical case pre-supposes a 

replacement ratio of""'.8 at lov injection rates to 1.0 at high , 

injection rates ( 23 ). 

Another reason 15 the er:t0l'ftlOlls capital coats involved in the 

installation of a new battery of coke avens. S1nce coke avens do 
4 

have a 11mited life, the decreaàe in coke rate in the bl.ast furnace 

will enable current installations to he used for a longer t1ae, am 

hence nev batteries can he delayed ard tntereat ~harges ~1ded. 

Another &dYantage of futi injection 1s the speed vith vb1ch 

variAtions in fumaoe perfcmaaDCe ~ he adjusted. i.e. the injectant. '\ 

oan he tui"ned ott 1mMd~telyt should the nMd arise. wbereu &IV' 

/ ohanges in cok. rate bave no practioal oonsequences 1 for the -t'ollOld.ng 
\ 

t .... elve hours or so, on aooount ot the slow deBcent ot the burden. 
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It is also known that b).ast fuJ'naces using fuel injection, vith 
ç-

high blast temperatures, tel'Xi to run more SIIloothly, vith rf!JfIer 
1 

instances of 'banging' or 'slipping'. 

2.2 LIMITS TO THE RATE OF FUEL OIL INJPI;TION. 

Both economie a!'Xi physica1 factors 11mit in jec:tlon rates., On 

the eoonomic side, 1t 115 found tbat as the rate of injection ta 

increased, so the rep~cement ratio decreases, see Fig. 6. 'l'his 

has the effect of eliminating Any cost savings, ,sinee beyom a orltical 

11mit, the coke rate can increase fram Us optimum, vith inorease of 

injectant rate, F'le. 7, thereby lncreas1ne the overal1 fuel rate am. 

costs. 

The chief physic~l limit on hi~h 011 injectant rates 115 the 

.. 
lncomplete combustion of the injectant in the oombustion zone of the 

~ 

tuyere. The effects of this have been disoussed previously in section 

1.8. L 
Although fuel injeotion rates ln excess of optimml rates are 

technically possible, they result in a reduction in the combustion-zone 

dame temperature, wli1ch in turn 1eads to lover drlvlng rates am , 
inoreased energy 10sses in the top gas. 

Aooord~ to Raick ( 24 ), in 1962, "w1th a wel1-prepared burden, 

the ecoJtOllll0 l1m1t to fuel-oU injectiQll w1ll he about 220 - .370 lbs. Iton 
, Ir 

of lIetal." Wh11e thes~ figures MY have seaaed OIltetaDi~ a decad. 

ago, tbey are now being aàh1eved eas1ly, ard the upper liait ahould 

soon he passed • 

/ 
! 

, '. 
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2.3 FUELS INJPrrED INTO THE BLAST FURNACE. 

(i) Steam. 

Although steam ls not a fuel, it ls appropriate to record that lt 

was the flrst in je ota nt to <;aln po:-'U1arity. Hwnidlty control of the 
! 

blast allowed hiP,her alr blast ter1j'eratures to he used vlthout 

concomitant lncreases in temperatures in the combustion zone. 2revious 

to this, hanY,ing problems associateè with too hl~h a (lame tem~erature 

( ~,A.F ,'r, ) ln the bosch, had lirni t ecl air blast tem;:l8ratures. 

)lhen water vapour 19 added to ~ hfJ blast, it reacts endotheI"l"llcally 

with coke ln the combustion zone: 
. 

C + !120 = Cl~ + HZ ( +)1,000 Btu/lb. 520 ) 

'rhe added water vapour bas a beneriotal effect 0' the quallty of 

the bosh gas, because lt inoreases t~e &Mount of nydrogen ln the ~as. 

whlch bas a greater potential for U1e reductlon of iron oxlde thaln 

bas CO. 

However, althou~h humldlty control of the blast alloved hlgher 

blast t_peratures to he used, lf. vas foum that a 1 ~ moisture 'addition - . . 
to the blast requ1r~ a 650C inorease ln blast temperature. Coke 

savings, althougb lcnrer than _?8ctM because of indirect reduotion of 

coke by steam. amounted to 2.? - ).2' for ... ch 1 ~ il'}Cre&se tin moisture, 

wh1le t.he production rate increased '7y 4 - 6,'S ( 25 ). 

The Bureau of Mines ( 5 ) report 4d that vith a moi sture addition 

of 13 grains/cubic '*foot of air ( 1 ~raln or molsture/cublc root of air 

- 0.30.' or air blast ), the coke consuaption in their exper1aental , 

blast turmoa decreased by 10) lbs. ( vith a blast t_perat.ure of 

2A1SoF ) am. the produotion rate lncreased by 1)4 lbs./hour, whUst. 

f 

..... - '-~- ,Ir ~J 
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with a moisture addition of 26 grains/oubie foot ot air, the coke rate 

decreased by 88 lbs. arxlthe Metal produotion inereased by 2~O Ibs./hour. 

Deeker ( 26 ) has shawn th«t the best figures obtained from a . 
European experimental furnace wel'e with a moisture addition of 4.37 

grains/cubic foot of air. This i8 illustl'ated in Fig. 8. fhe reported 

blast temperature "ftS 900°C. 

The praetice of injecting val'ious amounts of moisture into the 

air blast 15 widely used by blast furnace operators to control hot 

metal temperatures on acoount of the relatively rapid response of the 

ful'race to al\)" operating chang •• made in the bosch zone. 

(ii) Natural Gas. 

As vith steam, the injection of natural gas ( CH4 ), into the 

raceway causes a oonsiderable decrease in flame temperatures, 

necessitating an inereaee in blast temperature, comparable to that 

of steaJll, to compansate for the decrease ln the R.A.F.T •• Initial 

tests ( 27 ) 1rxlioated that vith a ?,t natural gas injection rate 

( based on win:l ra1fe ), a 47SOc increase in blast temperature, vas 

needed to maintain the fur~ce driving rate constant. At the same 

Ume, the coke rate vas, decreased by 256 kgs./NTHM, ard the hot 

meta1 production rate vas 1ncr.sed by )~. 

When natural gas bums in the oxidation zone, it produoes CO aOO 

HZ' am only one third as IlUch heat as cokel consequently, it has 

about the sua oool~ arrect as an equ&l volWlle of vatel' vapour. 

A1th~h tha h.t produoed by burning coke with the hot air blast 

1!1 6,600 Btu/lb. of carbon, tbat produced by burn1ng natura,.l gas i5 

only 2150 Btu/lb. of carbon. 

• v 
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It should be noted that oxygen enrichmént of the blast 1s now 
--

genera1ly util1see! vith fuel injection, and in the case of natural 

gas, the increased name temperature, due to combustion vith more 
\ 

oxygen, offsets to BOIlle extent, necessary oompensating lnoreases in 

bl.st temp8ratures. 

The effect on the repl.c8IIIent ratio with incre&se 1n natural gas 

( and other injeotant ) rates-can be 5een in Fig. 9. 

(ii1) Fuel Oll. 

Because of 1ts h1gh carbon/h1drogen ratio, and low craoking 

temperature, 011 has only a relatively moderate cooling effect. 

ConsequentlY, larger quantities of fuel 011 versus natural gas oan 

he use<! ta produce an equivalent decrease in adiabatio name temperatures. 

il though the amount of coke saved for each pound of 011 15 less 
, 

than that of natural gas, more coke oan be saved in total Vith these 

fuels, in viev of the preceed1ng comments. 

As reported by Bell and 'l'aylor ( 28 ), if oU 18 added w1thout, 
1 

t_pe:rature compensation, then 1,2 units of oU carbon replaces 1 unit 

of coke carbon. ,'lith temperature compensation, th:\.s ratio drops to .... 
0.62. rhese figures 111ustrate the fact that the principal .dvantage 

to be derived fro. fuel oil is the abUity to use higher blast temp-

entures. In fact., sCIlle 6M of the ooke replacement 18 due to th!s 

effect. Hc:JV4Mtr, vhere there 18 a l1mited hot blast available, heavy 

oU, V1tb its oarbon/hydrogen ratio of 7.1. would replaoe same cok~. 

br d1reot substitution ot coke carbon ,by oU carbon. 

An addition ot 115 lbs. of oU saved 100 lbs. of coke W1thout 

- ~ t_peNture ocapenaation, yet vith a 2000, ris. in bl.st temperature. , -~ 

• 
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the 8&Ting vas 113 lbs. of coke ( 29 ). 

A 'rule of thumb' value for the benefit of oU injection vas 

given by Taylor and ROIIlbough (JO ). They quote an air blast temp­

erature ~crealSe of 150~ per pourd of oU injected per 1000 cu.bic 

feet of wird blown. Uroer these conditions, about 65 pounds of oil 

wUl replace 100 pounds of coke. 

Decker et al ( J1 ) ~ve shown that improved combustion, either 

by better atomisation or oxygen enrichment. has made 1t possible to 
,\ -'\. . - :. ~ 

add nearly' Je>.' of tqé ~total fuel requirements as fuel oU injected 

at the tuyeres. 

(iv) ~. 

The changes to he expected from the injection of powdered ooal 

can be eva1uated in precisely the same vay as has been dOM for oil.' 

Coal is much mON var1Al:ie in oomposition than oU am, as eXaJIlplel!, 

the composition of anthracit'e and law-grade coal are cOIIpared 1 

anthracite 

If. 
93 

low grade coal 11 

2.0 

5.5 

3i.noe t.he ch_ioal c_posit1on or anthNo1te 18 150 s1.Bar tO\" 

tbat ot coke, it 'can be taken ~s he1Jlg equ1ftl.ent i.e. the rep1acallènt 
• 

J"&t10 1. 1. The artect on the cOlllbust10n t_perature 115 saall, "{ "0 . . 
the requ1red '1norea.e in blart t_perature u &190 ....u). Pull7 ,.., .., . 
t.pare.ture-ooapensatec!, the .. pla04lll4trit. ",tic tOP ant~o1te 1s 

1.3 ( 28 ). 

Co&l., w1.th 1tl h1&her oarboD/~en· r.tio. .hould allGlf lION 

ooke to be .. "V. tor a ):aJ't.1oW.al' ohange ~in blast ao1st\U"e oo!ltent 
.. 

... 
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or in hot blast tempe1"ature than either natural gas or fu61 oU. 

, Strassburger ( 32 ) has stated thatr 

"'The full potent1al of solid fuel injection can he realised vhen 

using h~h blast-temperatures am ~gen enrichments" • 

The main differenoes COfIIpared w1 th oU additions are that the 

nydrogen content of the gas 15 lover, and the top gas volumes are 
\.-

rather higher. Al\)' ilI'lprovement in gas80us reduction due to nydrogen 

Vil.l. therefore he less and the 11m1ting effect of top gas volUllle on 

production rates will he greater, 

Completè combustion of coal partiales to CO in the l1aited space 

ofa tuyere raaeway ls only possible by an extremely fine grinding 

of the coal. 

Howt'fVer, as the resenes of coal suitable for bl.st furnace 

injection are much more important than those of fuel oU and natural 

gas t it 15 possible t6at coal injection w1.1l. be applied on a vider 
, 

hasis and tbat the effort am expenses nece.nry to fully develop 

its. teohnology vUl he made in spite of initial d1ff1cult1es am 

set-llacks, 

< v) Coal. Tar api PUoh. 

Sinee the injection of tbese fuels uses a saUar technology to . 
that used ror Bunker 'e' oU, ard also have .. higher carbon coDteDt t 

1Micationa are that their use wOuld he prerel'&ble to tbat or oil. 

They Also br1ng the additional. bene fit of a 1011 aulphur input to 

the turMoe. 

Soœauah ( " ) bas iMicated a replao .. nt ratio ot 1.25. kgs ./Jq • 
,l' 

or pitch, which
' 
agrees vith the value br 1.2 quotee! by Van KeuNn 

, . 
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( J4 ), although Stolnacker ( 35 ) reports a h1gher value of 1.54. 

(vi) Coke Oven Gas. 

This bas attractions as a blast furnace additive because it 15 

readily avaUable. However, apart from the reiat1vely small methane 

content, coke aven gas has little value as a fue+ in the blast 

furnace. ~gen aOO carbon monoxide can take part in the reduçtion 

of iron ox1de, but only at the expense of the combust1ort of coke, 

'-unless the proportion of gaseous reduct10n 1s increased. It 15 as a 

compensating addition enabling use of higher blast temperatures that 

it prom1ses to he Most useflÙ. 

A replacement ratio of 1,2 vas quoted by Dean ( J6 ) on a Shenago 
-, 

( U.S.A. ) furnace. 

(vii) Slurries of Coal in Liquid. 

;-
Injection of slurries has oruy been done on an experimental bas1s, 

s1nce 1ts use bas not been as econom1oally favourable as that of 

other ruel avaUable. .Trials have been recorded on fuel-oU slurries 

( 31 ), and &Iso on coal-water slurr1es. 

(viU) OJç.ygep Enr1chment of the Air Blast. 

The re1t of oxygen eric~nt of the cœbustion mediU1ll 1s ta.,. 

decrease the volume of cOIIlbustion gases produced par NT HM , to there-
. 

tore raise the instantaneoua oombustion t_perature and to inorease 
. 

the proportion of the elWrgy of these gases, vhioh i8 uaef'ul. in the 

lleltliJg sone. 

( . 

OJ:;ygen .nrioba.nt of the blaat requiNs an 1noreas. in the t.evel 

ot elther blast humidification or fuel. injection. either of which 

w11l inorea •• the hydrogen content of the bosoh pe. 

.., . 

(' 
1 

1 

.. 
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Increasing the percent&ge of oxygen in the blast permits a fumaoe 

to aooept a proportional inorease in oU injection rate at a oonstant 

blast temperaau.e. One result of the cOJIIbined use of 011 arx! oxygen 

i~~ decr~se in coke Hte, &1 though the expected. ooke sav1n.~s may 

not he as large as tho!e achieved at the NlIIe oU rate using high 

blast temperature arx! no ax;ygen. The_se smal.ler coke savings are due 

to a deorease in the volume of bosch gas ... '"1th inoreased oxy~en usage, 

resulting in '-,~ess effioient pre-heating of the burden. Another result 

of comb1ned ~1 and oxygen' usagé 15 a IllUch greater production 1.ncrease 

than would he a)h1eved vith fuel injection &10118. A faater rate of 

stock desoent is achieved as a result or the 1ncrease in the ooke 

oonsumption rate oorrespoming to the level of oxygen enrichm.ent in " 

the blast. The fiame tempenture at the tuyeres is 1ncreased by the 

use of œygen enriohment. which in this sense. oan f'unotlon as a 

substitute for an inorease in th. hot blast temperatUMs. The value 
• , 

of oxygen enriolDent as a temporary substitute for hot b1ast t_p-

erature vas olearly d.OnstHted by Ostrovski ( -)8 ). 

WitÀ supplement.al. ax;ygen enrlchment, the proble of UDCoaœ8ted 

carbon carry-over to the gal oleaning p1ant is decHased, vben h1gh 

011 injectlon rates are praoticed. ( J9 ) 

Work vith axygen and rw.tural gal, 8'" am 11~ reapeotively. sbolred 

that a proper bal.ance ot oxygen am natural. gas 1. _1nta1ned, 

replaceent rates of ooke am rw.tural gas 1. J1&1nta1ned. replao.ent 

nt •• of ooke by rw.tural ga. are equiva1ent to noD-~g.n 1\J.e1. injeotloJl 

vith production 1noN&.~ about ~ tar' _oh 1:' œrnen added • 

From Fig. 10, th •• ffect ofax:n~n cOIlpeneat.1on fol" ,oU, go &Di 

~I 

J, 
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00&1 oan.. he seen. It is evident that as the level of oxygen enrichment 

is iilcreased, so the ~1 of fuel injection oan be increased, for 

ail fuels surveyed. 

, -
2.4 mM· OF INJEX:TIM:; FUa. INrO THE BLAST FURNACE. 

This section will illustrate the different systems of injeoti~ 

the different fuels 1nto the furnace. 

In arder ta fully unde1"stam the mechanios of injection, . Fig. 11 

1.l1ustrates a sohematic now-sheet oy the bast furnace. Tt oan be " 
.}'" 

seen that the fuel 18 injected at the tuyere level, Fig. 12, so it 

may • he inoorporated in the air blast. 

J) l'atural Gas" am Coke-Oven ·Gas. 

Sinee the gaseous injectants mU. thoroughly tdth the air blast 

) prior to combustion, the injection distance trom the nose of the 

~ t~ere 1s only SIII&l.l. This 15 lllustrated in Fig. 13& & b. 

The gas 18 inj.o~ed oold, at a pressure of 60 - 75 pdg, ard 
~ / 1 

entry of the gas into the tuyere 15 .ffected. by passage thrcnigh • 
--

la~e, tns.rted through the water-cooled tuyerf wall. 
\ 

Aooording to Stephenson ( 40 ), the gas doea net lIIix cOIIlpletel.y 

vith the air, ( at high gas inJection rates through the tuyere ), 
1 

&rd doea not retoN oœpletel.y. Conaequently, unburnt gas escapes 

.rrc. the ooabu.st1on""~ne, aM henee there is a ..ner proport1on 

of nduc1ng ,as aft1lable for d1reot reduot1on, ( 1. e. reduot1on of 

UoD aD.d. at lonr t_perature., br F.o + CO • Feo + CO2 ). This 

<t.. DIICt ••• itated ... study or injection .ethods tbroagh the blOll-, 

pipe to produoe a b.tt.el' a1x1ng or the ga. ard air befON OCIIœnion. 

r ~ __ -,.r . ~, 
_r~ 

1 
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(ii) Fuel OU. 

Sinee oU i8 a viseaus fluid, to inject it oold into the fu~ce 

vould requiN a great deal of pwrtping energy. However, as seen in 

Fig. 14, Vith 1ncreasing temperature, lts viscosity increases rapidly 1" " 

Consequently, it ls 00lllffn praotlce to pre-heat the oU to a tMl'lp­

erature between 1500f - 2000 F. This has a tvo-fold benefit sinee it 

lowe!"s the energy r-equl!"ed fo!" pumping am also 1mp!"oves the 

atomisation characteristies. It has heen caloulated ( 20 ) that the 

- 0 
temperature of the 011 inc~ses by some 30 F in passing thraugh the 

lanoe into the bIOW-Pipe~--r(jSince 011 tends to 'crack' at temperatures 

over 2600 F, a 'margin of er!"Ol"' should be allOW~ln the 011 pre­

hut temperatures. 
tn 

The oU i8 1njected into the blow-pipe behlnd the tuyere ,ta allow 

the for the 011. to refonn to CO and H2.. The distance from t;he 

twel"8 and injectlon angle into the blow-pipe' genera1ly depero on 

1ndlv'fuual plant practioe. In some plants, exact oentr4.pg of the 

lano. in the air blast i8 thought to he ~ss.nt1al. Some praot1oe8 

can he seen ln Fig. 15. 

The lance through vhich the oU passes MY or may not have an 
.."..: 

atom.slng deviee at the exit oriflce. Dotasco, b&sed on computer 

analysls, opt.ed fo!" a s1aple lance, with no lnsert, 'Fig. 16a, vhUst 
- ' 

ether plants bave uled an atcm1ser. Atomlsation ot the oU can be 

aeh18Yed by elther mssure atOldsatlon, whera the stre&1l ot oU ls 

eauaad to d181ntegrate by a maber of aethods, such al werts. 

Fig. 16b & o. or by ~tl0 atœlntlon. ~era the stJ"NII of nuid 

la d1arupted and atœdaed by .. h1gh-veloclty a1!- atrM.ll iap1nglng on 

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

. lIledlU1l in At. lea~t one plant ( 39 ). 

In aU cases of oh lnjectlon, the syst .. ls fitted ,vith a purglng 

stream of steam so as to clear Any blockages am. expel aIV oU 

rema1n1ng when the system ls turned off. 

Problems with 011 injectlon can somet1llles arise' due to 'coking' of 

the oU at the lance tlp, causlng Accretions to bu11d up and cut off 

the ruel supply. 

Bunker '~' 011, a heavy residual oU, ls 1II0st C0lllll10nly used as an 

lnjectant, al though 11ght fuel o11s have been lnjected ln French 

fumaces. A typloal anal.y,sls of 'e' oU is glven in Table '2-1. As , 
" can he seen this oU bas a high sulphur content, though no ,')roblems 

have been. reported with high sulphur in the lIl~tal. 

(lii) I.!!:. 

rar 18 also a visoous liquid, am also requires pre-heating ?rior , 

to injection. Van Keuren ( ~ ) records a pre-~eat temperature of 

220CT. It appears that lnjection of tar'neceslitates a form of o , 

soreen through wbich the tar passes bafore injection ( 41 ), to 

re.ove al'\Y suspemed uterial that 'tfIAY cause a blockage in the syst8lll. 

No atœlsing 115 done prlor to injection, a1though it is oonsidered 
/, 

that air at~sation oould help, due to the abUlt1 of such a syst. 

to atc:a1se vlacoui liquids. Injection rat.s are general.l.y lover than 

oU, in the range 40 - 75 kga./Nl'HM. 

A typ10al injectlon qat_ la shown in Fig. 17 • 
. 

(1..-) ~ • 

G.ne~ the ooal 18 !irst pul-Çe'rlsed &rd dritld aD! t~en .t0l'eC1 
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in bunkers 'from wh1ch 1t 1s transferred to a higD pressure stream of 

air that oarr1es 1t into thê b1ast furnace COIIIbust1on zone • 

. r Mouture ~s a prob~cQ 1n1t1ally in the S'torage b1ns and the 
l ," 

~$.hver1Sed coal tend~ to pe1:et1se. This vas checked first by the 

use .?t scree!l8 to prevent ~hese. pe11~ts enterlng the furnace, am 
, 

. J......., 
then by pre-heaj:.1ng the .1r b1a~t to e11minate lIIo1sture from the coa1. 

The rate of cOlIlbust1on of co&! 15 1ess than that; of elt-her gas or 
o 

. • oil, and consequently. the cbal lIIust enter the air blast- about two or '" 
') 

three.feet ln fr?nt of th~ tuyere. 

The siz .. of the coal is' a1so important' because 1t affects the rate 

of combusti~. In one syst9lll, the eoal ls pulverlsed down to -200 mesh 

in order to effect good combustion. 

trA coal injection s,rstem 18 shawn in Fig. 18. 

2.5 FUTURE TRENDS IN FUEL INJEr.:TION. 

" Becaue. of the increa~ed cost of coke and~replaoement fuels, it '121 

evident tbat inject1,?n pr~ctlce lIIUst be, opt1mupd. The lnjected fuel 
1 

must he, C~busted at .• ~~ ap~ch1t1g·lIWdJIrum efflclency, which 

necessitates study of the present practice. 

Hey •• l t ( ri ) haé ~1e"'ed that-hmft~~sat1on ~f oU vith water 

has ~ted Illon of the ~ob1_ of tS1Ûormatlon' at a West G~J"IIÏan 
f () • ; , 

• plarrt.. and bas lied to 'b1gher ,1hJect1on"l"at •• 

Huch resNroh bas been' d1Neted t~ the 1lrj4tCtlon of ~~ecL 
':t .....-

ga. ,'1IIto the &Ha' ot the rurn.o. abcwe t_ tv;J"'.. A.rry bJdrooarbon 

.!uel .l.ws he OO1I8id...,. t..r NtClC'llilll . ~ ~ '''!id~; 1!a1ck and ' . 

Bras sert , (42 ) Stucti.d the t_dbUlt7 or noh a ..,.at. am found,..:tt 

· ~ , ./ 
i . 

· ., . 

) 

f 

11 
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theoret1cally feas1h1e. In the Soviet Union arx! Japan, plans are 

underw.y to inject reformed ~as into the blast furnaee. 
,1 

Sohweitz ( 43 ) brienY cOIIDIents on the F.T.G. process nov being 

emp10yed by Nippon Steel ln Japan, where reducl~ gas 15 lnjected 
, 

through the tuyeres. The gas is made from oU by Texa.co's oartial 

oxldation method, an:! 15 consldered ta glve a better replac81llent ratl0. 

A diagrammatic flow-sheet ls shawn in Flg. 19. 

other processes use natu.ral gas ~m ref~ lt with steam. One 

companY bas indicated a process whlch yel1ds a higher purlty gas vith 

lover CO2 ah:! H2Q oontent. 

However, St&m,lsh ( 44 ) }las·lnt1mated that the full potentia1 of 

injeotion of reducing gas bas not yet been rea11sed due to the­

tundaM.ntal d1fflculty of ~1ng 1t with the rap~ ascendlng furnace 

gas.s. 

F1na1lQ', in the Soviet Union, rroc1ear energy has been considered 

a.~ a source of power for the furnace, to. replace sOIIle of the coke, but 

no 1lean1ng!ul reports have, as yet, been ~ved. 

• '. 
-
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BUNKER 'C' OIL. 
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Sulphur f, 

'\ 
Oxygen ~ 11trogen '" 

8J.7 - 87.0 
- 1 

> , ~r 

0.06 - 4.15 

0.00 - 2.9 
! 

Ash f, Traoe. 1 

Gro.s Heating Value, Btu/lb 19,000 
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Fig, 5 

COMPO'l'ED COS! SAVltliS WITH INJFrrION OF on, AS A 

PARTIAL REPLACEMENl' FOR COKE IN A LARGE BlAST FURNACE. 

Based on replacement ratios of Harrles and Thomas (2), 

and oost of coke am oU be1ng $1.18 and $0.?8 respecttvely • 
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!FŒT 9F lll:RlASII«; on. RATE ON COD REPLAC!)Œ!ll' RATIO. 

Ç\ 

" . 

Arter Harnes ard Tho.s (23). ( 
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E.FF'!Xn OF STEAK INJB:TION ON'-COKE RATE. (26) 
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DFBCT OF FpEL WÇION ON COKE RBPUCIMEN'l' RATIO. (28) 
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IFFECT OF OIIGEN INRICBHElfl' OF THE BLAST ON 

INJm:fED FUEL BATE. (28) 
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, DIAGRAl-1MATIC FLC1tI ~HEEr OF BLAST FURHlCE. (23) 
• 1 
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'l'UtmE RmnON OF BUST PURNACI. 
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(a) sysrEMS usm nPERIMENrALLY FOR NATURAL GAS ~g;rl0N. 

\ (bi 'v CROSS':'S~ION OF T~ USED FOR NATURAL GAS IF!X:rION 

\ INDICATIllS POSl'UON OF UOCE IN TUImE WALL. 
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VISCOSITY CBARl' OF BUNKER 'C' OIL. (20) 
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Fig. 1.5 

TYPICAL on. IW8:TION METROns. ." 

Ca) INJB:rION THR~GH PEEP-BOLE INrO BL(ltl PIPE 

(b) INJFI:TION TBROOGH m.(ltl PIPE WALL. . 
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).0 Illl'ROOOCTION. 
combustion .. 

'rhis chapter revievs the mechaniSJllS of fuel A and, in ~rticular, 

summaris8s vork on the burning of heavy fuel oUs. ?"inally. the 

significance of previous studies in 1ndieating criteria for 000d oil 

injection practloe to blast ~naoe~ 1s presented. 

).1 HEX:HANISMS OF Cor·:BUSTION • 
.J.. 

According to Masciin and 1'brlng ( 45 ). the important .teps in 

the ombustion of a fuel spray aan he SUlll&rised tbusl 

(1) Atomisation of the fuel into droplets of suitable size. 
, 

(2) r-ax spray vith air ( and r'eLcirculated hot :n-oducts 
) 

). 

() Heat ransier to the drople+.s by convection from the hot 
-) 

gas8s nd radiation from thA valls and rI .... 

(4) of the liquid. 

(S) M1x1ng of t e intlUIIUble vapour vith air ( am re-ciroulated 

combustion products ). 

(6) Ignition of the vapour ard subsequent bear tNnsfer to the 

droplet. by conduotion from n.a.e rront now surrowxling tba. 

(1) Progre •• ive c~tion of t~e droplets. 

(8) F01'W&t1ob of nu. OU"bon ( soot ) aM, ,in sc.e .ses, 

carbonaoeoua residu.s. ,-
(9) Cœbust10n of the .oat Ani carbonaceou res1dues. 

The aodel dJooplet uaed in the" studies ~ as sbolm in 1'1g~ 20. 

i. .1.11ar mode! 1I&S ua.! by NurruaMn .et al. <' t,6 ). 

'" The ooabust1on of MaVY res1dual. Cuel oU dropl.ts' bas been . 

- ----~-~~~--
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envisaged to be as !ollows 1 the volatile material 15 dist1lled fram 

the droplet am. he customary fiaMe established. Combustion proceeds, 
. 

swelling am c nb-action maintain1ng the droplet d1ameter, at 

approxima ely the initial value. The, -outer droplet sheU, becOllles 

more viscous and ~owards the em of the volatile cOlllbustion period, 

i8 infi&ted am. finally ruptured by internal gas pressure. Surface 

tension forces aet to deorease the#size of the,viscousoenvelôp8; but . " 

almost' simulta~ously, erack~ of the non-volatile residue causes 

solidification. The résult1~ oarbonaceous material bums hetero-

geneously b.Y a surface reaction. 

3.2 PREVIOUS itlORK orl COMBUSTION OF On. I.1WPLETS.~ 

Stud1es ( 47, 48, 49 ) have shawn that dur1ng the cOllbustion of 

heavy fuel oU droplets, a so-called eenosphere ( i.e. a thenu:l.ly­

degracled oU droplet of oarbonaoeous res1due ) 1s fomed am that th~ 

mater1al consista ma1nly ot residual carbon. 

Sakai and, Sugiyama ( 50 ) have iMioated that there are tvo 

products ot incomplet. combustion, as shqwD in Fig. 21. 

(a) SQl1d partiales in the si~e range 10-200 JIlicrons, resulting 

tl"Oll oOlibustion of resMuaI heavy fuel-oil. 

(b) Carbonaoeous substances !eposited fram -the gas phase in a • , 

d1tfusion of pre-lIlixed fiue ot bydrocarbon ruels i. e. theJ'lll&l 

crac~ or the volatn~ content. 

ThOMS ( 51 ) referred t,o the latter partieles as • soot' ., He 

al.o stated tnat carbon particles am soot partioles dUter in 
- , 

ch.dcal reClllposition. Scot, he INgg.sts,{'~. not carbon, but s1moly 
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bas a large poly-heœenoid hydrocarbon structure. tormed b;v crack~ 

of the volatUe content of the oU. 

Clarke am Hudson ( 52 ) agree vith the idea 01' soot tomation by 

craeking of the volatUe c~ntent, of th. oU. but 1nt1ruted tbat in 

the case of a Bunker oU, a 1Il0re likely cause of soot is the enhanced 

temency of the 011 to ora'ok On aooount of the high earbon/~"drogen 

ratio ( 711 ). 

It i8 evident that the oombustion phenomena of atOlllised heavy 
~' f, 

fuel-oil droplets ~ are· c~i:~ted. During the e~bustion of heavy 

fuel oU, soot partieles am. carbon partieles are produced s1mult-

aneously. Hovever, the soot particles may he oOlllpletely- burnt away 
: 

in the Ume am space avaUable, because of the1r amaller d1ameter 
." 

( generally 1e8s than 0.1 micron ), where&s th4!P IllUch larger carbon 

particles rema~' \ 

Kito et al ( 53 ) believe that the tille requ1red for combustion 

of droplets ia largely ooeupied by' that of eOlllbustiorf O'f residual 

cÀrbon partieles. Marv st)ldiea have bMn urdertaken ( .54. 55. ,56, 57-) 
" 

on the Canbustion of th.se partiel es , and Von Bogdan:ly ( 22 ) 

1lluatrate. the combustion 01' eoal partielea. Fig. 22 1ndicate. the 

burning tae of a carbon partiele and an oU droplet. As can he sean, 

the carbon particles requ1re a longer burn1ng time for ea.plete 

c~bustion, am in the eom~stion Bone of the f'urnaee'. this tiiaé is 

not available. Heynert ( 21 ). worldng frai a knowledge of blast 

velooityam. the le~h 01' the c,OIIlbuation Bone. states a residenoe 

t1Jle ot only 2-5 microseconda ia available for complete gaa.itioation • 

Sakai and Sug1yua have caloulated the eritica1 coke ~enerating 

\ 

.1 

..... ~ 
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d1aaeter of the tuel-oil droplets, ~ consider1ng the combustion 

h1story of 11 S1ngle~ ~roPlet. They postulate the relat~onahip: 
Dperit = K ( k 0 )i. s s J.1 

wheré--

Dper1t = coke generating d1&meter. 

K :1 constant = (kt 1 ka + k1 )i 
• 

ka = gas1fication constant ( solid ). 

k1 = gas1fieatien constant ( liqid ). 

Os = residence t1rae of particle in combustion zone. 

Coke particles w1l.1 be genented from fuel oil droplets greater in 

d1ameter tban 'Dperit' wh1le vith d1ameters ~er tban Dperit' the 
> 

partieles are able te bum out comoletely befora em1ssion from the 

1 combustion zone, vhich 15 considered to be of t~e order of 2-J feet. 

Morê studies of the size and structure of the. coke partieles were 

reported by Masdin am Thring ( 46 ) arx! Masdin arx! Foster ( 58 ). 

fhey correlated the d1aaeter ot: carbon partieles f01"ll1ed during the 
e; 1 

eombust1on or pitch-creosote droplets in air at 7000c vith. the square 

of the initial drOplet diameter. 

J.2 

mi oenosphere d1aJneter. 

• 1n1t1al droplet d1aaeter 

FrOIIl th1. relat1onsh1p, am aleo tl'Clll Bq. 1.1, nameJ.y 

D 2 _ D2 = K (t - t ) 
~ 0 0 

..: 

1t C&D he olearly' eNn that tOI" errieient ooabu.t~on, the initial. 

part.l~le s1.e, Do' 11 or great importance, and atOlll1satlori of the 

--

" 

, " 

/ 
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l1quid ruel stream is requ1red f'or this comition to be met ~ 

3.3 COMBUSTION WITH PRFSSURE ATOMISATION. 

Joyce ( 59 ) oonsidered the effeots on cOlllbustion of a spray 

resulting fl"Oll pressure atOlllisation. At 1011 pressures ~ e.g. up to 

100 psi. ), the spray stl'Uctur~ vas lIlore unifonn in tenus of drople~ 
'Il _.."",..~-*" • 

sbes, giving a relatively nal"l"ower sise range d1,stribution than at high 

pressures ( e.g. over 500 p~i. ), although at high pressures, the 
-

average drop sue produced vas 1IIII&11er. Because a considerable 
, ~ 

proportion of the droplet sise range 15 in the small size range, the 

initial ignition of the spray is racllitated am the stable oontinu1ty 

or burning prOllloted. Once the fiame 18 established 1t 115 almos{ certain 

that -IV of the smal.l sbe droplets sucoessively _erging from the 

ataa1ser proYide a stable gaseous name region as a roundation for the 

rest of' the nue • 

.. 
3.4 CClœUSTION WITH TWIN-PLYID ATOOSATION. 

Archer and B1 .. nklu ( 60 ) bave investigated th. tw1n-nuid at0ll1ser 

• vith regard to .rficieDt ccabu.stion, the purpo.e or theil" study being to 

cœpare th. erfects or air ard super-h_ted steam as the atOlll1:sing 

nuid. It is 1moIm tbat the ~p sise 1s 1nv.rsely propcrt10nal. to the 

l'elati'Ye velocity ~;".n the ata.1sing nuid and the ruel, and 1n1.rsely 

proport10nal. to th~~ .... ratios. At, h1gh velooiti ••• the ''''~,8 ratio 

or atca1s1.ng fiuld. to fuel is the IIOst importaDt variabl •• 
. , 

The u.. or an atcai.UW ga. at a ccmstant .. as ratio of' atca1l1ng 

fiuid to tuel iDfiuenoe., as ~pected, the initial Ipray drop aise am 

) 
,( 
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, 
henott 'the burn1ng the of the ruel. 

The researoher! fOUM that the SUle _s! nov-rate am pressure, 
(.' 

the velocity of su.per-heated steam at 1700 C vas trioe that of a1r at 

400C when used as the atOlllis~ nuid. lt a MSS ratio -or 1, the drop 

sise 1I&S reduced hl" sœe 1~ by using atOlll1sing steam 1n.stead of air. 

Analysis or exper1lllents to show the erreot of possible benef1ts of 

steam atomisation revealed that for the saM. oOlllparitive velooities of 
, 

air am steam, the ~ ruel whicb fonaed oarbonaceous solids vas 2.g/, 
, 

tor air and 2.06~ for steam. At the same "IIIaSS ratio or atOlllising 
\ 

nuid-to-fuel, the reported figures v.re 2.9f, for air and 1.8f, for 

~ steam. 

3 • .5 CC!ŒUSTION OF FUlL OIL IN BUST FURNACES. 
. 

In all cas.. of oœbu8tion, the l1QJIber or big droplets that oan 

he tolel'atM deperds upon the relative proportion or large-to-small 

droplets ( the naae-susta~ capacity of the lat.t.r enhanoe theil" 

burn1.ng rate. ) .. > , 

l / ~ 1 • _\ 

In g.neral. larg. droplets ot liqu.id ru.ls aN to be avoidee! as 
~ . 

tar a. ponible. unl. ••• there 1. adequate tbae ror-tb~1r o<*plete 

oa.buBtion. 
~ 

l " 

1s indioated b,y ~ ( 21 ). the p&l"t.icil.e .is. ueo.slI&J7 for 

ettioi~nt ooabution in the ox1dation sone o( the t~.' li... in 

the s1l. range 2.5-45 .iOl"OM, a. shown in Fig.~. To .ohi..,. suoh' 

a ...n droplet sis. efficient atoaisation in tlw blow-pipe region 

ot the blast fumace i. or the greatest 1çwtano •• 

Anoth.r paruetv affecting oClibust1~~ il th. t_perature or the 

., 

\ 

l 



• 1 

". 

29. 

air blast. lnoreas1ng th1s t_perature, besides iaprortng the oye~ 
" ~ 

thenaal effioienay ot the process. gives a b1gher 1n1tlal.· t_perature 

~ cOIIlbustion BO~, aM tJtereby recluoes the ignition lag aRi 

. overall o_bu.st~. • ' , 

'The tvo produots ot 1ncOliplete cc:.blstion, carbon particles arr:! 

scot, are alvays ronaed d41ng the burn1.ng ot heaV; f"uel-oU, the 

&JIlount depeRiing on the degree or atOlllisation am th. resldence t1m. 

in t~ combustion Bone of the turœc.. WhU. the pNs.noe or s~t 

" 1 p&rtièlÈt. should pose .no problems
é

• due to theil" -sall size am tli'us 

eaay: cOlltbust~on, th~ c&~n partieles oan be drastically reduced by 

1mproving atOlÜsation aDi 1ncreas~ residenee t1me in the cOlllbustion 

~ or t.he t. __ 1on. 
Il' 

.. 
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(a> fJ.lltICL&S OF CARBON BUCK FROM I1DlMl'.LB1'E COMBUSTION 

OF On.. (sa) 
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(b) l>ARl'I~ OF SOOT Il GAB-cLlABIlli PLANl' • 
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BURNIID TIME OF On, PARTICLE AND CARBON P~TICLE (52) 
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4. 0, DI'l'ROOOCTION. 

The need for atomlsing fuel oU w1thin the bast furnaee blow-p1pe 

has already been underI1ned ln chapter J. Tpe most cormnon methods of 

atomls1ng~ I1qu1d s~reams arer pressure atom1satlon, tvln-fluld 

atomlsat1on, rotatlng-dlsc atomlsatlon. and much Iess o~only. 

atomisation by an ~electrlcal charge. However, sinoe only pressure 
- , 

atomisatlon am tw1n-nuld atom1satlct!l fit'd appllcation in current 

" 1 
blast furnace practice, the d:1scuss1on sha11 be I1mlted to them. 

4.1 PRESSURE ATOMISATION. 

) 

The simplest method of oau5ing a stream of 11qu1d to d:1s1Dtegrate 

:15 to use pressure energy. By converting 1t lnto k1netlc energy 

through aooelerat10n of the 1:1qu1d, there 15 a terxiency for) the 11quid . . \ 
110 d1srupt as 1~ ex1ts frClll a no~z1e. There are tvo distinct types of 

pressur., nozzle, one vh1ch imparts a rotat1onal ve1oc1ty to the nu1d, 

... " adi one whloh o&usell the l1qu1d to exit as a lIolid st;veam, or jet, to 
~ "-

be d1srupted at some d1atanoe avay trom. the nœzle. 

The Pirl spray .t0lll1ser, Fig. 23. 1s the MOst OOllllOn!;- u.ed 

nossle wh10h fall. into th. pressure atom1sation oategory. MaI\Y 
i 

theor1e. ( 61-66 ' ) have bMn propo.ed to _plain the pr1nc:1pl •• ot 

atoa1 .. t1on tor th1. type ot atœ1 •• r. In 1t. 81aplelJt tOnt, the .... 
atoa1.er oonsists of a obaaber 1nto whioh the 11qu1d fi9l'a tanSent1ally, 

~ . 

aDd l .. v.. b;y a c.ny-.lly-located oritice ~ 'ot ...n.r ~1aaeter than 
a . 

the .pray oJSuber. A hollow air oore 18 toJ'MCl QOncentno.v1tb the . . 
. ~ 

nos.~e axia. The, renltant ait1ng oon1oal" ahe.t, wb1ch :18 vft7 t.h:1n, 
, , " 

-
attenuat., rapidl.1, beoCllle. wwt&bl" and d1a1irt.~t.8 1nto dJooplete., , . 

, ' -. 

.'-
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.. 
At 1011 nov rat'ès, the hollov cone may not rom properly~ the resulting 

'_ .~.g1V1ng IIUch caar.or droplot., 

- All simple ~ssure atOlllisers sutrer trom low nexibl1ity, ( or 

turn down ratio ) because the discharge rate varies approximately as 

the ( 1njection pressure )t. For certain applications, th1s can he . 

corrected. bY using a 'splll-type' noule, Fig. 24, "here part of the 

Qu1d 1s returned frOll the swirl o~her t'o the supply side. 

In SWIIIII&ry, the pressure nozzle 1s usually simple am -1'eap, but 

it bas severa! d1sadvantages. It carmot ~ used, to atOlll1se~ies, 
( because ot the possib111ty of clogging if orifice is small ) or 

very v1scous 11qu1ds ( because of exoessive l1quid pressure drop or of 

poor resul ting atomisation ). 

'" 
4.2 PIIKlNTIC AT<JUSIRS (OR TWIN-FLUID ATOMISERS ), 

The tv1Ïl-nuid atOllluer has ffitl or the llJllit&t-10ns or the preSSUl'. 
• J 

ata.1.er. It 1s .ON adaptable vith .lunie. am viscous SidS, 

sinoe th.zoe aN no Ian orifices to clog. V.ry fine average drOp 

sis •• can he ~1ned.. although th. dJ"oP-I1a. distribution rang. i. 
1 

laJ"ge. Effioient atoai .. tion can he obta1necY OV'el' a v1de., rance of 

l1qu1d nov Nt •• vith t1dn-nu1d .tcaü .... , 11h11. h1«b l1qu1d 

1nj~1on pn'nN' aN hOt requ1red: 

Unlik. prelare ato.1 .. tion, vbeN aU the e1Wl"gY' for br1ng1ng 

" 

about l1qu1d d111ntegration Rn he oonta1ned vithin the l1quid 1tselt, 

the tv1n-fiuid q.t_ allo us.s the pressure e .. J'fa or 1 th. ga •• 

Sino, th1 •• nerg:y 1.-ind.perdent or l1quid fioW Nt., ...uer droplet 

1 I~I al •• 11 a. vider .pn1 ..... 1 •• can he aobiWect at Iov l1qu1.d 

\ J • 
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rates, compared to pressure atomisers. 

The s1mplest twin-nu1d atomisers are oonverging noules. In these 
f 

atomisers, a core of liqu1d is impacted co-axially by a h1gh-velocity r 
gas stream •• At low liquid nov rates, the jet 18 viôlently d1stur~ by 

-
the 1mp1nging gas stream. The liquid stream bec<i'l'es distorted am is 

\ 

readUy blown • part. HOWéVer, when the 11quid throughput 15 high am. 
} 

the stream diameter large, the energy efricienoy of the applied stream 
'h 

15 lessened. 

As a means of overoO\l11ng this l1mi~ti0rl' atomisers are oonstructed 

vith Mean! of spreading the 11quid into a thin sheet before being 
/ 

oontacted vith the sas stream. Th1.s is u~lly accomplished by passing 

it through a k1.n:l of • swirl-8pray' noulet This prooess i5 oa11ed 
p 

'#J-e-filming' arrl excellent atomisation oan be aohieved at high liqu1.d 

nov-rates. 

Clare and Radcliffe ( 67 ) have des1.gned an air blast atomiser, 1 

Fig. 25 for use with V18COUS tue18. An essent1al feature of th!! 
iii. 

atomiser is that the fuel i8 introduoed radiall.y 1nwards into a ' 

~ling air str~ Just berore it exits from the atomiser into the 

oombustion ohamber. They fourrl that the droplet siee deperded ma1nly \ 

upon the air! tuel ratio ard that the air pressure am t'uel gap only 

affected the ~plet. s~e by &1tering-the rue~~~ ratio, When the 
, 

ruel injection preS1IUl"e1 vas h~h, it vas noticed that the droplets 

vere ...uer tban for 1011 fuel l'pressure at the ~ air! fuel ratio., 

. 
4.) T8BœY OF ATOKLSATION. 

, 

Thire bave been a r1ÙIlber S)f StceUent. !"eV!.. on thê pr1ncipl •• 
~.~ 

! 
( 

. i 

/' 
'\ 

• 
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of atomisation ( 68-72 ). ,The first contribution to the phenOIIIena of 

jet disintegration vas that by Rayleigh ( 73 ), who noted that when 

a stream of ~iacid l1quid issues from.a'pipe at a rel.t1vely low 

velocity, into still air, the probable length before 'break-up 1s about 

4.5 timea the d1aaeter of the liqu1d jet. This fol10ws from a concept 

of m1h1m~sation of sur!~ce energy which shows that under the condit10ns 

ment1oned, the diarupted stream can form droplets, whose ewnulative 

surface area 1a 1ess than that of the 'parent' stream. In practice, 

) t.h. .1z. of th ... droplets d.pends upon the ~s1cal pro pert. 10. of 

the fuel 'am gaseoua mediUJll into vh1ch it is injected ( e.g. v1scos1ty, 

surface tension), as vell as the nature am intensity of nu1d 

d1sturbances created within a given atom1ser ( 74 ). 

Analysis by Schweitzer ( 75 ) conclud8d that jet d1sintegrat1on 
1.'1 

\ 

could be effected w1th~t air act10n 1f a high turbulence level vas 

obtained on axiting frOil the nozzIe, HOwever, ordinarUy" both 

turbul.ence am air frict10n combine to brea"....~; 

also suggest.ed tbat turbulence oauaed 1n1t1&Î 

Hinze ( 76 ) 

• 

the jet, but that thes. 'vere _pl1f1ed b.Y a rom ligaments 
~ 

vhich tore off frOID the jet 8tream. 
.' 

Where a large tangent1al ve1oo1ty 18 1mparted to th. liquid, aa 

1a the case ~th the sv1r1 atoailer, the l~qu1d spreadl out 1nto a 

thin oonioal sheet. SuCh a aheet 1a 1elS st.,ble thAn a jet am 1. .. ...... \ 

puilcalarly suao.pt.1b1.. to d1sruption b.Y air rea~stanc.. It ha. been" 
l " 

" shovn ( Tl, 78 ) tbat th.ae th1J1 fUas terd to develop ".v •• , 'vb1oh . ;' 

bu1ld· up, whip back aM torth ( .rd .,.q eventually ourl baok ooapletely ) 

to t01'll UMtabl. holloW tubes wh10h break 1nto drops. . . 

.-., . 

/ 
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Cond1t1oM in the blow-pipe of a blast f'urnaoe are sueh, however, 

that the issuing stream of nuid, tlhether it he a jet or a thin sheet, 

1s subjeeted to a high veloc1ty air blast. 

4.4 ATOMISATION IN AN AIR STREAM, 

A l'lUIIlher ôr. studies ( 79,80,81 ) bave been made vith ~gard to 
~..... ..- ~ , 

the phenOlllena of break-up of liquid jets in high-velooity jair bla st. a • 

These have generally been corducted on single dt"ops, to analyse 

d1sintegration lIechaniSJI1l5. However, aœRe investigations ( 82,8) ) 

vere of a more practical nature" such as the study of fuel injection . 
into ramjets etc •• . , 

" The first theory or jet d1.1nteg1'&tion to gain acceptanee ~a 

that of Castleman ( 84') who proposed that 1 d1sturbances ( or ripples ) 

1Iere iDiuoed on the 8\U'faoe of the jet by an air blast. Suoh 

disturbanoes vere drawn out 1nto 'lig ... nts', vith ohe end rema1n1ng 
~ t:\ ~ 

anchored to the bulk 11qu1d; These l~ .. ents vere eut off frall the 

~k to co~e into c!r9pa. The ~~l"'tant parameter, govern1ng jet 1 

d181ntegratiOn. as, postu1&ted by Ca-.u._n, waa the aftect or the 
o 

l"e1ative velocity,betVNn the ail" ard fiuid stJ"elJU. Tbill theory 

vall supported by the photographie vork or Lee ani Spencer ( 8S ), . , 
, , 

Littaye (-.86 ), am Sutrunak ( 81 l. BGWft'er, the latter vorkera 
r ~ ...... ~ 

C!~ vith C.stl-n·~ oonclusion t.bat a 1I1rdat1m drop. ,ise ot 
~ ~ . 

,~ . 
about 1 .1arona tor oU' resul t~ beoauae 1nol"ea1~ th.- 2'8ut1ve 

, .. 
veloo1ty oaund. the ligaaent.s to detaoh a. quickly ~' •. th.,. vve 

~ .. {, ~ 

tOl'Md • 

Siailar theor1.' bave *n p!"Opo.ecl bT Mqel" ( 88 ) and ldelberg 

, 

.. 

1;'-
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( 89 ). Both eonsidered the sbredd~ of ligaments, am subsequently, 

of l1quid drops, fl"Olll vaves on the l1quid surfaoe. The vaves vere 
, 

assumed to he 1n1tiated by 8011le d1sturbances, suoh as internal 

turbul.~~~, foreign gas bubbles, pressure nuotuat1ons, etc.. The 

model prOP08ed by Adelberg 18 as shown 1n Fig. 2f,. 

Thea. theo~1es are intended for use vith a simple pressure nozale, 

where there 1s no atomisation prior to injection 1nto the gas stream. 

The effect if injecting nuid in sueh a marmer into a superso~e air 

~ 
stream vas elearly demonstrated by the photographie work of Ssp1ro ... 

( 90 ). The effeet would be the same if subsonic veloc1ties were 

used, although cll-Op size am spray distribution would umoubtedl.y be 
" 

different. 

;[hen the l1qu1d is atomised pr10r to introduct1on into the air 

blast the issuing thin sheet 1s 1mmediateI! disrupted, ligaments being 

'torn-out' ani droplets produced. The phenomena of seeomary 

atomisation nov proeeeds. 

This phenomena vas 1n1t1all,y observed by HochsohveiMer ( 91 ), 

but draat10ally 1llustrated" by the photographie stud1es of Lana ( 92 ) 

on the break-up of sÛJgl.e drops in an a1r-streua, Fig. 21. It vas , ' 

obs.l"Ved that as the drop CUle umar the infiuenoè or the aU- streaa, 

1t beoame inoreAsingly nattened, am, at a oll'it1oal air veloo1ty, it 
, . 

vas bIotn out into the fona of a holJov b&g attaohed to a oirOular 

rim. Subsequ~nt burst~ of th1s bq produoed a~ showe!" or riDe 

droplets, arx1 the r1II, vh10h cont.a1ned at INst. 1f1/t or the .... or the 
• .cl 

ong1nal drop, brok. up lat .. 1nt.o INOb larger dro~ • 

S1allar ... sul t. bATe been "pol"teeS by S1aona &Di ~rte ( ~ ). . ' 

, , 

( 
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Nuk1Jrama ard Tanasa..,. ( ~ ), ard Ardersen am Wolfe ( 95 ). 

The break-up of drops in fast air streams has been observed to be 

. strik1ngly different from that in a steady stream of '~r. In this 

case, the drop is deformed in the opposite direction and prgsents a 
, . 

comu surface to the air now. The edges or the saucer shape are 

drawn lnto a thin sheet .rd then lnto fine filaments which in turn 

break up lnto droplets. 

Whether or not the droplet is blown into the shape observed depends 
, . 

on surface tension, initial drop size, air velooity, and the nature of 

the exposure of the drop to air. 

Balze and Larson ( 96 ) conoluded that the max1Jnum stable drop 

slze was propol"tional tOI 

where 
~~ (V,.)2 

= surfaoe tension.of the 11quid. 

= density of air. 

V r = relative veloeity betv.en air- and nuid- streams. 

Ranger ard Niohols' ( 97 ) noted that the impact by a strong shook-

v.ve vas an insignif10ant el_ent in produoing the shatt.r~ of a 

liqu1d drop. The factor oausing disintegntion vas the high-speed 

oonvective nov, produoed by the shook vave. A drop, ~r1glnally 

spherlca11 vould be detormed into an ellipsoid wit~ it~ ~jor axis 
1 

1 ~ " perperdioular to the direction ~r now. Th. shearing aof,ion exerted by 
• \ 1 • 

thé, high-speed ps nov oaused ~ boundarr layer to he, ea in. the 

SUl'taoe or th~-: liquid ard the sttiPPing avay or thill l er acoqunted, 

t'br the br.-k-up. These etudles turther suppOrt the ra th&t thé 

f 

\ " \ 

" 

---

J 

" 
- ~ 

. ' 
'\ 

\ 

\ . \ 
~t . \ , 
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break-up tbJe 1s proportional to the 1nn1al droplet d1ameter, al'Xi the 

( 11quid-to-gas density ratio ) t, and inversely proportional to the 
II 

'relative velocity. 
ÎI 

\'~ 1 -

Beuthen ( 98 ) concluded, in "a physical study of bla~ furnace 011 
",' I~ , 

injection, that droplet size did not vary s1gn1rica~~'when injection 

of' fuel oU into the hot air blast was undertaken, using both a simple. 
" 

nozzle, l(here no primary atomisation was effeoted, and a cOlllplex 
'. . 

hydraul1c noule, where there was primary atomisat1on, 1bt_ttng the 
\. 

accepted fact that secomary at0l'll1sation of the nuid stream by the 

air blast 1s the main parameter as regards f1neness of dro~l&t size. 

Weiss ( 72 ), in an excellent study of atomisation 'suit&ble f~r . ~ 

"-" ~ 

rejets, observed that the droplet size decreased by ,sOIIle 20-3fYf, When 

pr1mat-y atomisation was underlaken. However, &t high air blast 

velocities approaching 650-700 ree~/second, the difference in drop 

size between the two atomising ~echn1ques became negligible. It should 

he noted that the nozùes used by weis.~tath1b1ted lev nov rates, 

fram 0.1 to 1.0 gallonsfminute, and thu. the results obta1ned can not he 
\ . 

directly correlat8!i to b:J.a8t f'urnace praotloe, but may he usef'ul in 

ind10ating upeoted trends. . 
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HopIL FŒ J11r DISRUPl'ÎON. 

Arter Adel.bci (89) 
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BRIAI-UP OF WA1'm DROPS IR U AIR STREAM. , t 
.' 

After LaDe (92). 
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5.0 INI'RODUCTION. 
.\ 0 

This ohapter ooncerns no~tl'e· deslgn am the performance characteriS'tlcs , . .. 

• 
of the present corkscrev nOEEIe operating ln S;1l1 air • 

5.1 THEORY OF NOZZLE DESIGN. , 
As irdioated previously, the corksorew-insert. nosale vas designed 

speolflcall.y fo!" trials on No. 3 bIa$t turnaoe at Dofasoo. l'hus, the 
4 1 

" deslgn had to be such that the noazle made optbawl use of puIlping 

pressure~ Sinoe the oU pump operating No. 3 oil dellvery operated 

1 
at a ~:1mum allovable exlt pressure of 180 ps1g, ard 11.ne pressure 

1 

" 
losses h!"e abaut~O pdg, dovn to the oil lances, a two-revolutlon 

. 
'- <.-or sp1ral ) corksorew vas fourd to he best su1.ted for obta1n1ng the 

required oU rates of 2.4 gallons pel" IIlinute pel" laMe ( 2000 ga110ns 

per hour overa11 ). Guthrle, 1, hi; initial design study ( 20 ), 

1rdloated that, with a blast !umaoe pressure or about JO pdg, the 
\, / 

avaUable pressure difterent1&1 top atœisation vas abou.t 120 psig. 

As oan he seen tram Fig. ~, three-sp1ral. oorkscl"W ins.rts could DOt. 

d.llver the requ1red fidtr rat.s, du. to th. 1ncreased pressure drop 
\ ~ ~~ 

\ 

aoross the lanc.s. \ 

T~e pltel\ of the inaert Md to he Roh tbat. the s~ _. 

d1soS.J'ged at an angle, woh that, -in the h1gh veloclt7 blast, the 
, 

partlol.. approaohed th. valls of th. tu;rere, tbéMb,y faol1ltating 

sub.equent 1dx1ng pr10l" to eftporat.10D and ooabo.st1on. 

Wh11. clto~iJ1c upon th. opt,bma pitoh ot inaert ( the" pitch 1s the 

!IUIIber ot apiNl. to the inoh ), 1t R' .round tbat the 0bl1' p1toh of 

oorksoNII o· .l''O~ a .. 1l.abl. ft. OM vith 4 spirals t.o the inch, 

," 1 

.. 
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where .each splral had an angle of 600 • siMe thls approached the 

r,quisUe design pUch, ard. large quantltles oOuld be J"ead1l.y obta1ned, 

th,~r use vas adopted. 

In the lnitial studies, lt va. thought that there va. little 

chance of the spriy being 'thl"OVn out' to the vall. of the tuyere, due 

to the hlgh veloclty air blast, am. thu. the '!nsert vas aoved t .. fl"Olll 

the lance openln~ so as to mlnhd.se rotatlow enel"gY losses due to 

the shearing action of the splnn1ng oU on the valls of the lanoe • 
• 

This vas considered to be a reasonable cOlipromlse betveen the unitonrlty 

of the ex1ting spray ard rotational energy losses. 

5.2 INVESTIGATION OF INITIAL NOZZLE DESIGN. 

One of the mayt· nozdes tbat had heen u.ad in the plant trials 

was returned to the laboratory. It vas foum that in spraying vatel" 

at •. 'pNssure of 80 p.dg ( vh1ch vas the ma.x1arum .. 1ns supply preSS1ll"e >, . . 
a t~e h01;l.ow cone did 'nOt forme Thè vatel" vas spraye<! vert.loall.y 

dovnltârds, ard. oollected in a series ot containers plactd in a circle, 

at a distance of 18", as shown in 'Fig. 29. The oollected vatel" vas 

then Ileasured to det.."ine. the 'volUllle in .. o~ container. &rd f'raII 
(- "\' - , 

th1s data, an indication of sl!&3'" un1tormity cotàd he obta1ned. 

5.3 CURRI!l' NOZZLE DESIGN. ..., 

The spray lances used in t~e ~sent inYestigation vere geœtetr1~ 

.1·Ua~\ te:; tho.e used. in the plant scal. study ( i.e. r 0.0 •• t- I.D. ), 

but Mde frœ aorylio tubing rath.r than a1ld steel.. 
~ 

The nos.les .ari Md. by sorev1ng the 1nserts', which ... nred t-

/ 

\ 1 

\: 
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\ 

diameter, ihto the aor,ylic lance. The in.9rt ,ns then broken off fram 

the original corkscrew, so that tvo revolutions remained in the tube. 

The distance fram the end of the lnsert to the exit orifice was varied 

untU a hol1ov oone spray, vith 1III.Ximum cone angle, vas fonned. Fi~. JO 

shows the completed l'lOZltle, vith the insert se1:- at the optimum distance 

of 3/4" trom the end of the exit orifice. 

5.4 MODEq.ING - EXPl!RIMEm'AL APPARATU$ FOR ~TILL Am A'i'Û1\fISA'rION 

STUDIES. 

Sinee tests involving heated oU was not' possible, vith the 

1 

laboratory faoUities ayafiable, water was first used. as a substitute. 
V' 

As teen in Table 5-1, water has a viscosity of 1 cp ( 5 ~us ), a 

density of 1 gm. cm: 3 and a surface tensio~ of 'lJ dyne~ cm; 2 , at 70<>r, 

~~p&red vit,h 24 cp ( 120 SUS ), 0.98 gm. om.-J , am 22 dynes/cm. 2 

respectivelY tor Bunker 'C' 011 at'2200 F. 

Although the figures do not oorrelate precisely, lt ,vas deoided 

tbat the results on spray tr1als U8ing vater vould "provide a useful 

indication of optimum injection pract10e for good spray uniforaity. 

The apparatus used for the.e prel1minary studies i8 shown in Fig. Ji. 

Tvo oyliMer., one cont.a1n1ng cœ.pressed air, the other vater, vere 

oormeoted, am a constant high 'la. pressure _lrrt.alned. in the water 
• 1. 

071~ër b.r n1tabl. ~juataent of the pressure regulator. Whe~ 

needl.e valve D vas opened. the _ter .. a displaced fram the oylinder. 

&rd into, the lance. A pre.sure 'gauge on the exit side of the oylind.r 

IIOIl1toreci the u1.t vater preasure, ainee no aign1ticant 'variations in ., 
either air pressure or vater pressure oo~ during the cours. of a 
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run, no needl.e valve adjustments were necessary to provlde constant water 

flovrates into the lance. 

A series bf phot~a~hs ve;e then taken to study the etfret of 

injection pressure on the cone angle of the issuing spray. .l.~his vas 

Ci done using Kodak Tri-X fft", with • shutter speed of 1/500 th. second. 

The injection pressures used in 'the study vere 20. 40, 60, 80, and 100 psig. 

5.5 DROPLEl' SIZE ANALISIS Of WATffi INJ:x=TION. 

In v1ev of the importance of partiele sue am. particle size 

di$tribution in combustion phenomena, an efficient method ot.droplet size 
• f .; 

anaÏysis vas eS!!Jent~.. HOV'8V&r, perhaps as a oonsequence of the high 

nov rates involved, -fram,I.8 gallons pel' minute ( at 20 psig ) to ).2 

gallons pel' m1.nute ( at 100 psig ») collection of the water spray droplets 

proved impossible. DUute solutions of gelatin in water, glycerine. 

oU w1th additives, am other techniques raUed ow1:ng to the tem.eney 

or the _ter to 's~' across the surface oC the oolleotlng medium. 

In those Gases where the vater penetrated the surfaoe of the oollecting 

atent, cboopl.et coalesoenoe oocured. S1a1lar diff1aulti •• "e~e 

'enoount.wed vith collect10n oC the vater drope on glass. sl1des .oovered 

w1th KgO or soot. 

5.6 IIfJETION OF MOLTD WAX. IN'l'O SIILi AIR. 

{)Qe to tbe'ditCioult.les irrrCj)lved in obta1n1ng part1ele s1sel w1tb 

_ter. &n'aJ.t,ernat,1ve syst_ •• adopted to provlde data on droplet 
. ' 

8ise _dÙtr1but.1on~ ot 1t. iapol"taJaO. "in t.eru ot cOlllbuat.ion 

eCtla1eœ1_. A puatt1n ~ vas rtnaiJ.3. ohosen &s being aloselt to 
+ • , 

LI' 
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ideal. beca.use of, (a) it~ shUarities rlth Bunker 'e' 011 in terms of 

viscosity, densityand surface tension ( see Table 5-1 ). (b) its low 

vapour pressure ( vh1ch ... ns no ..Japoration dur1~ testing am thus 

a rel1able final drop siBe ) and (c) the Mse of subsequent droplet 

size analysis by allOlling the wax droplets to freeze in night. 

An equivalent syst .. to that previously descr1bed for water spraY 

studles vas used, a~ shown in F1.g.)2. In the vax cylimier. melt1ng 

and t_pera'ture control vere accOlllp11shed using a 500 watt heat1ng 

element. connected in series Vith a var1.able rea1stance. The cy11rrler 

vas lagged vith a t- thick ref1oactor,y c..-ent to prevent ~cess1ve heat 

losa to the surrourdings. . . 
The vax chOsen as a substitute for' 011 vas Mobllvax 2)05, a h1gh 

lIlelt1~ point paraffin vax. The viscos:1ty chart of this wax 15 as . . 
ù 

sholrn in Fig. 33, vbere lt vUl he sean that the viïscoslty of the wax 

over the, t .. perature range 195-2100F :1s praotlOally equlvalent to 

tbat of Bunker 'e' oU injected into blast f\Û-rw.oes hetveen 170-2000,. 

other rel.-nmt ~loal propert.lea a~ given in Table 5-1, vhlch 

a1so {èüose .. toh thoae of Bunker 'C' oU. 

A 1..- ael.t.~ po1nt. paraf't':1n vax vaa alac \laed in the 1.n1t1al 

vork. The Tiacoslty of this latt.er vax vas lover,. than tbat of MobUvax 

230.5, vbll.e t.he surface t.ension vaa sl.wUar At. 13 ~s œ. -2, ( at 

t_peratU1"es rrc. 190-210~ ). This allowed the errect of rlsoosity 

on droplet. aiBe to he aaoerta1ned. 

Initial. experlaeDt.. inYolTed aprqing vu: at "l'loua injection 

preSnrM am det.era1.a1ng result&nt vax n_ rat .. by' s~ it 

1Dto • l.arge contai".,.' ror • kncMiI per10d or tiM, &rd veighing the 
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amount collected. 
, 0 

An U1jection temperat\1l"e or 200 F vas chosen .,0 as to give an 

ex1ting wax viscosity of about 20 cp ( 100 SUS ). ard thereby match . , 

the viscosity range of oU injection. It .. s fOUDi tbat by controlling 
\ 

the temperature or the IIOlten vax, in the cyl1rder, an exit1.ng vax 

temperature or 2000 F vas acbleted rrœa the l.ance when spra.y1ng into 
\. 

at1ll air at 70~. 

The heig~t or the nossle f'J'aIl the g]"(~1d 

being collected on a polythene sbeet. set t 

Fig. J4. U sing these procedures, the 0011 

ard rema1ned urdefonaed on bapact.. 

5.7 ANAL IS OF WAX S 

a,...-r_1. at 

Plats frozf! before 

the nor.r.~, 

e. in night. 

Var10us .etbods of s1Dg the droplet sis. ditltribution of tbe 

sprayed vu vere tr'1.ed. The s1aplest ocms1dered vu tbat of aeobanioal 

siev1ng, vhereby the sol1d vax OClW.d be .1sed according to tbe aeeh 

sises of different soreena. Tb1.a ..tbod prcwed unaat1sfactol7. due 

to sof'te~ ot the VUy am subsequent cl~ of the aesh. . 

The .etbod f1na1ly adopted .s to rifn. the collected vax down 

to a veight of .50 grau, tb1s be~ d..-d to be re~t1ve of 

the who1.e of the vax sprqed ( t.yp1cal.l.7, 1000 grau ). Portions of 

the r11'ned suaple ...... plioed on glus s1ides and. raDia. 'I"8&S 

photographed on a Vickers Projeation Jd~cope. using a _ctograph1c 

leDS. at a .. gn1f'ication of 140. The pbot~pbs .. re taken using 

Polaroid Type 42 rila, 1Ih1cb prorldecl the DllQeSsar,r resolution &Di 
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depth of field. It was decided to take pbotographs at tvo dUferen1:: 

'''''-
rocus settings, 1.n ordel" that both the large dropl8ts and s.all droplets 

, : 

" ~ 
The droplets vere then sized ustng an accurate scale, direetly 

from the photog:raphs, although sOIIle s1zing vas done di:rectl.y f"ram 

the microscr8en. Sizing of the droplets vas umèrtaken by tMaSUl"il}g 

" the d1am.eter of the partiale. Soae 500-600 partieles vere sized in ~ 

the initial spray test in order to fird the necessary nuaber of 

partieles to be counted for • representative an:! reprodu~ble value~" 

S imilar work was dOM us1~ the "1011f viscoslty 1Ia% .~ the salie 
-. 1 

t8lllperature as usee! prev1ously, ~ under the saae comltlons. 

5.8 DROPLEl' SIZE ANALYSIS. 

The droplet si!e was detenlllned .5 the volUlle-&rea d1ute~el". al" 

the Sauter Mean D1ameter. This.had been, fou.m in prerlous studles to 

b •• ppropriat. for cOlibust1on vork, am the 11ke, sime lt takes into 

.eeount the d1iiiaeters of the large part,iele.. vh1eh detendne the 

effieiency of .... poret.1on am subsequent c .. bustion. The Sauter Mean 

D1aaeter,' or D)2' 18 d.f~ _th_t.1caU:r as "'i};JlI/DJ~. a~s 
detel'll1ned by tak1ng • sise ~e, say. 0-50 1I101"Ol1S, .51-100 II1croœ. 

\ 
etc •• and counting th. l'llJIIbw or partiel._ whoH di..aeter 'tell in < 

t.ha.t rang •• ' ThU anal7_1. __ done ror ail t.he partic1.. onr the 

5.9 IlPllUJSl!rAI. RISOLTS ;. pzscuSSlcm or RISUL~ • 

. 5.9.1 çU.I S@ ;cBARACTIIWFtICS. 

F'laœ • etudy of ODe or tM or1gi.Da1 ~loD laDDe8 ued iD t.he 

, .1 
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l' 

Cl 

plant tr1als, tht:. data colleoted 'f'l-œ the vaterd«tudi~s RS correl.ated, 

am Fig 3.5&), vhich is a d~rammatic presentation of the spray 

distribution, obtained. As can he seen,' the appearance of the spray A 
. 

va~ that of a 'drovned .cone', i.e. an 1ncœp1.ete hollow cone where 

~~e ~ of the cone ~ar to a' tan spNJ'. This .Cfect vould 

mue' the uniformity of the spray in the blast rurnac~ blow-pipe, 
, 

ard could he a contri~1ng factor to the resul ta obta1ned in plant 

'trials. 

A s1m1l.ar st,ry ot the SpNY eheet result~ f"raa a nosal. ot current 

d~s1gn '.produced; Fig. 3Sb)-; rtWNJ.s t_t the spray vas aore uniform, 

being a near-perreot bollôw cone, vith litUe"or no deronation at / 
" 

a!\y ~ of the spray sheet. ConsequentJ..y, the nossl.. design, vhereb;y 
~,~ , 1 

the oorkscrev insert vas set J/4- rra. the lance exit orifice, vas 

deemed satistaotor,y for fUrther york. 
( 

5.9.2 D&tmMINATION OF FLOl RATES 4.ND CORI AJCI,I AS A tVNCl'I-C>N 

OF INJ!rl'ION, PRESSURE. 
, 

rig.7J6 ie a study or the t:onnation or cone, angl~ ard spray ~ttem 

as a fa.nction or injection presSUl"e. The pressure ~ed vere rrc. 
. 20 ps1g to 100 psig,. FJopIJl anal.y'sis of the phot6graptiS ot the spray, 

it vas seen that it low pN!lS\1reS, the \~ vas ~, ~ue t0' 

the cone not bé~ ca..pl.ete1y un1tOl"ll, i.e. surraoe d1st~nces -could 
, 

he seen. Inereaee in 'injection pressure, ( am thus tlow rate ), 
• r , 

éau~ the S~ t~ beaoae ItON untt:ON, am ~t 60 !SSig, the q~ernw;t 
" . ,L. 

spray exh1b1!A' an. the ohaft.ctv1st1os or a good. hollow oene.' 
" 

Bov8Q1", th. ~ re.a1Ded as a 'sllMt.f for scae ci1staœe f"raa the 

", 

~ - . 
",':"{JooIY' \ ;' 

<". , 
• ' 0 ,,-,{ , 'r 

'~"-.. " .} 
... . , 

~ -........ 

. . 
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nozzle, before break-up of,the sheet into drops occured, by the 

phenomena of surface' d1.sturbances diSCU&ed previously in chaptel" 4. 

Subsequent increases in injection pres~caused the sheet to he 

disrupted closer to the nozzle, am at 100 paig, the spray sheet vas 
n , 

disrupted 1mmediately on exiting, the resulting spray being COalposed 

of myJ"iads of droplets of varying sises, vith a 'blanket' of fine 

partiel.s on the outside of the cone, surrourd.1ng the main 'oone' of 

ooarser partiales. 
; , 

Again fram the photographs of Fig. )6, a, plot- of cone aJ"gle versus 
'!>. 
nov rate Wl;s obt&ined. The cone angles vere evaluated tl'Oll'J the 

photographs b,y dràwing a ta~ent from the DOBale exit orifice to the 
-,~ 

spray. The results vere then lflotted as a f'unction of the wax nov 
rate, as shawn in Fig. '37. It vas SNn that at 1011 nov rates of 

, 0 
1.8 gallons pel" ~ute, t~e cone angle vas 75 , due to the 1ncoaplet.e 

formation of the spray cone. lnor .. se intlthe nov rate caused the 

cone angle to increase, am a A maximum cone angle of 860 vas exh1.bited , 

at, max1nrum nov r.ate of 3.2 gallons pel' llinute. 

Fig, J8 represents a plot of injection pressure as a functlon of 

.. nov rate. As can he aNn, the nov .-ate of nuid _l~lng f'rœt the 

no~zle 1ncreased frdm 1.8 gallon~ pel" minute ( 108 gallons rel' bour ) 

at an injection pressure of 20 psig up to 3.2 ga-llons pel" Ilinute 

( 192 gallons per hour ) at an injection oressure ot 100 psi~, These 

"' • ..Lu.,.a cqntain the r&l~e of" nov rates of oU to the tuyeres as , 
presently practiced. in IDAl\Y blast· fumaces ( 99 ). 

The injeotion pNsSUJ"es ûsed in the investigat10n deperded upon 

the oapabUity' ot the p1"8~~ regulatol' gcwe!"!d.rll the oonat..ut. 



• 

47. 

presSUN head to the nuld being atomised. n;s regulator had a 

max1mwl capaelty of 112 pdg, but it liaS d:Jed to use an upper I1mlt 

of 100 pslg for injection. 

In order to ma1nt&ln a stable spray oone, whloh is esaentUl for 

oonsistent drop \sise analysis, as wel,l a. produolng a uniform spray 

distribution, ,the nOllzle should exh1bit an apprcximately Iinear 

relatlonship betveen the flaw rate and the square root of the injection 

pressure 

1 

1 
where 

Q • Flow ~gallona par minute. 

P = Injection Pressure, ps~. 

The constant K is a character1st10 of any partlcular nozzle. From 

a plot of Q vs. pt, Fig, 39, lt can be seen that the relatlonship vas 

I1near and that K ls',of' the order 20. Consequently, lt vas felt that 
1 

subsequent drop slze studies would be reprod~oable due to spray cone 

stabUlty. 

5.9.3 DROP SIZE ANALYSIS OF WAX PARTICLES • 

Due to the Method chosen for wax 1n.leet1on, l,e. no lagg~ of the 

. lance, 1t was thought that seme prob18llls lII&.Y he forthcOllling due to 

freezing of\ the wax in the lance. How8'ler, th1s d1d not prove to he 
Ù 

so. am wax injectlon proeeeded SIJIoothly. 

,The spray wax na oollectee! on the polythel'Mt Sh~ The vax 
, 

partleles YeN noted to fol"lll in night, i.e. aheet dlsruptlon va_ 

obseJ"9'ed, the ~su1t1ng s~eet appeerlng as a 'Illiat' of dro;>lets. The . 
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Vax droplets vere solid on impact, 1nd1oat1ng that the spraYi~ distance 

of ten feèt Wl.8 adequate to allow frees1ng of the wax in night. Due 
r, 

to the nature of- the vues, i.e. both exh1bited softening tendenc1es 
. 

in th. comit1ons prevall1ng in the l"boratory ( high hum1d1ty am Il 
• 1 

high rocn t_peratu.re,) f collection, am subsequent han:ll1ne;, was done 

vith oare. The collect~ wax vas then placeci in a freeze~, pr10r to 

eD111nation, to fac1l1tate handling. 

When the partieles of wax sprayeci into still air had been oollected 

am frozen, they vere photographed and a photographie study 1s 

presented in Fig. 40. 
, ' 

The injection preSSUl"eS vere 40 psig, Fig. 40&), 

60 psig, Fig .. 4Ob), am 80 pstg, 'Fig. 400), vith an ex11;.ing wax 

o temperature of 200 F. From the observations on the Viekers microscope, 

it vas seen tbat the oollected wax part101es vere, in general, perfectly" 

spher1oa1. There vas no indication that al\Y distortion of thEt particles 

bad resulteci on impact vith the oolleoting sheet. Part101es of ~ny 

dU'ferent sises vere noied, although it appeared that large particles 
"-

or )00 Microns d1ameter am greater vere in the majority. Subsequent 

analysis proved this to he the case. 

No nidenee of partiele ooalescence vas noted, although Joyoe ( 100 ) 

bas reported tbat SJnal.l drops can unite in fiight to fona a' larger drop. 

A aagnification or 140 vas fOlfnd to be Adequate for the opt1eal 

ex&JI1nation am subsequent sizing. 

( In order to e8tablish the necessary llUIlber of partiel.. to he 

cOWlted, so tbat al\Y reBUlt vould he repre •• ntat1ve am constatent, 

a lNIIber or partioles vere s1aed frœl the ph04:.ographs, am the Sauter . 
( 

Mean D1aaetèr rowà, then aore partiel •• vere 8iBed, &rd the nev 

f 

, 

'- ' 
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oont1nu~ untll t~ 
In all, SOMe 700 ~ 

Sauter Mean D1aaeter fourd. This technique was , 

Sauter l-lean D1aMter was reasonably constant. 

partieles vere sised, vith trials being ,dOM at two different injection 

pressures. The results or~h1s analysis can be seen in Fig. 41, where 
. 

a consistent droplet sise was obta1fted when IIOre than 500 particles 

vere suede It vas seen tbat fwer tban thi, I1U1Ilber resulted in a 

~1&ble Sauter M_n DiaIIeter, the v.~U:tion in sOille cases being 2fJ1,. 

During the course or this particu1ar study, it was noticed that 

the Sauter Mean D1aJaeter appeared to he strongly b1&sed towards the 

d1aaeter of the larger particles. due to the .. thod of calculation. 

Consequently, the appearance of a partiale or greater diameter than 

the majority vould cause tha Sauter Mean DiaIIleter to he 1ncreased, 

vh1le a calculation of the L1near Mean Diueter ( I:NDJ EN), vould 

be relati.vely unarrectad. 

5.9.4 œop SIZE AS A. FUOCTION OF F'l,(ltl RATE. 
1 

Frœ a plot of the Sauter Mean Diameter 'versus the noV rate, Fig. 42, 

it can he sean that bot.h vaxes uhibi.t S1mll~-~V1our, ~ely that. 

t.he drop sise decreases vith increase i.n nov \;"te, up to 2.8 gallons 

per minute, ani then inoreases vith further inorease of nov rate. 

This can he expla1ned by noting tbat at 10" nov rates, the spray ia 

1rregul.ar ard not M.ly fonaed, ard tms breakdovn of the spray sheet 

into 'l1geenta' resul ted in the fOl"lll&tion or aoarse drops. - ~ncrease 

or nov rate causad the spray sheet to beeOllle more regular, .rd at 

2.8 gallons par Idplte, the spray vas allIIost at its lIIAXiJIIwII cone 

angle, tbus subsequent disrupt.ion of the sheet resulted. in a 

, 
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" proportlonate 1ncrease in ~er drops. Inerease or nov rate beyorrl. 

this point then oaused the (».rt.ic1e sise range to inerease ( i.e. an 

1ncreue in the proportion of both SMl.l ard large drops vas noted ), 

vbich oaused an increase in the Sauter Mean D1aIIleter, due to the 

1ncreased volUJM of vax to he .. tc:-ised, although the spray sheet 'ftS 

dis1.nt.egrated u.ed1atel.y upon axlting. This phencmena of increase 

of 1Ile&n drop sise vith 1ncrease in now rate, at a stable cone angle, ,.,. 

bas been report.ed. in ..,.,. oUler studles ( 101, 102, 103 ), and ls a 

feature of atcaisation. 

5.9.5 œop SIZE AS A l'U!l:TION OF vIsCOSITY. 

In tbe atœaisation of nuids, it ls known that the variables whlch 

affect droplet sise are (a) propert.les of the nuid ( 1.e. surface 

tension, rlscosity, density ) .am. (b) propert.ies of the gaseous medlum 

( denslty ). It ls generalJ.y agreed tbat the surrace tension and 

density of the nuid ( oU or vax ) will IlOt change more than 
~ 

..arg1.na1.ly during the process of atomisatlon. Thus. by maintaWng 

cond1.tlons in the laborator,r. so that the density or the air did not 
1 

c~e, the onJ,y variable whioh oould affect the partiel. size 'ftS 

the rlscoslty of the vax. , 

It can be seen rra. Fig. 42 tbat at the low vlsooslty ( 40 SUS, 

2 op ). the Sauter Mean D1aMter vas signifioantly lOtIer than that 

o'bta1ned umar 1deDtioal oorditlons vith the hil!h visooslty wax 

'" ( 110 SUS, 5 op). This 1s ~. t.o the fact. that droplet sis. ia 

c:lirectly propol'tional. to the h.scoaity of the nuid. am bene. anv 
1 • 

decrease in v1soos1ty vUl Nsult. in a decra~ in droplet ai .... 
,"-



• 

\ 

51. 

This is signifieant in blast, furnaee ruel ~o1l. injection in that an 

'- "":. 
inorease in the pre-lieat temperature of the 011 aeoreases the viscosity, 

ard henee the droplet slse, thus arfording More efficient combustion. 

5.9.6 DROP SIZE DISTRIBUTION OF TH! SPRAY • . 
From an analysis of partiele diameters, a sise distribution of the 

eoUeoted partieles .... s obta1ned. Thel"8 are many possible"ways of 
..c ~ 

presenting this dAta, ~eh a. the Rosin-Rumùer Distribution and the 

Nuldyama-Tanasava Distribution. Hovever, it vas deoided to make use 

of a normal distribut1on, i ••• a simple plot of ", partieles in the 

spray' who.e diuseters fall vithin a eertain sbe range, sinee this 

gave an imaediate irdieation of the results. 

Sueh a distribution is presentee! in Fig. 43, where the nov rates 

;\ 
tiyVestigated were 1.8 gallons- par minute, 2.8 gallons per mimlte ard 

3.2 gallons pe:r' minute. 

It can he seen that at lov nov rates, the drop sise range ns 

large, from partieles of diameter 25 microns, up to partieles of 1 nun. 

'aiallleter. However, the majority of partiele, vere in the r~gion of 

the Sauter Mean Diameteto ( 550-600 micl"Ons ), am f_ partieles had 
4 . 

d1ameters of le.s than 1oa- microns. 

With 1nctoeaae in nov rate, the spray sheet beoaM 1Il0re uniform, 

am at 2i8 gallons per J'linute, reached optiaum uniformity. This vas 

'. refieoted in the di!'trib~tion of the partieles, s1no~ the particlr 

distribution range, vas narrover, ~_th an increased pro~ 
droplets having d1uleters 1ess tban 100 microns. Further increase 

1 
of~ nov rate c&used the di.tributlon ra.nge to increase sligbtly, . 



-
with sCIlle part1eles exh1b1ting d1ameters of up to 100 microns. 

5.9.7 REPROOOCABTI..!TY OF RiSULTS. 

In the droplet size aœ~s1s, the figures repoJ.t.ed are the _.n 

value of r4!urults obt&1ned ât eaeh variable 1nc~nt, whether 1t 1I'&a 

injection pressure or nov rate. At least three tr1als vere dOM at "-

.. ch increment of fYl'8stlUre/nov rate. It _a noted tbat in Most cases, 

the J"8Produoabllity vas good, being of the order .5-~. Bowever, , 

particularly at the high nov rates, where an 1ncreased sise range 

vas noted, the errors vere SQlllevbat higher, being 10-1~. due.to the 

appearance of a large partiele, which would cause the Sauter Mean 

Diameter to inorease. Neverthe1es's. the trerd of drop sise as a 

funetion of the variables already ment1one;d doss fo11011 prev10ualy 
, 

reported ones. \ ' 

It 18 d1ff1cu1t for any lnvestigator to he e\.pletely unb1ased in 

j;-he selection of areaa for oounting ard sising, ard hence in sOllle 
, 

tr1als, photographs vere taken of aréaa where no v1sual observat1on 

had been urxiertaken pr10r to photogra phy • Drop sise '"aœl.ysls did not 

'" reveal al\Y major d1fferences in the Sauter Mean D1uIeter between the 

tvo methods of photography • 

. \ 
5.10 KFP'8:TIVENliSS OF wAt' FOR' INJ!X:TION STUDIFS~' 

, The purpose of th1s in1t1al study of vax 1nject1on into stUl air 
.' 

vas to test, the performance of the .od1t1ed DOBsle umer opereting 
, . 

-, 
. cordit1ons,f &rd alSO' to justity -tbe use of MobUvax 2)05 &8 a 

're~.e_ent fiuid' for Bunker 'e' oU. Becàuae the viaooa1.ty ard 

, 

1 
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surtace tension of both fluids is s1mllar at the appropriate 
o 0 

,'K~ 
" "'1' 

temperatures, the results obta~ned vith vax irdicate a shd.lar tram 

--~\ l'or atomisation of oU. Satisfactory operating oooUtions ve~ 

\ oxpertenoecl vith the vax, -.nth r .... prob1_ of _tur. ool1dificat1.on 

\ in the lance or wax vessel. 

Once the nommle had been 'pl"OVen in atUl air, the nut a1a or the 

investigation vas to inject mol ten vax i.nto a hlgh velool~ air 

stre&lll. aM study the etrects produced. 

J, 
", 

• 
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m .. 'C' OlLe gILV'u 210$. P!IWIAl. WATIR.~-

85.8 

lt1drogen ~ 12.2 
~ 

, 

Sulphur ft . 1." 

i'> 

Spec1t1o Grarlty 0.~5 (at 1SOc) 0.982 0.904 1.0 
" 

P'lash Point (OC) - 125 235 192 

Pour Point (OC) 20 80 53 
f 

V1aooe1ty (sos) 

at 100°C 110 80 36 S . 

at 7SOC 500 150 45 S 

Surface Tension 22.0 18.0. 13.0 13.0 

dynee/".2 

.--
, 

, 
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Fig, 35 

DIAGRAMMATIC ~ENTATION OF SPRAY PA'l'TPRN mœ cœKSCRIW LAlI:E 

(a) ŒCWNn> COB FROM œrGlNAL IAl«:E 

" (b) HOl.LOf{ CONE FRQM MODIFIm LA.I«!E 
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PHClrOORAPHS 9' CONK ANGLE DiVILOPMENl' AND SPRAY PATTlItN .... 

(a) INJs:TION ~. 20 psi, (FL.<ll RATE. 1.8 gallons/mil'l1te~ 

(b) .OOETION FR.!SSORE, 40 psi, (FLCU RATE, 2.~ gallona/lI1mtte) 
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(0) IHJIiCTIOIf~, 60 pei, (PLOI RATE, 2.8 gat}ons/IIin.) 

(d) INJ1!CTIOIf PRESSURE, 80 psi, (1i"LQi RATE, ).0 gallons/II1n.) 

(e) INJBCTION AtlSSURE,l00 }id, (1i"LQi RATE, ).2 gallons/IIin.) 
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CONE AKiLB. AS A J'UlI:TIOJ OF WAX FLOI RATE 
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. _ Fig. 40 

PHarOORAPHS OF COLLBX:TED WAX PARl'ICLES, 140. 
~ • • G 

(a) FLOi RATE, 2.4 gallons/llirmte. 

(b) FLQl RATE, 2.8 gallons/a1nute. 

Cc) FLC1ti RATE, ).0 gallons/Jl11'11te. 
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Fig. 42 

/SAIJ1.'lIt MBllf D:wŒrliR OF SPRAY AS A FUtCTION OF WU F'L(lIl RATE 
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Fig, 43 

NORMAL DIS'l'RIllJTlotI OF COl.J.D:TID WAX PARTICLE uDUMErBRS. 
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6~O :mrROOOglON. 

In tlds ohapter, the er1'ecta 01' vu iDject.1on 1Dto h1gh Teloc1V 

air streams v1l.l be d1souss~. These etudies vere ade in order tbat 
~ . 

a f'ull-scale lIode1 of oU inject10n could be obta1Ded, 'Vith. Ti.., to 
-

opt1m1s1ng the process of oU 1njecti~n into blast f'urnaces. 

) 

6.1 laPmIHENrAL K>DJiiLLIY:i OF BLAST FURNA.CE BWl PIPE. 

In the tuyera reglon 01' the blast turn&ce, Fig. 12, the b10w plpe 

15 .. steel pipe, some 6-7 feet "'long am 6-7 inches internal d1.uleter. 

lined vith refractory material to a thickness of about one inch, an:! 
:' 

connected to the bustle-plpe by • • goose-neck' • 
• 

The siDlu1ated blow plpe vas a S foot length of plexiglas tube, 

vith an internal diameter of 6 hlches and a val..l. th1ckness or ~ inch. 

Plexiglas was chosen so that the spray cbaracteristics of the shtple 

( stra1ght through ) nozzle arx!. corkscrew DOSale could he read1l.y 

observed. 

It was declcled to treat th~ blow ·pipe arx!. the t~ere as one unity..J 

although 1t ls apprec1ated tbat in pract1ce, th'1s is IlOt the case, 

'" the tu,yere being located at 'the ~m or th. blow plpe, ard having a 

taper down to its nose, thereby red.ucing. the 1nternal. d1aaeter f'l"CIIl 

6-7 inches to about st inches. BOII..,er, 1t vas relt just1f1ab1. to 

use tMs simplifiee! treatment s1.nce ne1ther the resulta.nt spray 

characterit!ltics nor the final drop size produced would ~e if' the 

blow pipe vere tapered. 
. ' 

In order to study the ~rtects 01' inJectlon angle on the resul."t4Dt , -
spray, . boles vere looateci in the plexiglas tube at )ng1es 01' 1So, ']0

0 , 
! • 
i 
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These angles veH chosen in Ol'der tbat a complet" .study 
,\ 

of eff'ect of iNection angle could be obta1ned. In addition, these 
/' 

injection ports vere located in such a va;y tbat injection oould be 

dOM at distances of' 18 1nohe~ and 27 inches tram the erd ( or nose ) 

of th. blow pipe. This is Ulustrated in Fig. 44. 

Th. equi}Dent used to produce the high veloclty air s~s 

conslsted of blo large tanks, each measuring 5 reet in d1ametèr ar:n 

8 feet long, vith a èombined volUlll. of )14 cubic feet. They vere 
'-'. pressurised to 125 psig by a compressor, and were thus oapable of 

delivering the requ1red veW;ties. The tanks were emptled through a 

6 inch interna1 diameter globe valve, located in a 6 inch internaI 

diameter pipe, whose em "as fitted vith an 11 inch nange. 

An 11 inch diameter plexiglas nange ~as made am fixed to the 

blow pipe. The whole assembly vas then bol ted to the- pressure tanks, 

as 1rdicated in Fig. 45. F1na1J.y, the plexiglas blOli pipe vas held 

rigid by two heav,r metal supports. 

6.2 EXPFlUMEtll'AL T~HNIQUE FOR INJwrION 000 HIGH VELOCITY 

AIR STREAHS. 

6.2.1 HFASUREMENl' OF AIR VELOCITY. 

In order that the veloc1ty of the air stream he Jcnown at the point 

or injection, a pitot tube vas const~ted, and s~mard1sed Ù1 the 

air stream' against a prerlousl.y cal.ibrated ~tot tube. Bath the eu 
, 

pitot tube am a statlc pressure tube vitre ~c)nnected to a •• roury 

"'DOID.ter~ am the resulting stagnation am stat1c pressvres' found 
// -

at vaM.OUS air strMIII veloo1tles. Th. vel,ocltY of the air stream ~.- '- . 
" 

\ 
: 

Q 
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then tOWJi by appl1oation ot. 

• t~
K-

2ao
lPo Po T 

(K-l)fo 1- Pi 
fi 

Vo 
a 'ftlooit7 of .ir stream, reet par secom. 

gc = grarltatlcmal constant =- 32.2 rte l'tII./lb.r. sec. 
,1-

1 z ratio or specifie beoat of air .t constant pressure and 

constant Tolume Il 1.4. 

Po = etatl0 pressure, lbr./ft. 2 

Pl = stagnation pressure at pitot tube, Ibf./rt.2 

fo = nuid denslty, = 0.0735 lb./ft.) • )OOOK. ard 1'atm. 

A pitot tube tra ... rse or the bl.ow pipe vas perror,.,~~_ ~ order 

that ~ pressure auetuations he- noted. No s~n1flc nt nuctuatlons 

on the _raur,y lfJY81 in the .. nometer vere noted dur this traverse. 

~ • calibration chart for ve10cities .s a runction of the 

ditr.rent.1al pressure bad been oonstructed, it vas dec1ded to keep 
.' 

the air Yel.ocltles belOll' 450 reet per secom, beoause of the problems 

assoc1ated vith .... C'U&t~ n large voluae of h1gh velocity air lnto 

the conf1ned space of the laboratory. As v1ll be discussed at a 

liter stage in this cbapt.er, the' a1.r vel&;"itie. used in thi. study 

are genera1ly lower than thoae used in general bl.st fumace practice, 

7.t &JV' tJ'erds result1l!g fl"Om lnjection or vax into the.e rel.&tlvely 

Iow veloclty air strw.u can he extrapolated to eDCOIIlpass trends at ~ 

the bigher air ruocltles. 
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6.2.2 WA.TD IliJ!C'l'IOIi mo HIGR YILOCITY ~ STREAKS. 

In order t.bat the potent1al or the gper1aental equ1Jaent he 

tested. vatel" vas t1rst injected 1nto the a11" strebt. since the 

injection or vater had. proven IlUch _si.er in still air tests, &Di in 

the low ~ty of the l.aborator,y. the _ter drops would evaporate. 

'thus negat~ the need ~or col1ection. Water vas sprayed into the 

air stl'MllI. at different fiow rates ( 1.8 ga1.1ons pel" minute to 3.2 

gallons pel" llinute ) aM injection a~les ( lSo to 90° ) ard the 

s~ cbaracteristics noted. 
4 

The technique of vatel' injection ( &ni al80 wu: injection ) vas, 

rererring to Fig. 45, the globe valve vas opened untn the dUferent1al 

pressure 1.micated the des1:red air velocity, am a pitot tube traverse 

done. The vater ( vax ) vas then injected. at the des1red nov rate. 
, 

for a knavn period of t1ae. usual.ly 10 secoms. 

The use of vatel" proved tbat injecti.on into the bl.ov pipe cOlll.d 

he done eas1ly, since the air velocity raained constant ~ur1ng the 

.r-- Jperiod of test~. am the plarlglas injection lances remained rigid, 

even at h1gh ah velocities or 450 reet pel' secord. 

Photograpq,y. of the injection of, vater vas umertaken, and to aid 

the optical resolution o~ the spray, a small amount ( 1~ ) of 

nigrosine black dye added. 

6.2. J WAX INJEl'ION nrro mGR VELOCITI ÂlR STRF»:S. 
( 

SOM probleu vith 1IaJ[ injection vere antici}».ted prior to test1rtg. 

The tIu-st. and perbapl the .ost urgent one, vas the prospect or the 

\ vax 1'~1ng- ~ the lauoe ~ 1Djecti.on, du. to the t_perature 
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ditterence bItveen the 1MX ard the a1r.tr.a. In P""'iœs stUdies, 

tvo solutions bad been u.sed (a) heat~ ot the air strea:a to the SUle 

" t_perature as that ot tlle fiuid be~ injected ( 68 ), am (b) the 
1 

use ot h_t.~ tape am insulatlon tape vrapped arourd the lance ( 100 ). 
r 0 

Lo~ ( 68 ) had used an air pre-beat t_perature of JOO F, am. 

this bad been sucessf'ul. in el.1a1:nat1ng the prob1_ of wax freeEing in 

~he lance. HOII4JVer, this oould not be utilisee! in ·this st\1dy due to 

the tact tbat the erlst~ pressure tanks bad no facllity for heating 

the air. Furt.benaore. the initial. drop sise ~1ately ~rter injection 

vas requ1red. ald the use of high air t_perat1lres vould delay freezing, 

am benee al.ter t.he resultaut drop' sise. 

The use of a heat~ tape' vas reject.ed. sinee this vould resul. t in 

1ncrea.s~ bulle or the lance, am voul.d cause the lance to waver in the 

air· strea., due t.o a 100ser fit in the injection ports. The result 

vould be an unequal s:pro.;y d.1str1bution, due to the moveaent of the 

lance. . 
Another. probl.. vas :,JPt of vu: t_perature JIleasurement. In the 

air str... the viscosity ot vu: decreases vith t1Jlle, am henee, the 

vu: t_perat.ure Altera rap1dly. causing ditt1cnùty in reco~1ng accurate 

viscoslty aeasure.ents. A thentocouple 10cated ai the exit orifice of 

1M1cated tbat the use ot wax tor oU atca18at.lon lIIOdell~ can only 

give a userUJ. trerd. due to the 1ncr..se in visooslty of the vax, vhioh 

results in a .alightq l.arger partio1e size tban vould be obta1ned vith . . 
oU 1njecrtiOD UDier the ... cordi.t1ons • 

The wax ~sse1. vas heated te 21ZOF. am stabUised At. that 
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teatperature .or th1rty llinutes for tMlperature equallsatlon, by the 
u , 

use of the rheostat am oontlnuous st~ of the JIIolten wax. 

Injection into the air stream, whose t_perature vas Jlleasured at '800F, 

caused a substantial heat 10ss in the vax, the ex1t1ng wax teJllperature 

being in the range 185Of-190Op-, as mMsured on t}e thermocouple. 

However, th1s still gave a wu: viscosity of 11o-~ SUS ( 4.5-6 cp ), 

which va~ deemed to he v1thin the visoosity range of oil injection, 

am thus sat1sfactory for rurther studles. No 1'rees1.ng of wax vas 

noted during the course of injection, but wax did freeze in the lances 

arter the wax nov vas turned off, a#J. the lances needed cleaning 

befoN another experillent could be done. Clean1ng of the lances vas 
fi> 

dalle by the use of hot water, whioh sufficiently softeMd the wax ~ 

that it .... 21 readily blown out of the lanoe by passage of a h1gh 

vel oc it y bast of a11". 

~i+ .... 21 injected at nov rates from 1.8 gallons per minute up to 

3.2 ga1lons per m1nute, into a1r str9Uls of velooities f'roa 250 feet 

per secam. up to 450 feet per secom, at 1njf"Ct10n angles froÎll 150 

a 
ta 90 , aM inject10n distances fI"OIII 18 1nches to 27 inahes fra. the 

nose of the blOll pipe. 

Dur1ng th1' course of the injection trlal.s, 1t vas observ'ed that 

wax droplets.,'vere be~ depos1ted on the sides of the blOll pipe wall. 

This œoesrttated cl_Ding. usi~ Varsol, befoN eaoh successive run, 

and henee it vas dec1ded to tape a plastic insert lnto the blov p1pe. 

Pol7v~1 chlor1de VU tourd BUfficlently pliable to fit 1.nside the 

tube, am a piece of 18 1nohes ( or 27 inohes, depend~ on inject10n 
, ' 

distance) long by 19 inches v1d.. by 1/16 inch th1ok, vas so posit10ned, 

. ... 



• - 60 • 

am taped securel.y to the valls. Passage of ah1gh vel.oa1ty air streua 
" 

d1d not d1srupt the insert. The 1nsen, arter injection vas eœp1eted, 

vas reoved for turther .,...1 rw.tion. 

No photography of vax injection oould he umertaken because of the 

impaet of some of the vax spray on the val1s of the blow pipe. 
1 \ 

6.2.4 PARTICLE COl..lJ!%:l'IOK. AF'I'ER INJrI'IOH. 
) 

This vas effecte<! by pOsition1~· a large sheet 15 feet fl'al the -_/ 
end of the blov pipe. The sheet measured. 17 feet vide by 1Jt fMt 

high, ard vas supportee! from the roof ard .(100r by high-tenslle eord. 

Although somewhat orude in design, it proved ext8lllely effective. ~o{ith 

) 
the passage of an air stream, the sheet blllowed out, lNoh like a saU, 

, 
and eaused the partieles to adhere. On the fioor, in front of the - , 

sheet, a largè sheet of polythene vas spread in order that the partieles 
, 

falling. from the sheet eO}Ùd' be oollected. Partieles adhering to the 

sheet vere removed by shaking the iheet, the frozen droplets dropp~ 

onto the polythene. Sinoe the partieles vere very small, care vas 1 

observed in han:Uing, the collecte<! panieles be~ plaeed in the 
... 

freezer prior to s1zing. 

6.2.5 PARTICLE SIZL'Ii AND CALCULATION OF PARTICLE MEAli OLU:El'ER. 

The s ... teohnique- vas used in this part of the study as outl1ned 

prev1o.usly in ehapter 5. Hovever, because the panieles vere nov DlUeh 

smaller than those resulting from the stUl ~1r exper1aents, higber 

~ ugn1t1catiolUl vere necessary for aocurate JIleasureaeDt of particle 

• .dta.eters. The magn1tications used var1ed 1'l"OIl X90 up to X670, 
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1-

although abave X90, resolution ot the particles bec,uie ditticul.t due 

to the 1nherent inabll~ty of the optica1 microscope to tocus on 

spherioal ~bjects_at high magnifieations, i.e. the optical aicroscope 

has a lev depth of field. 
/ 

From the photographs taken, the d1ameters of the pulU.cles vere 

noted and the Sauter Mean D1ameter, as vell as a normal distribution, 

ealculated • 

6.3 EXPERIMENTAL RESÇLTS AND DIscussioN OF RESULTS. 

6.3.1 PHOTOORAPHIC STODY OF WATER INJEl':'l'ION INrO HIGH VELOCITY 

AIR STREAMS. 

~ A short study of vater injection is presented in Fig. 46. 

From visua1 observation, it vas sean that the beha"9'iour of the 

, . ~vo lances, i. e. the simple nozzl'e ard the corkscrev nossle, vere 

quite d1fferent. 

As can he sean from Fig. 46a}, at low Idr velocities, up to 350 

reet par secom, injection through the simple nasale d1.d not cause 

atondsation until BOIlle distanoe rrom the lance, i.e. the penetratl,on 

distance or the sol1.d core et vater betore disrupt.ion vas of the order 

of 2 inches. Also, th. resu1t~ atondsation d1.d not produce a 

. unitorm spray, sinee the obsel"'Yed 'sone of atœisation' vas quite 

small.. Subsequent inerease in air velooity caused the penetration , 

'distance to deorease, am at 450 teet par .secom, the vater vas 

disrupt,ed "-ed1ately on 8iting, Fig. la6b) •• 

\ . 

J 
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In contrast, the corkacNV noszle, operated urder the same comit10ns 

of nov rate ( 3.2 gallons pel" minute) am. ail" ve1oc1ty, caused 

atoadsat10n of the vatel" on mting, Fig. 46c) and d). and this vas 

t'urther disrupted by the eftects of the air stream. It vas seen, 

." 
Fig 46c). tbat at~101f air veloc1t1es, the cone angle ot the spray vas 

'Still high, the air ve1oc1ty IlOt bei~ h1gh enough to cause substant1al 

'ben:ling' or 'bov1ng' of the sheet. lnoreasing the air veloc1ty to 

450 teet pel" seoom, Oaused the cone angle of . th. 1ssu~ Il pray to 

d1a1n1sh great1y, F1g~. 46d), due to the 1ncreased bem.1ng of the spray 

sheet. 

The ilapingement ot the air b1ast on the vatel" stream vas more 

ev1dent when injection vas done at 900, From Fig. 46e) am r), the 

'bov1.ng' of the vatel" stream from the simple nozzle can he seen to be 

quite oonsiderable, am with an air veloc1ty of' 250 feet pel" secom,; 

the pènetrat10n d1stance of the vater 1s greater than that when an air 

veloclty of 450 feet pel" secom. ls used. S1milar studles of the 

corkscrev nozzle, Fig. 46g) am h), 1mleated that the 'bow-wave' ls 

less evldent, due to th. naturè of the spray sheet. :l 

The penetration dlstance of the spray tor the silllple lance vas ~een 

to be most at a 150 injection .angle, am least at 900 , wh1ch ls as 

expected, sinee a grea.ter surface 18 offered to the air stream, when 

inject10n 15 done at right angles to the air blast. Beoause of the . ' 
nature of the spray produced by the corkscrew nozzle, 1.e. a hollov .. 

\ 
cone, the ef'fects of 1njection angle 1s substant1ally less as regards 

secordar,y atœdsation, sinee the air blast impinges on a th1n sheet 

of l1qu1d, vh1ch 18 easlly' d1srupted. 

/ 
, 



.. 

" .. 

• 

, 

\ 

with the sDple nossle, it vas sean tbat as the air blas~ velocity 

1ncreased, so the penetrat10n distance deoreased, for a11 angles of 
~ , 

inject1on, F~s. 46a), el, 1)., untn at an air blast velooity'of 450 

rMt par secoM, the l1qu1d vas atOlllued 1mIlediately on ex1.ting, Fig. . , 
( 

451», f), j). Hwever, it appeared that a good atOlllisation pattern 

did not d8V'~lop untll SOIII8 distance frœ the nozzle. This is considered 

to he due to the time needed ror (a) d1sruption of the stream into 

ligaments, am (b) formation of drops prior to the process of secomary 

atœdsation. Once secordary atomisation begins, the spray i5 disrupted 

into Jft&l'\Y small dr0p\ets, thereby 'r111ing' the blow pipe. 

The effect of ~l.e..Sed air velocity on the performance of the 
1 

corkscrew nozzle vas to ~ce a 'bow-wave' on the issu1ng sheet, which 
"" 

caused the sheet to 'bow', the extent 1ncreas1ng vith increasing of 

air velocity. In add1tion, 1ncrease of blast velocity caused secorrlary 

atomisation to beg1n sooner, ( i.e. nearer the lance exit orifice), 

sinee the sheet vas d1srupted sooner, although the resulting 'zone of 

atOlllisation' vas more conf'1ned tban at the lower velocit1es. The 

cOlllb1ned errect vas thus to produce quicker atOlllisation, and an 

1n1t1al.ly conf'1ned. spray pattern, vh1.ch expanded rap1d1y, am appeared. 

unit01"ll at a distance or sOllle 6 1nches fJ'Olll the injection lance. 

Dur1ng the course or the8e trials, it vas notieed tbat vater vas 

1lIlp~1.ng on the val1s or the blow p1.pe, vhen injection vas dOM 

through the siaple DOSsle.' Th1.s vas .ore nat1eeahle at 1011' air 

ve1ocit1.es, vh1ch vas to he expected. sinee the penetration distance 

vas greater. ,The obsernd erreot vas tbat when the ... ter imp1nged, 

lt 1='dh tel7 tonaed a 'nver', vh1eh vas pusbed along b.Y the air 

\ 

\ 
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....-
blast, UDtU at the DOse ot the blow pipe,' tbé ~r1~" +.\e1ther 

re-atœ1sed, or s1a~ r.n out onto the n~. This ef1fJ,t depeœed ... 
on the air stJ"8UI velocity, sinee at the h1gher veloc1ties, the 

~ 

temency Wa-8 tor the river ta he re;-atœ1sed. This imp1ng8lllent vas 

noticed at air veloc1t1es up to 400 feet per secom, although the 

eff~ decreased vi.th 1noreased air streus velocit:r. 

The same affect vas DOted v1.th injection through the corkscrew 

nozzle, but only up to an air stream vel oc it Y of )00 feet per secom, 

am sven then, the affect vas _ch less tban that observed v1.th the 

" simple nozzle, w1.th the resul.t that re-atoll1.sation of the '.'river' was 

obta1ned at the riose of the blow pipe. 

The eftect of flaw rate on the s~ cbaracter1stics of vater 

1.njected through the corkSCl"8lf nosz1e vas sueb that at low now rates, 

the cone had IlOt tonaed cœp1ètely, am thus the spray vas SOlIlWhat . 
s1milar te that produced by the shtple nozzle. However, inereaee in 

nov rate caused the cone to becOlie e~lished, am the full benef1t 

of the l'lOZzle vas obta1Ded. 

6.3.2 SFRAY SHE§l' VJL<X;ITY. 

In order to ~cul..ate the 1.n1.t1al relat1ve ve100ity betveen the 

air streua and the ex1.ting vax st~, the spray sbeet velocity tor 

the corkscrew l.aDces .. s needed. This vas calculated based on a 

1mowledge ot nOIr rate am CODe ~e, am by as~ the sheet 

thiclmess. 

Fra. the .thti.at1.oal. det.endnatlon ot these values ( He Apperxi1x 

~ ), F1g~ 47 wu obta1..,t &Di prOrldes an 1ul1oatlon ot the sheet 

1 
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veloclt;y or the vu spra;J'at spec1tlo d1stances rrc. the nœ~e exit. 

It can he SMn trom Fig. 47 tbat the ve1oclt;y 1ncreases vith 1ncrease 

in nov rate. This oan he btportant in the re&l.m of relatlve veloclty 

1.e. the ve1.oclty dUferenoe betveen the a1r-aDi-l1qu1d stream.s. 

Sinee the absolute th1.ckness can ~ he detem1ned uper1llentally to 

obt.1n sheet velocitles, various bypothetica1 sheet thicknesses vere 

used. A sheet thickness of 0.05 CIlS. bas tbe grtMLtest velocJ.ty, but 
o 

i t 15 MOst improbable that the sheet coW.d he this thickness, sinee 

a part1cle of 700 microns ls UJÙ.1kely to be f01'llled from a sheet of, 

500 microns thickness. It 1s IIlUch lIlore llkel.y tbat the sheet, th1ckness 

lies between the values of 0.15 cms. and 0.20 CIlS., sinee belov these . t 

values, the same argulllent as previously used can he applied, an:! abave 

these values, the spray vel.ocity becODles equal to that of the core of 

nu1d issuing fram the simp1e nozzle. l'he spray velocity was calculated 
.f 

based on , cone angle of 4)0, vh1ch remained constant over a horizontal 

distance of 10 cms. This approacb vas ent1rely justified, since 

penetration or the sbeet in the high veloc1t;y air streaa, prior t<1 

break-up, was very ~. 

It can he SMn rroa Fig. lJ6 tbat the resul.t~ S~leet velocities are 

quite aa1l, be1.qJ in the range 10-25 rMt per second ( deperx!~ on 

nov rate). ConsequentlJr, the relatlve ve!.ocity v1ll not he toc 

dlrrerent rrom the air streaa vel 00 lty • The relatlve ve10city vith 

a low injectant nov rate 1s onl,y sl1gbtly h1gher tban the correàpomlng 

value vith a high injectant nov rate, and thus _the resultant drop s1&e, 
. . . / 

produced at al\Y partlcular injeotant nov rate for a gi".n air stre&JII 

vel~ty, shou1d not he too d1t'rerent. 

'1 
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6.3.1INJrI'ION OF MOLTEN WAX INrO m:GR VELOCITI AIR STRFAKS. -
<a> Photographic Studt or Wax Droplets. 

When injection of the JIlolten vax had been cœpleted, the particles 

were colleeted am photographe<! for s1z1ng. Fig. 48 1niicates the 

droplet slzes produeed by inject1ng JIlolten vax at 212°:, ( ex1.ting wax 

-iemperature being 185<7-190oF >, vith a nov rate o~ ~.2 gallons per 

minute, into air streams of ve1oc1t1es )00 rMt per secom up to 450 

feet par seco~. Both the slllple ~z1e and the corkscrev nozzle vere 

used in these studies. A magn1tication of X40 vas used in the photo-

graphie S'tudy in order that visual. cOIIparison bétveen the droplet sues 

obtained in air stream S'tudies am those in stUl air eould he obta1ned. 

Under the Jldcroscope, lt vas seeri that the part icI es vere 1rdeed 
• 

srn.aller than those of the ~1.ll air studies, am, in most cases, 

perfectly spheriea1, 1nlicating that the droplets had frozen in night. 

Fig. 48a) ls a photomaçrograph of a rardan SUlpl.e of the spray 

prod';1ced by injection of molten ,vax through the siaple nozzle at a now 

rate of 3.2 gallons par m1nute into an air streû ot JOO teet par secom, 

whlle Fig. 48b) is the corr.spord~ photograph of dropl8ts produeed 
1 

from injection through the corkscrèw nezzle, umar the saae conditions. 

l t can be seen 'that in both caseps. the sue :range bas decreased 

considerably from that obta1ned in the ~i11 air studies.· V'it.h -I\Y . -

partieles having' d1.ameter~ less thaJ) 50 llicronas, and fflfl ba~ 

d1ameters greater than 250 microns.· It oan also be sean that ay.rage 

SUes of droplets produoed b,y the coruCNII nos.le are ..uer tban 

those trClll thé silllple nossl..·. 

\ 
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,Figs. 480Lam d) are an'1l'Xi1cat10n of the particlès produced !rem 

the s1llple nossIe am eorksc~ nosBle respectively 'in an air streu. 

or velocity J50 reet pero secom. _ lt e&n. he SMn 1:bat the _jori.ty of 4 

the partieles exh1b1t d1aaeters leu ~ 100 aiCl"ODS, and in the case .... 

or the dropl.ets prOduoed fl"œl the corkscrell' ~&le, Fig. 41d). few 

pai"ticles vith d1aJl6ters greater than 150 microns are evi4~~. 

Figs. 4&) ,i'rrl f) ffiustrate the particle sizes produdéd by injection 

.. of wax 1nto an air stream of 450 teet par second, through a shaple ) 

nozzle am a corkscrew noszle respectively. As can he seen, the 

. ~ 

• 

particles produced in bath cases are very SMll, am s1z~ of these 

particles could not be dOM accurately at thia magn1flcat1On, Fig. 48g) 

i5 a photomaorograph of an area of F~. 48r), _gn1fied to X6'lO. 

Pltotograph,y or such tine partieles proved extreaely difr1cùlt, due 

to the rapid softeDing of the vu: at roœ t_perat~. This led to 

some • smearing' of wax on the glass slides, vhich, vIlUe it caused less 

than perfeet photographs, (iid not preveut. accurate s1z~ to he carrled 
o .J 

out • 

.. ) 

(br Partiele Sise as a funct,ion of Wax nov Rate. . 'r;; , 
In F1gs: 49, 50, 51 ard 52, the .ffeot ot 1ncreasing the vax: how 

rate on the partiele s1s~ produeed is presented. 

" 
(i) In.1eot1on tbrough tlft. Saple Hoasl.e. 

" , 
.,' .. 

lIiith" injection of wu into an air streua of 250 fMt per seoom 
-~--

Ye}6clty, •. at dit'ferent nov rates, a ...u 1ftarease in the··rartiéle 
~ . , 

a.n du..ter, D)Ï; ,vith inc2"e&se ot nOIr Nte •• ~ted,. a. shcIrn in 

'. 

\ 
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Fig. 49. This can he- -êxpla1ned bl' the tact that sine. the relatlve 

v.locltl' ls th ... in pANMt.r gov.rning th. final dropl.t sise,. 1ncrMse 

of nov rate inoreae.s the veloclty of th. spray, am hence decreases 

the r.lative velocltl'. Thue, the tem~ncl' for secordary atCIIIÛsation 
~" 

to sbatter the large droplets 15 lessened, with the result that large 

drops~ap~r~ur1ng s~1ng • . 
Another reason for th. inorease can be seen t~ the Observed 

features of w&\er injection, vhereby 1ncrease in nov rate at the lover 

wirxi velocitles eaused an lncrease in the penetration distance of t.he 
" 
~ , ) 1 

stream. Althoubh this effeet eould not be observed in vax injection, 

due to the 1Jnpaetion or vax panieles, lt 15 thought t.hat a cO!'1parable 

effeet does take place. Therefore, a longer break-up tiRe of the 

stre&Dl of. vaX ensues, am the partieles freeze before the f\ù.l bene fit 
d 

of 5eeorpry atomisation 1,5 obtalned. 

Beyorrl 350 reet per se~,ord, the air velocity'ls h1gh enough for,- l 
the effect of spray veloelty to '::le neglected, am. the resulting part~ , 
Mean -diueter of the spray l"eIIIalns. fairly eon6ta1, as shcJvn in :-'ig. 50, 

vhere the alr veloeity i5 450 feet per secom. 

(li) InjeCtion tbrough the Corkaerew :!œll. •• 

"' Because the spny arlts as a thin sheet, secordary atc.1satflm 1s 

able to proc.ed almost 1nstantaneously. 1t th. nov rat .. ( up to 2.8 

gallons per IIl1.m1te ), th. cone bas npt properly fol'll!d, am h.nce 

dlsruptlon of the shett ls IlOt as unU01"ll as at the higher nov rate 

As can he seen in Fig. 51, th. partiel •• tan d the spny 

hlPLcted vith a 350 reet per s~ str.a decrea5's trc. a hi& 
-..... --------
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at a nov rate of 1.8 gallons pel' minute to a low at' 2.8 gallons pel' 

lIlinute, and then 1ncreases sl1ghtly vith f'urtper 1nor_se ln nov rate. 

By eOllpar1son, in an air stream or 450 t'eet per secom velocity, l'l~. 52, 

the p&rtle1e Mean d1aJDeter ranains fa1rly constant vith 1ncrease 1n 

nov rate. 

It would appear tbat vith the corkicrew inaert,_the factor 

govern1~ the droplet size, as a funct10n of nov rate, 1s the 

dev"e1olDent of (a) the oone angle am- (b) the uniform spray, sinee the 

dron1ets 
.ean d1aJDeter of the sPNY

A 
~ecreases, untU the spray sh~t 1s fully 

developed. Once this has ooeured, the etract of a decrease in re1at1ve 

veloc1ty becomes apparent, 1èad1~ to a slight 1ncrealle in the partie1e 

... n d1ametér. 

From th1s of the experiments, it would appur that vith 

a s1apla lance, if the obt&1nable air stream veloc1ty 

per secom ). then a low injectant now rate 
1 

should he used. systall umer! investigation is the b10w p1pe 

of a blast f'urnaoe, a 1011 oU rate would oause quieker break-up of the 

streul, and henee faster oœbustion, a1though 1t is realised tbat both 

of thase factors would he u.rg1nll. at best. HOIl.".r. in blast tul"naoe 

practloe, lt 1s unl1lcely that the w1rd vel.oo1ty vould he quite so low, 

and henee a nov Nte of 3.2 gallons pel' minute could he used. 

~ith the oorkse~ 'no.s1e, no sueh 11l1l1tat1ons 'four, aJYI a h1gh 

nov rate ot 3.2 gallons pel' .1nute can he uaed, vithout &l\Y substant1al 

inerease in the droplet •• n d1alfteter. 

As a oonsequence of J"esults obta1ned in th1s' .ection, 1t ... s 

dec1ded that a vu nOll rate of 3.2 r;allons per Ilinute 1fOUld he utll1sed 
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in fUture work. A h13h fiow rate 1s important in bast furnace 011 

inject10n pract1ce if large amounts of 011 are to ,?e injected, am thus 

the characterist1cs of sprays produced by lances injecting 3.2 ~a110ns 

par minute vas deeaed surf1c1ently 1lIlportant to concentrate on this 

~:1cular nOIr rate. 

(:11.i) The Efrect of In:1ect10n Angle on Resultant SpraY" Characteristics • • 
In order tbat the optimum injection angle he foum, wax vas injected 

through the injection ports at angles of 15°, )0°, 600 am 900 to the 

air stream. 

At the lover air veloc1t1es, the ~rtic1e Mean diameter increased 
o Î . 

fram a 10'1 at an injection angle of 900 up to a high at 150 • '.L'his 15 

Ulustra}ed in Fig. _ 53. where the air velocity was 250 feet ï>er secom. 
. ' 

am the wax nov rate vas 3.2 gallons per IIlinute. As can be seen, both 

.. the sblole nozzle am eorkscrew nozzle exhibit simllar behaviour. "'his L . 
, 

liaS to he expec1téà sinee when the spray is presented to the air stream ,.1 

~, 

at 900
• the relat1ve veloc1ty 15 h1gher than at say, 15°. Thus, a",' 

0# ~ter shat-tering of the stream ensues, WI1th • smaller result1ne; . 

dro?let s1z!'t. Also, the penetrat:1on distance of the spray decreases 
o . 

• t 90 • and secordary atomisation occurs sooner. 

At the higber air veloc1t1es, the di~ference'i~ relative veloci~l 

ls less, ard thus a su.1ler decrease in l?Article Mean d1aMeter, frtiltt 

ISO up ,to 900, ,is noted. ?h1s ls 11lustrated in Fig. ~. "here the, 

air st.reaa valocity 11 400 feet per secom am the wax nov rate, 3.2 

gallons per a:1mlte • 

A.s vUrbe dlseussed in chapte!" 6.3.4, lnjection at" 90° caused an 
, 

,. r: 
------------------------------
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increased proportion of the spray' to 1apaot on the walls of the blow 

pipe. This phenomena of 1mpaotlon decreased vith déorease of injection 

anele, am. also vith inorease in wi.nd. rate. 

At an angle of 900
, the distance fl"Olft the em. of the lance to the 

wall of the blov p1?9 vas only J inohes. W1th a wax f'low rate of 3.2 

gallons per minute, it vould se. practical.ly impossible for the a1r 
f . . 

stream of up to 350 feet par secom veloo1ty to suff10iently disru?t 

the spray, W'ithout caus~ considerable 1mpaction, whereas, at deoreasing . ' 
~ 

injection angles, the distance to the wall ~reases ( almost 12 inohes 

at 15
0 

), am henoe atfords a greater -~1stance for stream disrupt10n 

before impact ion. \ 
At higher air streaa veIocit1es, the spny vas disrupted more 

• , 0 
read1l,y, and the effect of injection ams1e ù.:1m1.n1;Shed, although a 15 

injection angle still ape&red to be the JIOst satisfal)tory. 

'l'bus, frœl a study of effect of injection ang1.fl it appears that 
.Y"'" - \ 

although a sl1ghtly SMller pArticle size results vith an injeotion 
o . 

- angle of 90 , the IIOst satisfactory injection an{;le for. practioal use 
, 

jrS 150
, due to the decrease in the impaotion of vax on the walls of the , 

blow pipe. 
.. 

As 1:nd1cated by Rcabough ( 16 ), iapaot1on of oU onto the valls 

of the' wàter-cooled twere vould result in the f'ol"l'Slltion of soot. 'l'hus,. 

an injection angle is needed vhereby little or no 1mpaotlon i~ recorded. 

(iv) l'article Size as a F!motiôn of Relative Velocity. 

Wax vas injected into air stre&llls,"'Vhose ve10éities ranged tram 

250 reet par secom tO,450 feet par secom, at 'a nov rate of 3.2 gallons 
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pel" llinute, am at an 1:njection angl.e of 1SO. The rasulting rarticles . 

vere sised, am vith. _1qe of: the spray ve1oc:1ty, the re1at:1ve ( 

velocity calculated, am Fig. 55 plotted. 

As can be S88n rro. Fig. 55. as the relative velocity increased[ 

.. 
( i.e. the air streaa velocity was 1ncreased, the spray velocity being ,-
constant ), so the partiel. aean dùœeter of the wax spray decreased, . 
!'rom a high of 182 microns, at a ra1ative velocity of 235 foot par 

secom, to t'5 microns, at 435 feet per secom relative veloclty, with 

injeçtlon througlf the s1mple nozzle, ard front 1~8 microns to 39 microns 
~ 

àt tne eOlTJespoming relative velocities with the corkscrew lnsert. 

This i5 to be 'axpected if comitions withln the blov t>ipe are maintained, 

i.e. if the viscosity of the wax does IlOt alter, am the density of the 

air stre&!ll ls cons+..ant, s1ne~ lt bas been ?O~u1ated tbat the effect 

of relative Velocity 1s the .. in paruaeter govern1.ng dra,)let size. 

i~us, the corkscreN insert does appear to produce a conslstently 

SBI&ller droplet sise at the relative velocitles in the study. bel~ 

some 10-1~ sru.ller tban tbat produced by the s1mt>le nozzle. Hmrever, , 

at the high velocities, the- tram does seem to irdicate that increasine 

the alr stream velociqr beyond 500 reet par secom will cause an 

equally~sized droplet, tmependent of the type of lance. 
j • 

!ven so, at the high air streaa velocity of 450 feet per seco~ 

( 435 reet pel" secom, rel.a.tive vel.ooity ), it can he sean that the 

~icle aean d1aeter does fall 1nto the range specified by Heynert. . 
"" ( 21 ) or 2.5-45 Jd.crona. Al.tbough Heynert does not spec1t,y it to be 

so, lt J.s as~ that bis pu1:.icle aean d1ameter 18 the Sauter l'jean 

Diueter, as i.s used in, this report. If the L1nIIar Mean D1aaeter .-
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( LND/L:.1 ) of the spray vere used, the particles would have much 

" lover mean diall'leters, being 25 l'lierons am 20 microns for the s1m:lle 

nozzle and the corkscrev nozzle resnectivelY. at an air stream velocity 

, 

of 450 feet par second. 

The trem of results recorded here is consistent vith those of 

other workers. :..Ieiss ( 72 ) 1ndioa.tèld a 25-30,( differenoe in dro:llet 

size, vith the hydraulic nozzle being the more, efficient. Beuthen ( 98 ) ,. 

some of whose "sul ts are 1ndicated in Fig 55, reported no dUference 

in droplet size ?roduced by oU injection through a simple am 

compl.icated hydraulic lance, but it is 1Irt.eresting to note that the 

droplet saes obta1ned in bis study compare very favourably vith 

those presented here. 

If, as bas been stated by Longwell, a sl1ghtly larger particle size 

wUl be produced by vax injection into a high velocity air stream than 

by 011 injection umer the S&II8 comitions of viscosity, air density 

am relative velocity, then the results obtained are even more 

encouraging, 

In blast .furnace practice, blast velocities are cOllllllonly of the 

order of 550 feet per secom. ( 21 ), am thus it can be seen that thé 

droplet size produced by the injection of 011 into an air stream of 
, 

sûch a velocity would he comucive vith gocd cOI'lbustion, regardless of 

what s.ystem of injeotion vere used. 
./ 

(v) Ettect of In.leotion D1stt,DO'. 

From a short study on the effect or injection distance, it vas 

obs~rved that no decrease in particle size resulted when injection of 
-, ; 

\ .1 , 
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wax vas 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 1nches frOll1 the 

(.1 ~ 
nose. The reason for this i5 quite logical, sinee the wax spray Wiil 

, 
solidify over the saIlle distance, no matter hw rar away rror: the nose 

of the blow pipe injection takes place, the resulting spray distribution 

being similar. 

ioIith injection of oU into the furnace, the injection distance is 

generally no more than 18-20 inches from the nose of ~he tuyere. 

Increasin~ this distanoe would increase ~he time available for 

combustion, allowing Any spot partiel'&s to hum avay, but would càuse 

detrimenta.1 damage to the tuyeres, due to excessive heat produced by 

the increased length ot the n.me front. 
"" 

(vi) Effeet of Lime Centrins:. 

Another short study was umertaken, using the simple nozzle, to 

detel"!lline whether centring of the lance w&s important. S1nce it was 

known that the droplet size vas unchanged vith 1ncrease in injection 

distance, the logieal stud,y-'was that of spray pattern. From 

observation of the inserts, it vas sean tbat up to 400 teat per second, 

eentring of the lance vas in fact deereasing the uniformity of the 
. o~./ 

spray, s1nce ~th an injection ~le ot 15 , a lance set one inch off 

centre, i.e. one inch nea.rer the injection port, caused less impaetion 

than did a lance perfectly centred. Obv'ious].y, a lance set closer to 
··f 

the opposite wall oaused 1ncreased impaotion. 

At air stream velooities ot 450 teet. peJ" secom, the affect vas 

m1.n1mised due to the faot that at both lance positions, a good 
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uniform spray vas produced. 

If Heynert' s blast veloci tiea are considered as be~ representative, 

then tbere 1s no need for the strict observance of lance centring 

t}}at some plants st1~te, if (a) the lance 1s not too near the 

opposite wall, ard (b) decrease in lance length does not appreaiably 

inorease the spray1i1g d1Jtance. 

c' 

6.3.4 SPRAI DISTRIBUTION AND SPRAY PAT'l"mN. 

Observation of the inserts taped inside the blov pipe gave an 

irdication as to the distribution and pattern of the spray. Injection 
- 0 

of wax through the 90 injection port causad considerable 1IIlpaotion of 

vax, at ail .1r velocities vith the alllÎùe nosale ( oentree! ), Fig. 56&), 

ard up to 400 fMt par secord vith the corksoJ"eV nosale ( centred ), . 
Fig. S6b). ' As oan ,he s .. n, there vas DO def1n1te pattern to the 

i 

impacted vax, JIleHlY. the molten waX bad bit the vall, collected as a 

'riv'r ' , had been blown Along by the air stream, am eYentual.ly the 

vax had ~en. The effect or the air streaa vas sean by the appearance 

of 'ripples' in the pattern, where the vax, being blown alo~, bad 

froze~. At the lover \~_ir velooities, ( 2,50-350 f_t par secom ), the 
__ ~, t 

streaa terxled to exit from the blow pipe v1.thout too II\1ch re-atc.1sation 
, 

at the nose of the blow pipe, Fig. ,560), the ajority of the stream 

'" n~ onto the noor. Incl"e&s~ the air velocity causee! total 

re-at0lll1~tion of the 'river', ul sCIlle otses vell avay rra. the no~e 

of the bIo.., pipe, Fig. 56a). 

SCIIl~ evid.nee of the procesa of aeoordary a~OJdaation can be round 
in the llIpaction of vax dropleta on either aide of the 'river'. l'beae 

, ' 
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droplets vere obse"ed to he ot various sues, aM are thought to be 

Pepr8sentative of the partiele mean d1ameter of the spray. 

Decreaaing the injection a~le decreased the Ulount of vax collected 

on the plastic 1naerts, aM also changed the pattern of impaetion. 
I~ " 

Tbat produeed at an 1njeC.~on a~le of 600
, arrl an air stream ve10city 

of 350 r ... t 'par SOOOnd'1s\"rhapa th. ""st 1nt ..... st~, bec.us., •• 

can be aeen in Fig. ,56d) ,1\ the apray troll the simple nozzle on impaction 

rormed a def1n1te 'cone'. This 'cone' had tvo dUferent components, ~ 

(a) a th1n ( t" ) outer shell of sol1d vu, beg1nn1ng at the point of 

blpact of the spray am el'ding at the nose of the blow pipe, and Cb) 

• ripples' of wax vi thin the solid vu shell. These ripples vere due 

to the action of the air stream push1.N the vu alo~ untll. 1t frou, 

but the reason, for the appearance of the solid 'shell' of vax is not 

umerstood. 

In this instance, the vu: <!rOpl.ets oaused by seoomal"J'" atca1sation 

vere seen to ba",e a def1n1te pattern allO. Impaction of larger droplets 

vas a .. n to have occureci near the "cone', ard that of SJI&ll.er drops _ 
cv 

at 1ncreas~ distances any.!'rom it. Thia 1:a due to the phencmena of 

S8COMary, atOlll1sation, sime the break-up of the large droplet results 
- , 

J.n the production of -r.tY SlIIaller ones, of ditferent. sues .. and the . ~ , 
~. . 

. sallest OMS v11l be thrown out turthe~ ~n wUl the larger ones. 
~ 

Further decrease in the angle of injection produced ~ttern.s 

sbaUar to those of 60
0

, although the 'cone' of solid1tle(!r:nx vas 

narrower am ~horter. sinae a greater distance axists bat"een the exit 

orifice of the noBzlé arx:1 tlle wall of the blOll pipe. At 150
, the 'cone' 

, 1 

of vu: .... SUNd oDl3 4 inches in le~h ard 21 incbea in width, - . 
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COlllpared to 15 inches am 7 inches respectivel.y, with an injectiQn 

~le of 600
• rhe solidified vax pl!ttern at 15

0 
injection angle and 

, ~ 
an air velocity of 350 rMt par secom i8 shown in -Fig. 56e). 

At 350 feet per secom ,air stream velocity, am an injection angle 

o ' r of 15 , the corkscrev insert vas sean to produce a uni om spray 

distribution, as shawn in Fig. 56!), whereb,.- a11 the sol1dif1ed wax 
r 

on the plastic lnsert vas in the tors of droptets. These droplets 
• 

covered the ~nt1re surrace ot the, inaert, am appeared to he ùn1formly 

dis~ributed. ' Subsequent microsoopic analysis of this 1nsert revealad 

that the particles Md defoJ"llled on 1m~ct. and the majorit.l haè lost 

theHt 'original spher1cal shape. FrOID. observation of those spherical 

partioles ~1n1og. 1t vas notioed that the droplets 1m.pacted on the 

wall varied from 10 II1crons to 120 lIl1orons. i.e. "a fair cr'Oss-section 

of the droplet shes produced by atomisation. 

At the sue relati ... e velocity, but Vith injection through the 

, shtple !'l()$zle. it vas ... n that the vax was still impaéting as a cone, 

I18ntioned prev1.ously, am 1t vas not untll an air stre&llJ velocity of 

450 reet per second, spray resul ted from this l'lOZzle, 

Fig. 56g}. 

The affect of lance cantring, as discussed in section 6.3.3 (vi), 

can he S98n in Fig. s6h), where a narrdlfer • cone' of sol1d1fied' wax 

18 ôbta1ned vith a\ lance o~ inch ofr oentre ( towards ,the injection 

port ). 
, ,1 

Fig. 57 1IXl1oates the veight or .. oross-section of the wax pattern . 
shawn in Fig. S6d). A. can he aMn, the we1ght or wax at the nose of 

the blov pipe 18 ~ter than that at the point ot vax 1mpaction, due 

\ 

.<.t i 
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to the effeet of the air strealll bl~ the molten wax &long the blow 

pipe until it froze. 
o . 

Injection of vax at 15 ioto the air stream revealed, that at a 
" 

constant nov rate of 3.2 gallons per minutth, the amount of wax which 
. , 

sol1dified on the walls of the blov pr~ deereased vith increase in the 
." 

air blast velocity, as 8~avn in Fig. ~ The amount dL:poSited decreased 

fram nearly 2($ of the total vu sprqed at 250 fset pe~ down 

. to 6.4f, a.t 450 fset pel" secom, vith injection through the simple nozzle, 

am."!rom 15.~ at 250 fest per secold down to 5f, at 450 fset per seCOM 
"" 

w1th the corkscrev insert. At the lover air stream veloc1ties, up to 

350 feet per second, the Icone' of sol1dif1ed wax accounted for most 
J 

of the we1ght of impactlon. am at higher velocltles, lIlOl!lt of the we1ght 

vas due to the. impact of the vax droplets. 

The value of this study is tbat the corkscrew insert proved lIlore 

suc?essf'ul. in generating a un1t0l"lll spray pattern at a lover air stream 

velocity tban d1d the s1lllple noszle. 

At the higher air blast velocities of 4~0 feet per secoM, both 

nozzles proved to he suocesstul in that the injected wax in contact 

w1th the air stream vas cOlllpletel,y aœ erriciently atomil!led. 

6.3.5 DISTRIBUTION OF PARTICLE SIZES. 

, As done prerlcusly, the norIIal distribution vas plotted for partiele 
. ~ '\ \ \, 

sizes produced by ~jeot1on' of 1I01ten vu at 3.2 gallons ~r minute 

into h1gh velocity air streau, ard Fig. 59 la a representation ôf the 

results obta1ned. As can he seen, at the 1011 air veloolty of 250 feet 

per second, the spray sise ra~, vas sOMlWhat 1arge, vit? the largest .. 

) 

r 
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partiele be~ JOO mierons. The majority of the spray vas eonoentrated 

in the size range 20-120 microns. This errect 18 the SUlè, essentially, 

for both nozzles. 

Increasing the air stl'"eUl ve100lty to 350 reet par secord causee! 

the size distribution to narrov, and the majority of partieles vere nov 
( 

eoncentrated in t.he sue ra~e 0-40 aiorons. 

Furt.her 1ncrease in the air velocity, to a JUX1aœI of 450 reet 'par 

secord cau~ the size distribution ·to œr1"OIr eons iderably , t:,he large st 

partiele noted being 140 .lerons ror injection through the s1lllp1e 

nozzle, ard 120 m1erôns ror injection through the eorksorew naszle. 
\ 

The majority of the partic1es vere sean t.o he in the size range 0-20 . 

miorons, vh1eh i5 the reason for the 1011 partiele .... n' ~ers by 

bot.h nozzles at 4,50 feet per sec~ air ve1oo1ty. 

'" -

The oomputation of the trajector1es of 'ftl"1ous sized part1cles 

wxierl1ned t.hat no _th_tica1 ooncept of seoondary atomisation can 

be derived. The trajeotor1es presentèd in Fig. 60.) vere cœpllted on 

the basis or an angle or injection or 150
, an 1n1t1al cone angle or 4)0, 

< ard a~1r streaa veloc1ty or 450 reet par secom. For the purpose or 

this study, the ~rtioles .ut be asSUJl8d.. to he solid, a~ no secomary 

atomisation takes 'flaoe. At no Ume in the blow pipe did al\Y particle 

1lIlpaot take place on the vall. A partiele of 5 JaS. ( 5000 microns ) 

apFoached nearest to the vall, but this 18 of no praetioal conseque~e 
, 

because the largest ~icles are k:nown to be 1)0 lI1el"ons. Consequent.l.,y, 

the 'zone of atœisatior,l' is SIII&ll., sinee thé partieles of ,0.01 CIIlS. 

( 
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( 100 microns ) &rd leas qu1cklJ 10se tbeir injection BIœI4IJ1t.UJIl, am 

assuae the veloc1ty or the air stream. Conaequent13, if the process of 

secondary atca1Ation did DOt play an 1nt.egral part. in t.he / •• s or 

tuel 011 injection, the sprq patt.ern voulft be tŒtr-.17 'naJ'J"Olll, am 

ox;ygen starvat10n w1tJdn the ',0De or atœ1Atlon' vou1d result, 1ikely 

oausing soat rormation. 

Fig. 6Ob) is an illustrat.ion or the C<apltad trajecl.orles ror 

injection at an ~. or 300
, and vit.h the other ~ as beCore. 

Again, 1t Gan he aMn that the 'sone or ata.1.aation· 18 narJ'CIIII, in ract, 

111ghtly narrower tban tbat at 1,50 injeotion. 

Fig. 600) 18 a s1aUar lllutration to tbo •• or al and b). The 

injection ~. in th1s ca •• 18 ~. The etfect or the ·boII-...... ' can 

be seen, yet &gain, the 'sone oC atœdAt1on'. betveen the trajector1e. 

or t.he 100 aiePOD part,1ol •• cm e1tber .~ of the ad.8 of the blow p1pe, " 

1s narrow. 

Fic. 6Od) 18 an 1Dl1cat.1on or the .rreot or the ~.e ot air 

veloo1ty on the cœaputed trajectorie.. As can he ... , t.he erreot 1s 

as expected., sinee 1norease or air veloo1t.y causes a greater '~' 

or t.he sbeet, &rd the t.N.jector1ea or the -U pll"t1cl •• at the high 

air stream'vel~ti.a 01 ,550 test par 

are bardl,y in ev1.denc •• 

>' 
Fig. 60.) 'vas CCBputed for Jvpot 

secon:! 

JO tMt per seoODi, .50 IMt 1*" HOo~ am 10 rMt per secon:!. As can 

he s .. n, by 1ncrw..~ the aprq- abeet Yeloe1ty, a Vider 'sone or 

atOlll18at10n' results, vb10ti woulë! help the proo.s. or cœbust.lon by 
~ ~~ , 

arrord1rc a greatv aure.ce ana ror œ1dation. lfGIIeyer. 1t can noV 

• 



. '. , 

.," 

,-... 

" " ~ 

'"" 

: .''\. 
i ' 

• 

1 

. .. 

.. 
: 

81. 

bè env1saged as to hall snch a spray sheet velocitJ can be ach1eved 
" 

practically', sinee i velocity of 30 reet par secoM represents a now 
, . 

râte of J.Z Qgallons par minute, am a spray sheet thickness of 0.15 CIlS. . . 
. 

'" Thus, ,f~om a1l .five f1gul"es, 1t can clearly he sean tbat in the 
t 

blow piP]'of a '~last' f'urnace, injection of oU would be wastef'ul., if 
, , 

. not for the process of seoondary atOlllisation, which spreads the spray 
r 

1 • 

uniformly 1nside the ~lClll pipe am. tu;yere, so tbat CD\Ygen starvation 

":" ha a"o~ed; am ~tbust~on effeated in • rea~onably efficient 

manner. , 
/" 

\ 

6.4 'OPl'PIJt!! C01l)ITIONS ,FOR BLAST. FORHA.CI on. IHJETION. 
1 

FJ"OI!l a study of results obta1ned in the injection of 1lO1ten vax into 

high velocity air stl"MllS, a DlDlber of opeNt~ paraaeters becGle 
\ ' 

obvious. ,Sinee 'oU is a viscous fuel, • h1gh pre-heat t~rature 18 . 
necessarY in ordel" that th, vV00sity he l~ enough to pel'llit ....u 

... __ • rI 

d. droplet sue produotion. Although no var1ano4f in nscoait)' vas att .. pt~ 

vith vax injection into air streaas, obsern.tion of Vax 1nject1.on ~o 
.. "f...vJ '. 1 

stU+ a~ ~1C&t~ tbat ~~r1ng thé ~scos1ty caused a d re&se in 

It~e partit!le Il~ d1ameter ot t~· ~. 'Mms,:he . o~ s 'he 

ilnject.ed viit. as ~1gh a, pre-heat t_penture alll poaa1bl.", without 

approaching t.he nasb';'point too closely, in order tbat the, ~isco.ity . ' 
~ about 120 SUS ( .5-6 op ). 
~ .' 

J • ' ~ ! 

Inrmost blast' f'l.tlomoe plants, comitlons w1~ the blov p1.pe are 

such ~t the high ve10city air atreut 18 ..... 1labl~~ Thua, use ot C 
.:\ ~ ,., .... J, ... \......-........ 

eitfler a' sapte nocsi.e 01" a cœpiioatect, nosaJ.e ~d renlt in droplets 
, " 

ot the des1red. sue tOI" .tricient oa.bustlon. At tAlese Yeloc1Pt.lea. the , , Jf 
'" ' 

" 

. " " ,-;' 
rrl" • 

-



j 

82. 

resultant spray would he ûnifOJ"lll in partiole size distribution, although 
" 

:bhat produced by the oorkscrew insert vould fOrll slightly sooner, due 
. 

to the initial. partiele sae offered for secordary atomisation. In 

either oase, the distribution of the spray within the tuyere should he 
,~ 

'1-such as to afford good m1xing for evaporation am subsequent OOIIIbustion. 

The angle of injection vhioh proved MOst suooesstul in the vax 

injection studies vas one of 150
, sinee this afforded a greater distance ~ 

betveen the wall am the exit orifice of the nozzle, am th us greater . ' 

spaee for spray distribution. Such an angle appears to have foum' 

w1despread use in blast furnaoe practice, and the f1ndings of th:1s study 

merely eonfirm th1s view. It should he noted that Weiss foum a smaller 

Mean partiele size ,resulted from injection contra-stream ( i.e. 1nto 

the a1.r stream in the opposite, d,ireetion to Us nov ) than eo-streaa. 

However, suoh pHotice in blast furnaces vould prove difficult due to 

the foreseen problems of aooretions on the nozzle orifice. 

The relative velocUy between the air stream am the injected fuel 

s been foum to be of 1mporta.~e, 'a,~ a velocity of greater than 
~ , 

450 feet par second should prove surfioient to produce droplets of 
. t ~ 

") 

~ suitable size for erfioient oœbust~on. In plants where a h~h air 

stream vel oc it y ~s as yet unavaUable, such as at Voest- Linz ( 19 ). 
" -

where the air vel oc it y is 400 feet per secom, the drop size wU1 he 

out of the range spec1fied by Heynert./ In suoh a case; tvo alternatives. 

': offer th~selvès, <a) having a slightly- narroweJ" blow pipe, whereby 

passage of 'the SUle quantity of air v1ll. cause an 1ncrease in its . 

" 

velooity, a~ (b) the inclusion within t~ blow pipe of a ventur1.-
- , . 

insert '1Ihich 'causes, the air at that poÛlt ta go supersonic. ~s bas 

" 
, . \ 

\ 
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. 
been postulated by Duthion et al ( 104 ), and 1s currently un::ler 

investigation in France. 

In consequej16e, the econ01l1ic survival of the blast furnace will 

depend to a large extent on the abUity of greater quantities of co::e 
, 

being save<! t'Y the ~re&sed injection rates of 011. This study bas 
~ ,,~ .., 

underl1ned the parameters wh1ch vere f'ound~g1ve the o~brum results 

with injection of 1I1olten wax, although this does IlOt necessar1l,y mean 

that application of these paruaeters would 1IIaed1ately solve the 

problems currently assoo1.ated, vith oU injection. Comitions w1thin 

al'\Y part. of the blast turtw.ce cannet he repl"'Oduceable eJr&ctl,y on a 

/ 

laborator,y sca1e, yet it i8 felt that this study does irdicate tre:rns ;.) 

wh1ch -.y 1mprove the praotice of oU injection. 
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Fig, 44 

PLEXIGLAS BLOl PIPE ASSEMBLY. 
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ASSmœLY FOR TUE ~NJPmION OF ,WAX INr.O AIR STREAM. 
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,. Fig, 46 
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-WAT~ :a~PmION INl'O AIR STREAMS. 
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(c) CorkscNV IJoZsle, 250' reet/secam air veioc1ty, 150 injection angle. ~ 

(d) Corks~ l~oszle, 450 reet/secord ail' veloc1ty. 150 injection angle. 
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Cor1c1CHW Nossle. 250 teet/secva! air 'N1oo"t7. 90 injeCtion a~l. 11 
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CorkllCNV Nossle. 450 r .. t/second air ~oo1t7. 90° inj.,t1oll angle 
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PHOl'OGRAPHS OF wAx PARTICLES ffiOOOCm BI IRJB:TION IHTO AIRS'l"REAMS . 
(a) Sillpl~ Nos_le, 300 reet/sfJCord air velooity. 3,'2 gallcms/aimte 
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wax now, rate, 150 injection angle. ~. 

, , 

,J 

(b) lorkscrew Noz&le, 300 reet/S~nd air Teloo1ty, 3~2 ~oM/lI1nu.te 
• o wax nov rate, 15 ~lon angle. : 
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FU. 48 . 
'.40) Sblple Noszle, 350 r .. i/secom air vèloclty, 3.2 gallons/minute (f 

o vu: nov rate, 15 injection angle. 
.. 

(d) GorkscHIr Nozzle. 350 reet/seco'f!d air velocity, 3.2 gallons/minute 
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(e) S1mple Nozzle. 450 reet/secom, air ve1.ocit)', :3.2 gaUons/a1nute 
• 

o 
wax n.ov rate. 15 injection ~le. 

• 

(r) Corkscrew Noizle, 450 reet/secom. air ovelocity. 3.2 gallons/ll1lÎùte 

.., wax nov rate. 15° injection angle. 
, 

(g) Corkscrew Nozzle. 450 reet/secom air velocity. 3.2 gallons/minute' 
, • 

wax now rate, 1.5°' injection angle. 
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"PARTICLÉ MElH DIAME'l'ER AS A. FU!l:TION dF WAX FL<Y RATE , 
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PARTIeL! 1·;:EL, nIA'lŒrl!R AS A. FUfl:TION OF WAX FLCiI RATB 

Corksorew Nossle, 450 reet/seoord ail" ye1oo~..!-y, > 
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SPRAY PA'l"l'Eml OF INJ:sx:TED WAX ON HlSlIRTS 
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(c) 90 injection angle, S1apl.. Iossle, 250 reet/second air veloclt,y. 

o . 
(d) 60 injection angle, S11Ipl.e lIozsle, 350 reet/secortf. air veloclty. 
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(.) l,o 1DJecrt.1ob azwl,., S1IIp1.. 1.&1., 350 't~/.eoord a11o, 'Yeloo1V. ...... . 
(t) ISO injeot1on &JJBl., . éorkao~ 1os&1~. J50 tMt/iecord' alr Ye1.oo1q • 

• 
1 

110 1 .~. 
• F 

• 

6 , 
~ 

.. .. 
!.~ ~ .. 

( , •• 
&. " .. 

.. ... .,~ .' 6' ... !... ~ . ",' ~ 
!.~~.':'. !~~)".! L 

d, 
_ .1' ." ~,'~ . '~, .. :Î;:;.:~··' ': l· .... ~-'J:.;::!~}~~~~~,:,~:{j~;/i~~;t\:l·, i1~:Jit~~J'~';I 



.. 

•• 
• 

l 
! 

• e . 

"- ,'" 
, 'l-. "Jot;..;;l t .. -.... ..., .. ",~· .. , :~~. ".~~ . ~ .. 



• 

,r-
I 

• 

1 

.. 

--

1 

Fig. S§ 

(g) 150 inject10n angle, SlIIlple Nos.le, 450 r .. t/seoord air veloo1ty. 

(h) (1) 150 injeotipn angle. S1lIl\-_ NOIs1e, 350 feet/sfiOord 

air veloc1ty. Lance 1" ott-oentre tovards inject10n port. 

(11) 150 1njfiOt10n a~le, S1IIlple Nossle, 350 reet/seoord 

air veloe1ty. Lance 1" orr-oentre tawards oppos1te vall. 
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(b) 459 ',eet/secom a1l' .,..looilty, )0 tnt/secôrd sbeet veloc1ty, 

., 300 injection a~l •• 
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(0) 450 reet/secord âir ~loo1ty. )0 reet/seooriJ. sheet veloo1ty, 

90° injection a~le. 
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(d) 450, 550, 650 feet/,&cord. air veloolty, )0 r .. t/,fJOord. sheet veloclty. 
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7.0 COlM...USIQ:lS. 

(1) The position1ng of a tvo-rèvolution corkscl"eV 3/4 inch tram thé 

exit orifice of the lanoe caused primary atanisation of the liquid 

stream, the axiting 11qu1d being in the fom of a hollow cone. 

(2) The use of wax as a 'replaceent. 1.1qu1d' for oU proved successful. 

The physical propertles of the wax, }!obUwax.2J05., vere comparable 

• • to those of a Bunk:~r 'e' oU, and no problems vere assoc1.ated vith 

molten wax injection. 

(3) The effect of viscoeity on the final droplêt sue in the stUl alr 

(4) 

studies vas seen to be that vith an inereaee in visoosity from 

100' StiS ( 5 cp ) to 40 SUS ( 2 cp ) oaused a decrease in the Sauter . 
MMn D1utetel' of 2o-25~. This is ~portant. in blast furnace oU 

~injectlon, sinee a sma1l partiele siBe ls a necessar,y criteribn 

for efficient. combustion. 

" Injection of water into~h ve10city air streaJ118 showed that vith 
" ~ 

the simple l'lOZzle, a decrease in th. penetration distance resulted 

vith increase in the "air stJ'Mlll velocity !rom 250 1'eet per secom 

up to 450 f_t par secom, 1'or an injection a~les. At 450 fee~ 

par SecoM, seoordary atœdsation or the ex1ting streua occured , , . 
bIIed1ately On ent~ the air str-. With the corkscrev ~zl'e, 

• 1 
sinee the exlting l1qu1d _s in tije 1'Ol'II of a th1n sheet, d1srupt~on 

was 1mIlediate, at ail air strelUll 've1ooitiu greater tban 300 fMt 

par secom, 

(S) Injection lot vu, ,at ~ nOIr rates,' 1nto air stJ'MlllS or 
- ~ 

constant ve100ity iDiicated tœt at the IGW81' fi"" rates o"r 250-JSO 

reet par secom, iDjection tbrough a 8D.p1.e nozsle resulted in a 
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smaller droplet size at lawer t'law rates ( 1.8 gallons per mlnute 

to' 2.4 gallons per minute ). InerMse in the air streus veloolty 

. to 4,50 feet par secord. caused a uniform ch-oplet slzè at ail vax 

nOv rates ( frOlll 1,8 gallo~ par minute up to 3.2 gallons· par 

minute ). 
J 

!'11th injectlon through the corksc'Nlr Ï1oZzle, a decrease in , 
droplet slze vas noted. vith injection o{" v..x into 1011 veloeity 

, ~ 

air streams ( 250-350 feet par secom ), f'ram • now rate of 1.8 

gallons per minute up to 2.8 gallons pel" Ilinute, a~ then further 

lncrease up to 3.2 gallons per JIlimlte caused a sl1ght' lncrease in 

the partlcle m8f1ll d1.ameter. Increasl~ the air stream veloclty to 

400 feet per secord. resulted in a uni.fOl'm partlcle Mean 0 diall'18ter 

at all now rates. 
1 

Cons equently , fram a droplet sue of vlew, 1ncreasing present 
~\ / 

011 raté~ should not praye detriaental to combustion efficlency 
, , 

1.e. the piLrt1c1e Mean d1aJlleter vould not inorease to a stage 

vhere evaporatlon ard. aOlllbustlon time vould he insufflaient to 

burn the oll. 

(6) The lnjectlon angle vh1ch proV'ed to he IIlOst suQCesstul. in this 

study was 150
• sinee a .ore unifoJ'll sprq \las formed sooner • • ,. 

This 18 desplte the fact that a -n.er droplet sise resulted 

Vith injection at 900. HoIr'twer, impaotlon of v..x was greater at 

90° than at 15°. 

(1? Injeotion .. of molten vax at 3.2 gallons pet" IÛIIlte fiOII rate into 

the air étreu or va~ vel.ocltles prom that injection into 

an air stream of 4S0 f~ per secom ( 43S rMt par secom 
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. 
relative velocity ) through both nozzles ( simPle and corkscrew ) . , 

"1 > 

resul. ted in a particle mean diameter of 45 microns and 39 microns 

\ 
res~tively. ;:.ven at ~he relatively low air stream velocities 

used in this study, both nozzles produced a droplet size which 

f 

, 1 

fell ldthin. the size range of 25 microns to 1~5 microns as specified 

by Heynert for, 'satisfactory cOllibusti~n. Thus, vith an air stream 

_velocit,y of, f&Y, 550 feet per secom, which seems to be an average 
cr 

nm velocity in current blast furnace practi~e, a drOplet size 

suit.-a.ble for COoo COMbustion is producQd. 

(8) Impaction of the injected wax was seen to he greatest at the low 

air velocities, arr:;l--1nereased vith increase in the angle of 

1nj ti from 150 t 900 ec on up 0 • Increasing the velooit;r "~ the air 

stream t6 J50 feet par secoDd C&llSed a uniform spray distribution 

of the injected wax tram the corkscrew nozzle, at an injection 

angle ot 150 • A uniform spray distribution 01 the wax vas not 

aclileved vith the silftple nozzle untU an air stream of 450 feet per 
, . 

second velocity was atta1ned. 

(9) ;:Ohe effect tbat secomary atOJll1satlon play! in the process of fuel J 

injection can he seen from the computed trajector1es of droplets 
. 

within the blow pipe. With injection .t J.2 gallons per minuter 

the COllputed sheet velocity of JO reet per secom is seen to he 

such that at an velocitles abave 450 reet per secom, the effective 

'zone of atomisatio-n' i.e. that between the trajectories of' 100 

microns pa~icles on either side, aL the axis of the blow pipe, 

vas narrov~ an::l it no seo~ atc.1satlon vere to tan place, then 

~.n starvation ot ~be sprq vould "sul t in soot f'cnwation • 

• 
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Increas1l1g the spray sheet veloo1ty to 70 teet per secoM results 

in a vider 'Bone of atomisat1on:. However, 1t is feltut~t such 

a spray sheet velooity 18, at present, unobtau.ble in "blast 

furnace pract1ce. 

(10)- In aJ'comparison of the benef~ts of the oorksc~ nozzle and the 

, silllple nozzle for oU injection., it can he stated 1mmed:1ately that 
. , 

bas8d on reSlÙts obtained in thiè study, thera is no henef'1t to he 

derived for the use ot the corkscrev insert if the particle Mean 

d1a.meter of' the spray 1s to be the sole criterion. ilhere the 

c?rkscrew nozzle does have an advantage 18 in the formation of a 

un1form spray d1stribution w1thin the blow pipe. Because the 
. 

exiting spray is in the fona or an extremel.y,thin sheet. 1t 1s 

1Mmediately d1srupt8d by the passage of a high ve1oo1ty a1r stream, 

ànd sinee the sheet of l1quid 115 a hollow 6one, the droplets are 

a1ready weIl d1spersed vith1n the blow pipe when secordary 
l' 

atomisation begins. W1th the simple' nossle, the initial 'zone of 

atomisation' 18 narrov am 1t 1s th8 efrects ot secordary 

atomisation wh1ch èause dispers10n ot the spray. 
" 

The corkscrew noBzle 18 rel.atlvel.y slllple in dee1gn and . 
,. 

ine.xpctnsive to. conatruct, and in plant, tr1al.s, has beeh foum ta 

have as lo~ an operational. lUe as a staple lame. Decause of 

the advantage of spray d1stribution, 1t is ~elt tbat fÎttrther pl.nt .. ~ 

trials should be unctert.a.ken so tbat the tul1 potent1al of the 

corkscrw nossle as an àld tor iaproved tue1 oU inject10n oan he 

\ 

• 
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APPENDIX 1 

Computation of Spray ~h!!t V,eloc1t1es 

Consider a now ~te or' 3.2 'gallons per minute thrÔUgh the . 
• .. 0 ~ 

lance, the exi ting sheet having a, cone angle or 43 • ' 

rhe initial Vèloclty.of thê s~ sheel can be round by the u7e 

of the relatlonship 

Q = AU 

'. where 

Q = Flow rate of .nuid, gallons per mihute 

A = Area of spray 
~, 

U '. Veloc1t;y or sh~t 

~ .. 
" D, 'a the dlemetllr of the hoIlow 

NozzIe' " --' ..... ( . 
cone. et d18tance X from the nozzle 

D , 
"- , , , 

, " 
4 ' • X· 

Consid.er a horizontal. distanqe of 0.1 oms. frOlll the exit or1;icé 

of the lance~ Therefore. the total d1ameter of the cone at this po1pt 

1a 2, x 0.1 tanJ~3 + 2.54/4 CIU •• vhere 2.54/4 1s the. iMide d1aJl1eter 

of the l'lOZzle. 
". l' 

Therefore. cone diameter 0.1 oms. tram the lanbe » 0.655 oms. 

Nov consider the .heet to have a t~C1me8S or·0.15 CIIlS. 
1 

. .. 

• 
.. 

o 

[) 

p 

1 
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2' 2 A.-& of sheet = .II.(O.655) - .11.(0.355) 
4 4 

= 0,238 oms. 
2 

Nov Q ~ 3.2 rallons per minute = 200 • .5 CIIlS.
3 per seoom 

U ;= 200,5 CIIlS. pert secom, 
0.2)8 

= 843 CIU./SecOM 

= 28.1 reet/second 

,l 

Application of this rela~lonshlp can be usee! to obtain the spray 

sheet velocl,.t1es presented in Fig. 47. 
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APPEiilIX 2 

Computation of Partiele. Trajectories 

Consider \ 

<. • 

u •• 

where 

U =- Air Veloclty 

V = Part,iel. Ve100ity 

V,... Veloclty or Partiel. in X-D1Notlon 

Vxa Velooity or Partiel. i1l1-D1rect.10n 
• 

Fr- ReIlUl~ot1on Foro. 

Cons1der th. &181- 01 inj.ot1on to be 150
, vith an mtiDg oone 

.• 0, 
t'bu, e- sa 

\ J 
-'1 .~; 

':" ,. ~'·"i"',~~;. .• •. ".~ ~.; ,:;,;,;~ ::!.!;;~ 



e· SuJIl of Forces in X-Direction 

Fx = DIa = -Fr cos 

vp a = -t 0 V
2 

A f D cos p ,a res 

~p = Density of Partie~e 

~a = Density of Air 

fD = Coerf~cient of Friction 
'" 

VN: = ResUltant Relative,Yelocity of Partiole 

D = Partic1e D1&meter 

/ 

UXo = w1M Veloclty - Initial Particle Velooity in X-

= U - '! cos 

= VraI cos 

VraI = Relative Ve10clty 

f D can be foum frœt the tables presentee! in lm. Eng. Chelll. 1940. 

pages 605 - 621 ( Partiele Trajeq,tories) vith a knowl~ge of NRe :;: D P. Vl'"el - fa 
. 

Sp of Forces 10 I-D1r!qtlon 

Fy = .. lIootIIg - Fr sin , 

Beglect ~T .. 

• . '1 pp ~ 1: - Vpp!- yr. V~s fD .~e (~ 

1 "", 

1 

1 

.!\ 

t _<J 
1. • _ •• ..",1 
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Thua, & = Uy - g6t - 3/4*.âne 
~ 0 0 

p 

Uy 0 = V re1 sin 9 ' • 

The distance travelled by • J».l"ticle of diuteter D, in time interva.l 

t. can be fourd frotll 

Sx = U'x + Ux,,4t 
2 

Sy = 0'1' + U.foAt 
2 . 

Based upon these relat1onsh1ps, the trajectories of part\cles of 

known dialIIeter cart he cœputed, a typ1cal progr&mnle being shawn overleaf ... 
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COHPUTER ffiOORM:l-IE FOR COl1RJTATION OF PARTICL! TRAJm:TORIES 
• e 

- " 0001 ILOAD .4ATFTI 
0002 WRrTE(6,7) 
000) 7 FORl-iAr(, 'TOUL 'l'DŒ' ,,SX, 'X-I!lCREi!ENl" ,,5X, 'Y-Ir'lCRE:-lEm"') 

\ 0004 U=13500. ' 
0005 v =900. 
0006 Vy=rn • 
0007 1'X=484. 
0008 THEl'A=1.0J6 ' 
0009 UX=13016. 
0010 vRE=l)039. 
0011 F=O.45 
0012 PA=O.OO{145 
001) PB=O.9B 
0014 D=O.Ol 
0015 T=o.ooooi 
0016 TT=O.O·o " -4 

0017 5 K=«)./4.·PA/PB·F/~COS(THEl'A)·('l:lE**2.»).-r 
0018 UX=UX-K • 
0019 ~=«2."{X-ti()/2.)*'l' 
0020 =VX+K 
0021 *(SIN(THETA)/COS(THErA» 
0022 SY=«(2.*VY)-KY)/2.).T 
002) VY=vY-KY 
0024 THETA::ATAN(st/SX) 
0025 IF(SX.GE.SO.O) GO TO 6 
0026 IF(SY.GE.I0.0) GO '1'0 6 
0027 IF(COS(THETA).EQ.l.0) GO TO 6 
0028 TT:qT.t'I' 
0029 W1ITE(6,8)TT,SI,SY 
OO~~8 FO~wAT( ,FB.5,FB.2,F8.2) 
00".- GO TO 5 
00)2 6 STOP 
00)) END 
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