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INTRODUCTION 

For more tban 2 decn.des the Department of Agriculture has been 
investign.ting methods for the production of fertilizer mnterictls that 
contain nitrogen, phosphorus, and potassium. An importrmi:, object 

I 'l'heexperimenlaI datil oflhlsreport wereohtained under the supervision and direction 0[1'. IT. 110rs ter, 
who was directly in chnrgo of the Bureau's blast·fumaL1l operatIons. J. W. 'l'urrenline. in chor!,:o of tho 
Bureau's potash investigations, initiated the po\losh phase of this work nUll in conjnnction with J'. H. 
Royster was responsible (or its direction. K. O. Clark, who was assistnnt in chargo of the blast.furnaee 
project, is responsible for t he compilation ancI correlation of the data and the writiul: of this hulletin. 'rhe 
authors express to the Amerieun Aj!riculluraI ChemIcal Co. their appreciation (or so,·cral lotls of washed 
}'Iori<ln InncI-pehhle phosphate supplied free of cll!lrgo at Alexandria. Va.; to tho Armour Fertilizer WOrh., 
for a mrload o[ Tennessee blue·rock phosphate supplied free of chnrge at "rashill~ton, D. C.: to tho fIlter­
national AgrIcultural Corporation for 2 mrlollds of Floridll pebblo phosphate matrix supplied freo of chnrge
lit }.;[ulberry, Fin.; to tho Chicago & North 'Western Hallway Co. for the [rce ir:IlIsportatIon oCn carload 
of wyomingite from Council muffs, Iowa, to Chicago, 111.; to the NntionaI Carhon Co., lnc., for n cnl"hon. 
precipitator tube supplied free of charge at 'Yashington, D. C'.; to the Hesearch Corporotion for tho use of 
a high·tension transformer and mechuuicnl rectiller; to tho Union Pacific Coal Co. fm' a carl()tld of Hock 
Sprin~s coal supplied [reo of char£e,at Hock Springs, Wyo.; to the Union Pacinc Hailroml Co. for permis.
sion to mine the wyomingite at Zirkel 1\fesa and (or the free trnnsportntion of 2 cnrloorls of wyomingi!.o 
from Superior, "'yo.• and 1 cnrload of Hock Sprlngs COlli from nock Springs, 11":.0., to C'oul!dl Bluffs, 
10w1\; to F. O. C'ottrell for his many helpful su~grstions throughout tho COllrs!} of the !n\'csti~ntion; to Mrs. 
C. E. Rist (or the slag analyses; IlDd to C. n. Kunsman, K. D. JUL'Ob, lind A. U. ],ferz for criticism of tho
malluscript. 

, 'l'his invcstigation WllS mrrietl out with [undsFlIllPlied In purt hy thu Wi"ter Act, 70th ('onl\., 2<1 SIlSS., 
PUblic, No. 781, und in part b;' funds oppropriated to tho Depurtment o[ Agriculture for fertilizer ill\·esti. 
cations. 

Oli-lOO-3T--l 1 



2 TECHNICAL BULLETIN 543, U. S. DEPT. OF AGRICUVfURE 

of the investigations is to assist in the development of improved 
methods for the commercial production of fertilizer materials. The 
present bulletin describes a phase of this research concerned with an 
investi~ation, by means of small-scale apparatus, of the technical 
feasibility and commercial practicability of producing phosphatic and 
potassic fertilizer materials by blast-furnace pro~esses. 

Extensive deposits of phosphate ores that contain sufficient phos­
phorus to be considered commercial sources of fertilizer occur in Florida 
and Tennessee. As the phosphate occurs in the ground, from 5 to 12 
tons of material must be mined for each ton of phosphorus pentml."ide 
(P20 5) obtained. More extensive and in general higher grade deposits 
occur in Idaho, Montana, Utah, and V\Tyoming. These deposits 
yield ores that contain approxima~ely 25 to 35 percent P 20 5 as mined. 
The present market for fertilizer in this country, however, is so largely 
centered in the Southern and in the Middle Atlantic States (13, 44n):I 
tha,t the cost of rail trttnsportation from the western fields to the 
present eastern market has limited the development of these deposits. 

Potash-bearing silica,tes in sufficient qtutntities to merit considera­
tion as sources of potash are widely distributed in the United States. 
N otuble ii.1'long the deposits are tl!e leucitic rO'Jks of Wyoming, thc 
greensflnds of New Jersey, and the shales of Georgia,. The potash 
(K20) conteut of these rocks ranges from 3 to 7 percent in Georgia 
shale, from 4 to 7 percent in New Jersey grcensands, and from 8 to 12 
percent in Iyyomingite (72). The principal remaining constituents 
are la,rgely silica" nlumina, and iron, with smaller amounts of lime and 
magnesia. Each ton of K 20 is aocompanied, therefore, by from 7 to 
32 tons of materials that must be mined, llllndled, treated, and dis­
carded as waste or converted to marketable byproducts in any process 
proposed for potash production. 

In attempting to develop an improvedl)roCeSs for the commercial 
production o[ ma.rketable phosphate or potash from the minerals 
n.YaiI!1ble, the large tonnage of raw matel'inls to be hnndled assumes 
primary importnllee. This is one of the reasons that the blnst furnace 
was so en,riy and 61.1 frequently suggested as an a,ppnrn.tus for the pos­
sible prod uction of phosphntes and potash. The blust furnace (38) 
as sllch has been used for 111t1l1y centuries for the production of pig 
iron, and more recently in a smnller way for the production of lllun­
ganese nIIoys. The model'll blust fumace is chiefly characterized by 
its ability to smelt enormous tonnages of raw materials at n low labol' 
cost and with a relatively inexpensive fuel. In such a smnlting 
process the volatile constituents of the chnrge nre removed from the 
Jurnace in the exhaust gas; the reducible oxides in the chm'ge nre 
reduced to their respective chemical elements; nnd the irreducible 
o:-.-ides are converted into molten slag and discharged from the bottom 
of the Jurnace in the liquid state. The blast furnttce thus provides 
n geneml fill'nace process adnpted to voln,tilization, reduction, nnd 
melting. 

Shortly n.fter the Bureau of Chemistry nnd Soils wns estttblished in 
1927, investigations of blast-fum ace methods for the smcIting of 
phosphate rock and potash minerals were undertaken. These inves­
tigations were continued until October 1933. From October 1933 to 
April 1934 the experiments on phosphate smelting were contiuued 
by the Tennessee Valley Authority, wi'th use of the Burenu's persoullel 

3 Itnlic numbers in IlUrcnthcsc.~ rcfcr to I,itcrnturc ('ited, p. 6i. 
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and equipment. The blast-furnace experiments reported here eovcr 
the results obtained prior to October 1933. 

WORK OF OTHER INVESTIGATORS 

PHOSPHATE SMELTING 

The proposill to smelt phosphate rock in the blast fUl'IlflCe fot' the 
prod Llction o[ clemental'y phosphorus wns llHLde ns enrly as 1868 by 
Brison (5). From this date on, patents covering various fllrmwc 
pl'ocesses for the production of phosphorus and phosphoric ileid havc 
!Lppeared with considerable frequency (57, 74, 75). 

In 1915 the BUI'eau of Soils mitiated an im'estigation of electric­
fUl'nace processes for the smelting of phosphfite rock, nne! in un 6, in 
cooperntion with the R. B. Davis Co., erected a semicommm'ciul 
plant for the production of phosphoric aeld (.9, 76). Tn 1020-21 the 
first commercial flll'nnce for the production of this ncid wns instnlled 
by the Federnl Phosphorus Co. at Anniston, Ala. (37,38,00). So fat' 
us the writers know, the first attempt !letually to smelt phospbn.te 
rock in a fuel furnnce for the production of pbosphorus 01' phosphoric 
acid was undertu,kcn experimentally by the BUI'etw of Soils nearly 
hnH fl, century !lftcr Brison's proposal. The results of these experI­
ments 'wel'(' reported by vYnggnman, Easterwood, nncl Turley in H,)23 
(75). Although these results wete not suHieiently eonclusive to point 
the way immediately to the commercial adoption of fUl'l1nce smelting 
as an economic process, sufficient progress wns mucle to indicate the 
desirability of continuing and extending the invcstigation. 

Ensterwood (14, 15) reported that the expm'imentn.L smelting of 
phospl}fl,te rock in the blast furnace was undertaken by the Vietor 
Chemienl Works a,t Chicago Heights, Ill., in 1924 n,nd that 11 com­
mercial installation WilS put in operation fit Nashvillc, Tenn., in 1020. 
This instn.llntion was later l'eplttced by a largel' and improved plnnt. 
The Coronet Phosphate Co. constructed it blust-ful'J1ace plant nt 
Pembroke, Fin., in 1931 (78), which has not been in operation since 
shortly aftor completion. 

PO'l'ASH AND COMBINED POTASH·I'HOSPHA'l'E SMEI.1'ING 

The l'ccoyery of potash from relatively low-grade potash-heilriug 
silien,tc roeks hns also long been n, sllbjeet of interest. 'rilghmnn 
(70, 71), Blnckmore (4), Rhodin (55,56), MeKee (40), and Cushmui\U 
(12) proposed producing 'water-soluble potash saIts by fusion of 
nn.tllrally occurring potash l'oeks with lime find sodium 01' cnlcium 
chloride. In those processes the potush salt wns to be recovcred by 
leaching the cooled melt. Barclay find Simpson (2) proposed the 
recovery of potitsh salts from the fume collected from eoke-fed 
furnaces. 

In 1910-11 the Riverside Portland Cement Co., at RiYerside, CnUL, 
began the collection of fllme from cemcnt-kiln stacks nnd the recovery 
of its potash content (62). In 1911 Hurstein (27) suggested pl'oclue­
ing (~ement from feldspar, limestone, and calciulll ('hloride, nncL 1'e­
covering potassium chloride from the fume collected. Lnter Brown 
(6, 7, 8), Speneel' (64, 05, 66, 67), Ellis (20), Huber lUHl neath (29), 
Spackman nnd Uonwell (63), Eekel aIlcL Speneer (18), and Speneor 
and Eckel (68) obtnillecl patents on prOeesscs for the simultalJ('olls 
production of cement and recovery of volatilized potush suIts. 'rhese 

http:phospbn.te
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processes consisted of calcining mixtures of felds!lar and limestone 
with either calcium cbloride or (lalcium fluoride. 

In 1917 Chfl.nce (10,11), in experimenting with one of the furnuces 
of the North Lineolnshire Iron Co., Ltd., reported dn,tn. to show that 
the addition of sodium chloride to the charge or burden of iron fur­
naces increased the volatilization of potash. In Canada, Grauel 
(1, 23, 24) investigated the smelting of feldspar, coke, and limestone 
with calcium chloride or calcium sulphate in a blast furnace for the 
i r ola1 ilizution of the chloride or sulphate of potassium. 

Tl.e suggestion to effect the simultaneous reduction of phosphates 
and volatilizll.tion of potash by smelting mixtures of phosphatic and 
potassic minerals was proposed in a patent issued to Hechenbleilmer 
in 1929 (25). Data obtllined from laboratory investigations of the 
simultaneous reduction of phosphate rock and the volatilization of 
potash from Georgia shale were reported by Ross, Mehring, and 
Jones (58) of the Bureau of Soils in 1924. In 1930 Pike (50,51,52) 
reported an investigation of the combined potash-phosphate blast­
furnace process. He obtained patents (53) on such a process that 
used an oxygen-elll'iched cold blast, nnd believed the process would 
be economicnlly n.ttrnctive if m.:ygen could be obtnined at $10 n ton. 

GENERAL FEATURES OF A BLAST FURNACE 

FURNACE STACK 

The modern blnst furnnce as it is known today in the iron and steel 
industry is a verticllI, cylindrical stack from 85 to 95 feet in effective 
height ~tl1d from 20 to 30 feet in diameter. The shell is constructed 
of steel and is lined with firebrick. Air preheated to 8000 to 1,6000 F.3& 
and under a preSSUl'e of from 10 to 20 pountls per square inch is blown 
into thl" lower pnrt of this shaft through from 10 to 16 water-cooled 
nozzles or tuycl'es. The amount of blast varies with the size of the 
furnace and ranges from 25,000 to 100,000 cubic feet per minute. 

When in operation the furnace is kept filled from top to bottom 
with n. charge of fuel, flux, and ore. These materials are charged into 
the furnace at the top in separate layers nt frequent intervals. The 
fuC'l, ulmost invnrin.bly coke, is ignited nt the blast entrance, where it 
is burned to pwduce n. high tempernture. The products of this com­
bustion consist essentially of 35 per.cent of carbon monoxide and 65 
percent of nitrogen dilutecl with from 1 to 2.5 percent of hydrogen, 
resulting from the variable amount of moisture contained in the air. 
W1wn the fuel used is "l'lill-of-the-oven" coke with a mean lump 
clinmeter of 5 to 10 inches, combustion is complete within 28 to 34 
inches of the blast entrnnce (35, 36., 48). 

During normal operation of the blast furnace the solids charged 
into the furnace descend continuously as the coke is burned by the 
blast while the minernl constituents of the charge are either reduced 
or are fused into slag. The hot gases that result from the combustion 
of the fuel flow continuously upward through the furnace and heat 
the descending charge. These gases are removed from the open space 
above the charge level or stock line through an exhaust pipe wIDch is 
usually cnned tile "downcomer." This continual passage upwnrd 
of a stream of initially hot gas and the continual downward descent 
of an initially cold charge of solid particles constitutes one of' the 
earliest examples or so-called countercurrent heat exchange. 

3. Ccntignl(1c C(luivulcnt~ of Fuhrcnhcl~ tUlIlllcrnturcs nrc tnbuinted on I" 12. 
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The upper and relntively cooler section of the furnnee is termed the 
shaft. It is here that calcination of the carbonates llnd vapoI"ization 
of tIle moisture in the charge occur, and, in iron smelting, that a large 
part of the ore is reduced by the carbon monoxide of the aseending 
gases. 

Immediately below the shaft is a water-cooled section of an in­
verted cone, from 10 to 12 feet in height, called the "bosh", at the 
base of which the blast is admitted through the tuyeres. In this 
section the reduction of the iron oxide is completed largely by solid 
carbon. The liquid metal formed flows downward to the bottom of 
the furnace, wbere it is retained as a ba.th of molten pig iron. At the 
same time the irre.ducible o,,-ide constituents of the furnace are con­
verted into a fluid slag which also flows downwal"cl, forming a slag 
bath, which flon,ts on the metn,llic bnth. . 

The portion of the furnace below the blnst entrances, in which the 
molten metal and slag are collected and from W111Ch tllCY are rml10vecl 
at regular intervals, is called variously the "eruciblell or "hearth." 
It is usually from 6 to 8 feet in vertical height. 

MECHANISM OF COMBUSTJON 

The eompositioD of the gas :flowing through the interstiees between 
the lumps of coke located nearest the blast entrance has been inves­
tigated by Perrott and Kinney (48), finel Kinney, Royster, and 
Joseph (86) of the united States Buretlu of Mines. 

The investigntions showed thnt tlS the o"J'gen concentration of the 
gas decrensed the carbon dio,,-ide concentration increased and reached 
a maximum at a point about 18 inches from the nose of the tuyere. 
From this point both the carbon dioxide and. the oxygen concentra~ 
tion of the gns decreased with 11 corresponding incre!lSe in carbon 
mono,,-ide until the gas consisted of carbon monoxide and nitrogen 
diluted with 11 smnll amount of hydrogen. The o~wgen was found to 
luwe vanished at about 30 inches and the carbon dioxide at about 40 
inches from the tuyere. More recently Eichenberg and Enender (19) 
have found that the extent of the combustion zone increased slightly 
with increnses of both the temperature and the rate of flow of the 
blast. It is evident from these investigations that t1te combustion 
process is completed in tt relatiYely small ]1Ortion. of the furnace and 
thnt ~he .blast furnace as a whole may be considered completely 
reducmg III character. 

Perrott and Kinney (4.8) nnd Kinney, Royster, nnd ,Joseph (36) 
found that, other factors being constnnt, the )"ate of disappearance of 
oxygen is dependent upon the effective surface e).l)Osec1. This in turn 
depends largely on the size of the colm. SmnU coke not only presents 
a greuter sm'face nrea per unit of volume but hns narrower interstices 
between the lumps than large coke. When llsing 8111n11 coke the 
combustion process is completed, therefore, in a smllller yolume. 

Since commerciul furnaces operate on 5- to 10~inch diameter coke 
it is estimated that the combustion zone in a. f\lrnace using l-inch ('.ol\:e 
would extend only 8 to 10 inches from the nose of the tuyere. 

TEMPERATURE 0.' COMBUSTION ZONE 

It has not been found possible directly to meHSllrc the tC'mperature 
existing in the combustion 7.one of n, blast fmIlneC'. It h;, of courRe, 
possible to sight an opticnl pyrometer down the hot-blttst blowpipe and 
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to read the blnck-body temperature of the outwardly directed hnlf 
of the coke lump lying immediately adj~cent to the blnst entrance. 
A very small area of the coke lump lying In the second layer from the 
blast entrance can be seen. It is not possible, however, to see further 
into the combustion zone than this small portion of the second lump. 
The temperatures observed in this zone are above the melting poinli 
of a platinum:platinrhodium thermocouple, and the gnses are suffi­
ciently reducing to be destructive to plntinU111. No particulnr interest 
attaches to the distribut.ion of temperl1,ture wit.hin the combustion 
zone, since the restricted region which constitutes the combustion 
zone is not It functional part of the bll1.st furnnce when the furnace is 
used for efl'eeting reduetion. However the tempernture of the gas 118 
it leaves the eombllstion zone is of mn,jor engineering importance. It 
is fortunate that this tOlllporntllre cnn be determined with sn,tisfactory 
accuracy from availn,ble thermal qllnntities. 

In the blnst fUl'llace, coke descends continuously into the eombus­
tion zone to replace that which is burned. In appronching the com­
bustion zone each coke lump is hen ted by the countercurrent passage 
of gas to approximntely the temperature of the gas lenNing the zone. 
Since 1 pound of carbon, requires 1.333 pounds of oxygen to produce 
2.333 pounds of cu:'hon monoxide, nnd since 4.418 pounds of nitro~en 
nccompnnies 1.333 pounds of oxygen in nil', the product of combustlOn 
of 1 pound of coke carbon with dry nil' is 6.751 pounds of gas. The 
constituent.s of this gns are carbon mono:\:ide ancl nitrogen, which 
being dintomic gases of the same moleculnr weight have the same 
specific heat. If tc is the t.empernture of the gns leaving the combus­
tion zone; 1n, its weight (6.751 pounds per pound of carbon); Qa, 
the heat of combustion of 1 pound of carbon to cnrbon monoxide 
(4,014 B. t. n.); Qb, the sensible heat. of the 5.751 pounds of nil' 
required to burn 1 pound of carbon, and Qe, the sensible heat of 1 
pound of co.rbon at the tempern.ture tc! then 

QI/+Qb+Qe 
mXOp 

where Op represents the menn specific hen.t of the gns from ordinary 
temperature to the temperature te. If the blast were not prehen.ted, 
to would be 2,876° F. At the lowest blast temperature encountered in 
present furnaee pnwtice, 800°, tc is 3,520°, and at the highest tempern­
turc, 1,600°, tc is 4,240°. For other blast temperatures the values 
presented in the tnbulation below lmvebeen comput.ed. These tem­
peratures nre subjeet to errors of probably not more thnn 100° to 150°, 
which are due to uneertainties in the values or the thermal quantities 
used. 

Blust lemlltlwture (0),,) 

77_______ , 
200______ _ 
'10o_______ ._
000.____________ . 
800__________ _ 
1,000________ _ 

'l'heoreUcnl 
IrUlxilIlUJll 

tmupernture of 
the gnseolls 
products 

op. 
2,876 
2, 970 
3, 145 
3 330 3; 520 
3,710 

1IIast tcmpernture (OF.) 

1,20o _________________ _ 
1,400__________________ _ 
1,000__________________ , 
1,80o_______ _________ _ 
2,000__________________ _ 

'rheuretlcnl 
maximum 

temperature of 
the gaseous

products 

OF. 
3,890 
4,070 
4, 240 
4,410 
4,575 

http:comput.ed
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The value of tc in an actual furnace operation is less than that cal­
culated, for two reasons: (1) The absorption of heat in the reduction 
by coke carbon of the moisture contained in the air, and (2) the loss 
of hent from the combustion zone by conduction, convection, and 
radiation to its surroundings. The decrease in tc due to (1) may be 
readily calculated for any given moisture content of the ail'. The 
decrease in tc due to the heat losses, however, is not readily measured. 
The total heat carried through the walls in the lower pnrt of tt blast 
furnace may be measured, but it has not been found possible sepa­
rately to measure the heat lost from tIle combustion zone itself. 

THERMAL EFFICIENCY OF THE BLAST FURNACE 

From the P?int of view of ~leating t~le cl11!,r~e, the ~cmperature of 
the gases leavmg the combustIOn zone IS sufhclently 1ngh to melt nny 
mineI'llI mixture that might be charged into a blast furnace. 

The efficiency of the blnst i'UI'l1HCe itself, considered as an apparatus 
for converting the chemicnl energy of the fuel consumed into useful 
heat, is at present relatively low. A pound of coke carbon has It heat 
of combustion of 14,157 B. t. u. when oxidized to cnTbon dioxide 
(45, v. 5, p. 181). Since the llighest stnte of oxidn.tion of carbon pro­
duced in the blast furnacc is carbon monoxide, with the genemtion 
of 4,014 B. t. u. per pound of carbon (45, 'P. 5, lJP. 138, [S1; 59, 1). 
330) the heat-genem~ing efficiency of a blast Jurnnce ennnot exceed 
4,014 divided by 14,157, or 28.4 percent, when opernting 011 a cold 
blast. 'When opemting on a hot blast, this effieiency is incl'ensed. 

The effect of the hot blast upon the 1·urnH,c.e pToeess ns n' whole is 
twofold. The chemical energy that leaves the furnace fit the top in the 
form of carbon monoxide is converted in the stoves to sensible heat by 
combustion to carbon dioxide, This sensible heat is Inter returned to 
the furnace by the blast. This return to the furnace of the chemical 
energy of the fuel through the operation of the stove results in n. direct 
increase in tbe heat-~enern.ting efficiency of the furnace according to 
the vnlues presented 1Il table L The introduction of the sensible hent 
of the blast into the combustion zone ltlso increases the temperature, 
t" at which the products of combustion 1eave the combustion zone. 

TABLE I.-Relation between blctst tem1/cratllre, blast composition, equ.ivalent oxida­
tion oj carbon to c(tTbo/t (Uoxidc, and the he(ll-{IclI.cralin{l e.UiciencIJ oj tlte Ido,~t 
.f71.ntace 

Air blllsl,' OXYI(OIl hlnst I Air hlnsL' 
Blost Blnst "II ui I'n­l,qnivll' nent- EquivlI- 11ollt- 1''Iuim' Hcnl­ Hellt­tempern­ (empem­lont ox- genemt­ lent ox- J;enernt­ len~o,,- I(cnCrtll.­ lent ox- gel.'er­
tnro tnro!dl\t!on inl( em­ ldntion lllg 0111- itlnLion In~ ern­ itlntiolt III Ing
(°F.) (OF.)

~COz 3 cloncy' ~COZ3 ciellcyl r~co, 3 cioncy' C-)CO' .em­
, :;I CHHlCY.---.1___ 

j.)crCfllf. ~Pcrcr.'ijt ~ j;;;;;:-nt ~ Pcrcent-'~ 
!l.OIl 2~. :15 O. 00 2.~. :15 2,200. II. ·17 :l2. II\} au. 113 50.51 

• Z~5 28.61 1.(19 2H.51i 2,.IUO . i.13 aa.--I(J a-I. 05 52,'''5 
.va 20.02 4. ~5 31. 0,1 2,(i(XI 7.7U aa. na ai.2·1 55.03 

1. 52 2H•.j.I i. 25 :i:t fj,j 2,SIXI S. ,17 a~. ,12 ·11],47 57.31i 
2. II 29.87 10.08 :i.i.•57 a,(X10 11.15 3,1. 01 ~a. 75 5\!.70 
2.71 ao. :lO 12. 1l·1 :Ii. f12 a,~~)() 11.85 ar.. .) I ·17. ()Q 62.08 
3. :lI aD. ia 15.8a :lU.70 :l,~IK) 10. 56 35. 112 liO. 45 6~. W 
:I.\)2 :1I.10 IS. 77 ·1l.80 :I,IlIlO II. 27 :11l. ,13 (.a.88 Oil. lin 
·1 • .15 :U.02 21. 75 -Ia.o,1 a,SIX) 12. no :I!l. \15 fl7. 35 69. H 
:;.18 :12.00 24. 77 4f1. III 4,000 " 12.7,1 :l7. ,IS liD. SS 71. 07 
5.82 32.52 27.82 48.29 

I Oxy~en, 100 percent. I Dry nir; oxygen, 20,02 porcellI.. 
3Pcrt'Cntu~0 of curhon thut would hll\'o to be burtled 1.0 tllrhon dioxidu in order I" ohtuin with n 77° ~'. 

llln"t t.hesnlllo hCllt'gcnornting elllrionrY' ns ""I./llned with lIot hlnsts lit tho Inhullllc<i I.Otnl1cmt.uros wllon 
the cnrbon is complelely burtled 10 curhon llIolloxhlc. 

lJ'orr:Cllh\~o of the ito F. hont of combusl.loll of cnThon to l"lrholl dinxido t.hlli. is gonemted by tho comhus­
tion of clITbon to cnrbon llllllloxide with blasts nt tho lnbuilltc<l lcltlj\crulnrcs. 
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This increase in te is important to the economicttl operation of 
fUl'I1ace processes that involve Tenctions n,t elevated tempel'l1tures 
with the absorption of a considemble amount of heat. If specific 
heats of the combustion products nre nssumed constant, then the 
fraction of the heRt genera.ted in the combustion zone which is effec­
" ", 1 t" te- t, 1 	 thtlYC m mamtammg suc 1 a renc IOn ]s t -77' w lCre t, represents e 

c 
temperature at which the reflction proceeds 

In a l'euetion pl'Oceeding at 2,400° }i'., with the low blast tempel'l1­
tum of 800°, te is 3,520°, nne! the frndionnl portion of the total heat 
generated that would be nruiln ble for ('nlTying out the reaction is 

"Flfi\:lIf: I.-Experimental blatit-fumacc plant, showinK [umace stack, gas-cleaning cquiplIlcnt, and hot­
hlllst stO\·cs. 

, t I :~,520-2,400 . ') ­apprOXUllll(' Y 8,443 '01.' .3~.() pf'ITent. If the blnst tem­

perature were increased to the relatively high hlast temperatul'e of 
4240-2400

1,600° this Jl'!wtion would becomf' ' 4,16~3-'-' 	 or 44.2 pereent. 

4575-2400 .
For H. 2,0000 blast tl'lllpel'fLture the vnlue. would be '4,498 ,or 

48.4 percent.
1t is olwious, therefore, thnt high hot-blust tempel'lltUTes nre an 

economic necessity for blust-ful'nnce processes absorbing nny con­
siderable amount of ben.t. nt elevllted temperatures. 

TH"~ .~XPERrMENTAL BLAST-FURNACE PLANT 

FUltNACt: STACK 

'I'h(' binst-flll'lllll'(' pIau L used in this investigation is shown III 

figures 1 nnd 2. 



:.:> ;g... 
:;! 

o1 o 
", tr.! 

I 
-+ Ul 

Ul 
tr.!
fl) 

"'l 
o 
;0 

;g 
o 
I:)

I q
I o 
I ~ 
1-0 
I.,o o 

Z 
I~ o 

'>j 

"'l:6 t::l 
...., 
..... ~~ ~ 

s:: 
N 
t::l 
;0 

a:: 
Multicione E\e~tric'ol Precipitator Compressor :>­

>-3 
t::l 

61Jst furnace Spray Tower Settlioq look Substation stoves Blower ::d 

};Wl~Ht: 2......... EIi!Vfitiml or thl\ hlast-rUrlUH.'e plnn\.. >
I:"' 
Ul 

~ 



10 TECHNICAL BULLETIN 543, U. S. DEPT. OF AGRICULTURE 

The blust-furnace stack, fabrieated by the Washington Navy Yard 
aocording to the Bureau's specifications, was welded and bolted as 
shown in figure 3. The over-all diameter was 6 feet 8 inches, and the 
height 19 feet 10 inches. The furnace was supported at the base of 
the mantle ring by f'our extra-heavy 6-inch pipes im bedded in concrete. 

The hearth (a) was 
constructed from. X­
and }~-inch steel plate. 
r t had a diameter of 
47 inches and a height 
of 32 inches. A 13}f­
inch firebrick lining 
reduced the internal 
diameter to 20 inches, 
the depth to 18}~ . 
inches, and the cross~ 
sectional are!1 to 2.18 
sq uare feet. The ca~ 
pacity of the Jined 
hearth was 3.36 cubic 
fect. 

The bosh (b) was 
fnbricated from }~-inch 
steel plate. The up~'9 
per nnd lower external I 

"q! dit1metel'S were 62 and 
38 inches, respective­
ly, and the height WIIS 

35 inches. The bosh 
wns lined with 9 inches 
of firebrick, reducing 
the internal dinmeters 
to 44 and 20 inches, 
respectively. The 
bosh angle was 71°5'. 
The lined bosh had a 
capacity of 17 cubic 
feet and WllS externa.l­
ly cooled by a water 
spray. 

The mant.le (c) of 
the furnnce was con­
structed from X-inch 
,.Leel plate. It had 

Fr(1UIIE 3.-])otulls of tho exporlmental bln~t furnnce: ", Hearth; b, upper and lo\ver ex­
bOsh; c, III1l11tJc; d, gns 50111 uml slock fuollol; e, explOSIOn vlllvo; r. t 1 l' t f 7? 
tl1y~ro brest. ·erna (lame ers 0 ... 

and 80 inches, respec~ 
tively, and fi, height of 85 inches. An IS-inch .firebrick lining reduced 
the internal diameters to 36 and 44 inchcs. The cap!1City of the 
mlUltle was 62 cubic feet. The in-wnll batter was 1.13 inches per foot. 

'rhe fUl'Ilnce t;op was constrllcted of }Hnch steel plate. It WI1S 
cooled by It wu.ter bnth 42 inches in dinmetCl' u11d curried the lower bell 
seat and gas seul us shown in figure 4, 
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The gas seal and stock funnel Cd) were constructed of 20-ga~e 
sheet. The lower bell was 16 inches and the upper bell 13 inches In 
diameter. Each of the bells was manually operated from the skip 
house by cable and counterweight. 

The downcomer consisted of a horizontally placed standard 4-inch 
iron pipe approximately 22 feet in length. An explosion valve (e), 

}'/G1)ItE 4.-The rurullce top. 

automatically operable at pressures in excess of 5 pounds gage, was 
installed at the furnn,ce end of the downcomer. This villve could be 
operated manually from the skip house when nCf'essary to reduce the 
top pressure in order to permit opening of the bells. 

The height of the st,ork in the furnace wus lllensured by It munually 
opern,ted stock-line recorder. 
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The tuyere brest (j) wus constructed from H-inch steel plate. It 
was welded to the hetuth and had un external diameter of 31 inches 
and a height of 9.5 inches. It Wl1S protected by }~-inch copper cooling 
coils installed between a 4}~-inch firebrick lining and the shell. The 
oute:' shell was also cooled by sprnys, the water from which was col­
lected in a gu Her at the t.op of the henrt.h. The internal diameter 
of the tuyc-re brcst WfiS 20 inches, find its cltpn.ci ty wns 1.73 cubic feet. 

The hearth and tuyere-bl't'st assembly (fig. 5), supported by jacks 
and wedges, WIIS boltcd to the bosh. This construction permitted 
rendy removal of the health Itnd tUYf)re-brest nssembly fo:' repnirs 
and ulterntions to the fumnee interior. 

The blowpipe and tuyere wus ori~inally a standard 2}~-inch iron 
pipe protected at the nose by severn.l tums of }f-inch copper tubing, 

FWL'ln: 5.-Furnnce crucihlo, under construction. showing copper water·cooling tubes and a portion oC 
the lined blowpipe. 

t.hrough which n, flow of wnter WitS maintained. In later runs the 
blowpipe was a. standard 6-inch iron pipe lined with 11~ inches of 
Armstrong insulllting brick. 

The position of the cinder notch ranged from 14 to 19 inches below 
the center line of the tuyel'c. The cinder notch Wl1S closed with a 
l}~-inch diameter bot bu.t·. 

BI.OWING EQUIPMENT 

Two single-stage compressors (Hg. 6) were available for supplying 
the blast to the fUI'llltce. They were arrn.nged either for individual 
or combin~d pilrallel opel'ation and were equipped with adjustable 
automutic unloading devices for limiting the maximum deliverable 
pressure. The usuul setting of the unlOltders wus 7 to 8 pounds gage. 

One compressor had a 9-inch bore, 8-inch stroke, and 0.58-cubic-foot 
piston displacement per revolution. It was chain-driven at 325 

http:cltpn.ci
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revolutions per minute by fl. 20-horsepower electric motor. The other 
compressor hlld fi 14-illeh bore, 8-inch stroke, find 1.42-ctlbic-foot pis­
ton displficemenb per revolution. It WIlS belt-driven n.t 275 revolu­
tions per minute by a 25-horsellower electric motot'. 

Three rotury positive-prC'sslll'e nil' blowers wero fivnilablo eithC'l' 
individually or in pllml1el for supplying the dl'nJt fiir required in the 
stoves. Two of these blowers had It rotary displacement of 1H2 
ctlbic feet and the other 338 cubic feet pel' minute at 200 revolutions 
pel' minute, Their normnl operating pl'eSSU1'e WIlR 3 to 4: pmmds gllgO, 

}'lGUltE n.-Interior of tho enginehollse, showing one hiower IImi the cOIllpressors. 

One of the small blowers was chain-driven by a 7}6-hol'sepowel' 
variable-speed electric motol'. Th~ other blowei's were gelll'-dl'hTcn 
n.t 200 revolutions per minute by 7%- und lQ-horsepowcl' motors. 

HOT.BLAST STOVES 

The two hot-blast stoves were constructed ns :;hown in figul'e 7. 
These wel'e heated by burning clellnecl blust-fumlu'e gns wi Ih foreed 
draft. Each stove had un over-nIl height of 7 feet 10 inches nllcl IL 

diameter of 48 inches. 
The combustion dome and body of the stoves, as originn,lly instl1,lled, 

had a 4}~-inchfil'ebrick lining. Later, to reduce hent losses, this 
lining was changed to 4}6 inches of Armstrong insulating bl·iek. The 
hot~blast outlet was a 4-inch port near the top of the stove. Two 
4-inch ports nelll' the base served ns cold-blast and chimney-glls 
inlot and outlet, respectively. A 10-foot length of 4-inch pipe served 
us the chimney.

The burners of these stoves consisteLl of Sllllldlll'cl 8-inch il'on pipe 
into which hnd been welded fL hendel' currying 12 stnndnrd l-ineh holt 
pipes through which nil' for combustion was introduced. The gllS wus 
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led in around these pipes and mixed at the base of the burner with the 
air comillg through them. The volume of the combustion zone WILS 

about 12 cubic feet. 
The heat-transfer bed, supported by gmte bars of ?f-inch round 

rods, wus 30 inches deep and 39 inches in dinmeter. The bed ha,d a 
cross-sectional area of 8.3 square feet and a volume of npproximately 
21 cubic feet. The filling initially consisted of crushed firebrick 
passing a %-L.1ch and retnined on a X-inch mesh screen (runs of June 
8-10, Aug. 2-5, and Aug. 16-17, 1932). Later fillings (runs of Aug. 
29-Sept. 3, and Oct. 10-13,1932) were washed river gravel of the sume 
size, or (runs of June 6-8, June 26-28, and June 29-30,1933) river gravel 

• thl1t passed a %-inch and 
was held on a ?~-inch 
mesh screen. The gravel 

4'Air Inlet - weighed approximately 
103 pounds per cubic foot 

-4"Gas Inlet and averaged 36 percent 
voids. The weigh t of tl1 e 
gravel filling for eaeh 
stove )"ltngcd from 2,100 
to 2,200 pounds. T 11 e 
surface of the p ebb I e 
bed could be observed 

'S! thTO ugh a, 2-inch port 
'r­ provided wi th a glass 

peep sight. 
Pebble Bed Stnndn,rd 4-inch quick­

opening gate valves wero 
instnllccl to control the 
opel'ntion of the stoves 
nnd gas-clenning eq uip­
ment. The hot-b1nst 
valves were cool cd by 
submersion in a wn,ter 
t.rough. T he hoj~-hlnst 
main was of ]'cetnngulnr 
cross see I,io 11. It wns 

fn.hl'icHted from >,Hneh slcel sheet and, with It 2}6-ineh fil'ebl'iek lining, 
pl"lwi.(\ed n, duet 4 by 4}~ inches. The initial firebrick lining WlIS latel' 
replncecl by one of Armstrong insulating brick of similur dimensions. 

GAS-CLEANING AND GAS-COOr.JNG SYSTEM 

The furnltce gases were first led through 11 Multiclone (fig. 8) to 
remove a large portion of the dirt nnd fume normally nccompnnying 
such gnsos. '1.'he :Multiclone, designed to recover 90 to 98 percent' of a 
dust of which 90 to 95 percent would pnss n, 300-mesh sieve (0.0018 
inch), consisted of two 6-inch tubes nrmnged for pnmllel gas llow. 
Tho rated capncity pOI' tube rn,nged from 155 cubic feet per minute 
at 1000 F. to 215 cubic feet per minute at 6000 for 11 2-inch witter 
drllft loss, nnd from 220 cubic feet per minute Itt 1000 to 300 cubic 
feel, per minute at 600 0 for a 4-inch draft loss. 

The guses from the l'.1ulticlone were cooled in ft spra,y tower prepnra­
tory to fl, finnl clol111-up by an electrostatic precipitn.tor. The cooling 
tower wus 4 feet in diameter and 7 feet in height. The hot gases were 
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introduced near the base through a closed-end 6-inch pipe which 
WIlS perforated with I-inch drill holes on ib:l lower side. The gases 
pllssed upward through the tower countercurrent to solid-cone WIl.tel· 
sprays produced either by several 2B and 4B Spruco nozzles, or by 
one no. lOA. The cooled moist gases were withdmwn neur the top 
t,hrough a standard 4-inch pipe. The cooling water wus disehu,Tged 
from the buse of the tower through a 2-inch pipe to the !:lettling tunk, 
Jor sedimenta,tion, cooling, and recirculation. 

The electrostatic precipitator (fig. 9) had un over-nIl height of 
23 feet G inches, and a muin shell diameter of 3 feet 8 inches. The 
insulator compartments 
·were 28 inches in dinmeter· and 
55 inches in height. Ench in­
sulator compartment and the 
upper and lower portions of the _Gas Outlet 
main shell were equipped with 
hinged cast-iron doors thn,t 
closed entrnllce ports 20 by 31 
inches. Numerous yeuts and 
drnins, in addition [,0 a lO-inch 
diu,mcter ,explosion door, werein­
corporn ted in the construction. 

The collecting eleetrodcs were 
seyenspirnl-riveted steel tubes 8 
inches in diameter nnd 12 feet 
long. They terminated nt the 
top in ngastightheltder fl,p(1 were 
held in position nt the bnse by 
steadying bars. The totnl CI"OS8­
sectionn.l aren of the tubes WBS ',,!ot 
2.44 squlll'e feet and the colleet- .", 
ing u,rea 176 square feet. The ~I" 
discharge electrodes, tied to­ CD 


gether nt the bnse, were X-inch +-.,....w.-~ 

square steel t,,;'istl'ods each sup­ .<D 

'1120 Ga. 

porting n l5-pOUlld weight. 
 ,1-Ench tube was equipped with 

two 110zzlesfor continuouswu.ter = 

washing und removnl of the col­

lected muterial. A lnrge sprny 

nozzlepennittecl periodic cleulls- ,3·, 

ing of the high-tension bus bur FI(,I·It~: S.-·IMnils of tho IIlulti('lone. 


und dischn.rge electrodes. 

The gus entered the precipitlLtot, midwu,y between the header and 

tube steadying bnl's nnd pnssed downward outside the tubes. It then 
pnssecl upwa,rd through the tubes, where it WliS subjected to the pre­
eipitatiug action of nil impressed yoHnge of 40,000 to 55,000 volts. 
The trented gnses, discharging through a lO-ineil port at the top of 
the precipitator, were led to the stoves 01" bled to the open nil'. 

The gns-treating enpndty of the prceipitator, based on un nvernge 
lillenryclocityof 5 feetpersecolld, was 730 netwtl cubicfeetpel'minute. 

The substntion Jor· supplying the high-tension current required in 
the operation of the electricill precipitator was equipped with u, high­
tension trunsformer, synchronous motor with mechunicnJ rectifier} 
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and the J)ecessnry contl'Ol switchbonrd nnd meters. The mechnnical 
rectifier hue! four 15-inch nrms and was driven by a 750-reyolutions­
per-minll te synchronolls motor. The 5-kiloyoltrumperc oil-filled trnns­
fOl"1nel' WtlS equipped with 45-,50-, 5,5-, 60-, and u.s-kilovolt terminals, 

r- :~: ~'utlet 
I~_____ t 

1- ).4" oi schorqe Electrodes 
(Square Twist Rods) 

1- 8"Dia. Pipe 
(Spiral Wrapped) 

T 
'1\1 

-' It'> 

I 
! T-Oroio 

A settling tn uk wns provided to relllon~ the sediment carried by 
the water diseiutrged from. the spmy tower tlnd precipitator. This 
tank wus of COIH'l'ete ('onstrllction and lined with lA-gngc gnlvnnized 
sheet iron painted with nsphalt. It lind nn inside dinmeter of n feet 
7 inches, fl, depth of 36 in('hes, und walls 4 inches thiclc The ctlpncity 
of tIle tl1nk WllS 1,600 gnllons. A series of outlets lit successi\'(~ 4-inch 
levels permitted rcmo\'ul of the clarified water, W n tel' 1'1'0111 the 



PROCESSES FOR PRODUC'l'ION OF FER1'ILIZER MATERIALS 1.,7 

upper levels of the settling tl\nk was circulated through a heat inter­
chunger to the spray tower and precipitator. 

The heat interchanger was constructed in three sections arranged 
for series flow. Each section of the interchanger consisted of a 12­
foot length of I6-gage copper condenser tubing, %-inch outside diam­
eter, and held concentric within a I-inch gnlvanized-iron pipe by a 
few drops of solder. It was cupable of countercurrentIy cooling from 
185° to 85° F. 4}~ gnllons of contnminntcd water per minute with 
the lise of 14 gnllons of cooling W!Lter initiully nt 72°. 

HANDUNG OF MAT'£RIALS 

Mnt(lrin.1s ns rccci,r'ed were piled in open bins (fig. 10). Before use 
they wm'e transferred hy lL pOltn ble belt conveyor to working bins 

FIGIJllt; 1O."-,I'xperirl1clltlll blnst,-furll:tcc plum wilh slOck piles 1l11(1 stornge billS. 

with hopper bottoms. They were weighed in a hopper mounted on 
lL traveling platform scale ('ill' (fig. 11), and dumped directly from 
this into it skip car. The skip hoist WIIS pro\-ided with automatic 
stops und dllmp und was driyen by a 2-horsepowel' eledric motor. 

Sing wns rUIl from tire ('illder notch directly into cnst-iron IndIes 
(fig. 12) which held about 100 pounds. Two sueh IndIes wel'e used, 
each mounted on fL rotating boom whirh n.llowrd them to be swung 
around find emptied on a slag dump. 

PHOSPHATE SMEIJI'lNG 

AJ'PJ.lCABlLlTY 0.' THE BLAST-t'URNACE PROCESS 

The p!'inciPlil constituent of American ('ontilH'ntnl phosphate rock 
is fluorllpatit.e (9CIIO·:3P20 5·CnF?) (26'). Attcmpts toyolatilb~e phos­
phorus pentoside dil'ectly from phosphate rock bnvc met with little 

017-10°-37-3 

http:Mnt(lrin.1s
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success, although phosphorus pentoxide boils below 1,1l?0 F. (45). 
DisplaceIllent of the phosphorus pentmdde constituent by fusion 
with silica wns investigated by Nielson (46), who found no such dis­
placement with melts of tricnlcium phosphnte and silica up to 3,002°. 
Ross, Mehring, a,nd Jones (58) calculated the decomposition tenlper­
atura's of such volatilization renctions to be abov'e 4,172°. 

Since the thermnl dissociation of phosphate rock to yiel(l gnseous 
phosphorus pentoxide nppcnrs to tnke plnce at temperatures higher 
than those attained in present furnace practice, recourse must be had 
to the destruction of the phosphate molecule by reduction of the phos­
phorus pento)"ide constituent to gaseous elementary phosphorus. Re­
duction of the phosphorus pentoxide constituent by cnrhon monoxide 

FlGCllE It.-Storage bins, showin~ senlc ellr aud skip L11r. 

wns not detected by Nielsen at temperatures up to 2,282° F. Un­
published investigations carried out in the Burenu's lnboratories con­
firm this result. Reduction of the phosphorus pelltoxide constituent 
by solid carbon, howe\'er, has long been known llnd is the, basis of 
all commercial processes for the mltnufltCtllre of phosphorus. },IIix­
tures of phosphate rock, sand, and coke J1I1ve been smelted in electric 
furnaces for the production of phospllOl'uS since nbout 1890 (47, 54). 
Ross, Mehring, und Jones (58) und Jucob, Reynolds, and. Hill (32) 
have shown that almost complete reduetion of the phosphate is ob­
tained when such mixtures nre hen ted to 2,372° for 1 hour. This 
reduction reaction may be represented by the equn,tion: 

The heat of this endothermic react,ion at room temperature is 
4,144 B. t. u. per pound of phosphorus pentoxidc reduced (45, v. 5, 
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'PP. 181, 182, 196, 197; 59, p. 330). Similarly postulated reactions 
mvolving either more silica or nOlle at aU gi~'e values of the same 
order of magnitude (58). 

The blast furnnce is wen ndn.ptp;d for carrying out such It reaction. 
Carbon at elevated temperntures IS necessarily present, and the heat 
required for reduction is produced by combustion of coke rather than 
from relatively more expensive electric energy. In attempting to smelt 
phosphate rock in the blast furnace, combustion of coke and forma­
tion of slag occur as in iron smelting, but since the reducible oxide 

FH:UII~; 12.-'I'he CIISL housu during /I Uush, showlriR sIng discharging CrOIll the ciuder notch into the sIng 
ladle. 

in the phosphate, furnace charge is ])205, the product is elementary 
phosphorus, a chemicnl clement boiling at 5:36° F. (45, v. 1, 1). 102). 
At the telllp(~ratUl'cs prevniling in the bottom of the phosphate blast 
furnace, phosphorus, of course, is a. highly superheated gns which is 
carried upwHl'd through the furnnce shnft to emerge from the stock 
line as a CoI1sti tuent of the fUl'1ltlce gns, though seldom mlloullting to 
more than 1 pcrtent by volume. 

EXI'EIUMENTAr, ,'rtOCEDUltE 

In carrying out the phosphate smelting experiments, the cold blast 
furnace "'flS filled with coke i'rom the hottom or the henrth to the 
tuyere level. A layer of wood charcoal was added, und additional 
coke wns charged to fill the bosh. Aboye this, alternnte layers of 
coke flnd of iron blast-furnace sing were charged. The charconl at 
the tuycres was ignited 'with un acetylene lance. The blowers were 
starteci, and cold nil' wus blown through the tuycl'es for Ilbout an 
hour. 
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Molten slag was removed from the hearth, usually from 20 to 40 
minutes nfter the :/'urnllce "'fiS stfirted. As Tnpidly us possible there­
after the gns from the furnace top was brought down through the 
gus-cleaning system and i~nited in one of the stoves. This stove, 
after about an hour's heatmg, was used to heat the blust, while the 
other stove wus placed "on gas." During normal operation the 
"O.Il-gus" and "on-wind" periods of the stoves were 40 to 45 and 55 
to 60 minutes, respectively. As soon us a hot blnst was obtained the 
furnnce wns charged with the desired burden of phosphate rock, coke, 
and flux. 

Before they were cllarged to the furnace the materials were weighed 
in the scuIe car with nn accumcy of about 3 percent. All charges 
were based on 100 pounds of coke. Stock-line measurements were 
made before flnd after each charge in order to determine the intervals 
between charges necessary to maintain as nearly as possible fl con­
stant height of material in the furnu.ce. Slag was removed from the 
furnflce a.t interyu.1s which were determined by the slag volume of the 
burden nnd the mte at which the furnace wns being driven. These 
intervn.ls usun.lly mngecl from 40 minutes to 1 hour. The tempern.­
ture of the slag, as determined by n.n optical pyrometer and niter an 
nllowance of 101°F. as nn emissiyity correction, nveraged about 
2,532°. Snmples of the liquid slag, taken as it ran from the furnace 
into the ladles, wem reserved for analysis. 

The mtes nt which the blast was delivered to the furnace and nt 
which the gas und draft were supplied to the stoves were determined 
from measurements of their pressures, temperatures, and pressure 
differentinls us they passed through a nozzle or an orifice installed in 
the delivery lines. The nozzle for measuring the blast was constructed 
nccording to the specificntions of nozzle D-1 described by Benn, 
Bucbingbu.m, nnd :Murphy (3, p. 568). The dischnrge coefIicient of 
this nozzle was tnken to be from 0.986 to 0.988 under normal opern.ting 
pressmes. The gus and draft ol'ifiees, 2 inches in diameter in a 
}~-inch brass plate, were calibrated in terms of the blnst nozzle. 

The hot-blast temperu.ture wns measured with a platinum:platin­
rhodium thermocouple in n silica protecting tube inserted into the 
hot-blast main us ncar the blast entrance to the blowpipe flS possible. 
The electromotive 1'orc.e of this, ns well as of all other thermocouples, 
was mensurcd with a potentiometer. The cold-junction tempera­
ture was determined with a mCI'CllI'Y thermometer. Tempern.tures 
of the cold blast, gns, and dmf't entering the stoves were measured 
with copper:constn.utan thermocouples. Chromel:nlumel thermo­
couples were used to men.sure the tempemture of the gas as it left the 
furnace top and as it left the stoves after combustion. Mercury 
thermometers were used to measure the tempern.tures of the gas that 
entered and left the spray tower. 

Measurements of the prrs.;;ures at the stove inlets, in the bot-bhtst 
main, and at the gas outlet from the furnace were made with water 
and mercury manometers. 

At intervals samples of the gases lenving the blast furnace were 
taken over mercury in bl'.rettes mounted in n carrying rack. These 
samples were a.nulyzed in a modified Orsat appamtus in which carbon 
dioxide, carbon monoxide, and oxygen were determined directly, 
hydrogen by combustion, und nitrogen by difference. Any o~'Ygen 
present was a.ssumed to have leaked in as air during the sampling, 

http:intervn.ls
http:interyu.1s
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and the 1l11ltlyses were cOI'I'ectec/. fl,('('ordingly to 1m air-frre busi~, 
The losses of hel1t by condudion through the bosh wnlIs nnd to the 
tuyere-llose, -seat, nne! -bI'est coolers were detel'lnincd by l11('I111S of 
the rise in tempel'atul'e and the rnte of flow of the wa trI' used in the 
respective cooling Cil'cuits, 

IlESCRll'TION OF EXPERIMENTS ANO PltESENTA'rlOS Ot' O'\'I'A 

Three series of experimen ts were made on the l'rdudion of phosphate' 
rock: (1) June 8-10, 1£)32; (2) October 10-13, 1932; ancl (:3) ,Jullc 21)­
30, 193:3, The set-up of the nppamtus WI1S ehanged betwct'fl eaeh of 
these series of experiments or runs, The ehanges were lorgely con­
fined to the ~Ils-cooling fWeI the phospl~orus-coJ1t'cting systcms, 
although some Impl'ovements were effected III the stove ('onstruction 
and in the hot-blast delivery system, 

"(uS't' EXI'EItUtE~'l' 

In this run (June 8-10, 1932), the gns-treating system consistrd of 
(1) 11 :Multiclone, (2) a sprl1y towel', and (3) all electrostatic prccipitl1­
tor eonnccted in series, \Y:ttcr to the spl'ily towel' WilS supplird by 11 
no. 4B SP/'flCO solid-cone sprny nozzle, Exhf11Jst wfiter from the SPI'l1Y 
tOWCI', disci1l1l'ged as wastl', contained snflicient phosphorlls in sllsJ)(,ll­
sion to create a henlth hazard. The precipitator was opcrH,trc\ ~with­
out -..vnsh wiLter. Occasional flushing WfiS suffieiel1t to rrl11oyo the 
phosphorus i),net furnace .fume from the tll bes il.nd rods, The insui:l­
tor compnrtments of the precipitn.tol' weI'C not steam-hen.trd~. The 
hot-blnst stoyes we]'(~ lined 'with firebrick, and (~ Iwc\ of cl'lIsIH'd I1nd 
screened firebrIck wus used as the heat-exchange medium, 

Condensation and J~ecoyery of phosphorus in this seri(ls of expt'l'i­
ments were lll1s(l.tisfl1<'tory in spite of the somewhat elaborate f!ns­
<'ooling and gas-cleaning eq uipmen t pl'o\"idrt!, Dust wus CIUTicd 
through the ~lulticloI1e, sprny towel', nnd pl'ecipitn,ior so thut the gus 
supplied to the hot-blast stoyes carried in suspension n, considet'n,hle 
Ilmonnt of dust. The cooling of the gus wus inudequnte, nncl n. COI1­

sidern.ble amount of uncondensed phosphot'lls renutincd in til(' gas as 
yapOl', Also, some phosphorus "fog" or "(mne" was carried to the 
stoyes. The introduetion of this inadequately ('IN'lnrd gas into tll(' 
stoves interfered seriously with thrir opel'fltion since tho intC'rsticC's of 
the gl'l1.llulnr firebrick filling brcl1l11e clogged w~ith en trll pped d list nnd 
the resulting mnss was subjeetrd to some ineipient fusion, 

This detel'iol'lltion of the firebriek bed interfered with the passage 
of both gas and air through the b£'d and lowrred the eflicirney of lwnt 
tl'l1nsfer, As a result, the blnst tempemtul'r wns !':ttlter low through­
out the whole rUll. By reference to tnble 2 it is secl1 thnt the three 
tests exhibit the decrensing blnst tempe/'a,tures of ],153°, 1,090°, nnd 
831 0 :F. Concurrent with this rapidly decrellf;ing blast ternprrntul'e, 
the coke consumption (column :31) incrcased from 4.11 to n,71 tons 
pel' ton of P20s reduced. Considemble mechanienl difficulty wns 
experienced in opel'l1ting the furnnce in tlle latter pllrt of this run 
when the stove passages .hud become clogged, 'nl(' J)('l'SSUI'C l'cquil'l'd 
to force the gas throl'gh the stove incl't'nsed. This, ()f course, 
increased tbe pressure at the top of the blust furnace itself, 11lllkillg 
the ooening of' the bells diflieult find intel'fel'ing with the intl'Odudiol1 
of the cbarge into the fUl'l1oee, 'rhis run was terminatell ilt the end 
of 64 hours, 
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Tbe gtls-cooling and gas-cleaning equipment. in this experiment 
(Oct. 10-13, 1\)32) consisted of (1) a bamed, wnter-cooled exhaust 
pipe or downcomer flnd (2) 0. continuously wnter-flushed electrostatic 
precipitator. Exhaust wl't,tar from the precipitator was collected in 
the settling tank, and allt.1 wed to settle, and tbe supernatant wllter 
was l'ecirculatcd. At frequent intervllls additional wnter was intl'o­
cll10cd to the precipitaWr to remove accretions on the discharg0 
clcctrodes. The water-c;ooled and baffled downcomer pron'd to br 
nn efficient cooll.'l· of the furnace gases, but was subject to such frequen t 
stoppnge that it was 11 bandoned on subsequcntruns. 

The ~sedi.ment that collected in the settling tnnk was finely grnn­
ulatecl t1nd dark gray, unci contained about 20 percent of phosphorus. 
Aftl.'!' 78 hours of operation one of the high-tension insulators in the 
precipitator faikd, and, because oJ the hazard. of making repairs in 
the phosphorus-follied gns line, the run wns discontinul.'d. 

During this tlnd succel.'ding runs a single bell wus llsed, find t1H' 
crm;h('d firebrick fillin~ of the stoves was replaced by wttshed and 
sC'rcC'l1Nll'iy(\[' gnwd (p. 14), 

THIlW EXl'EIH\!J::\"T 

For the run or .Tune 20-30, 10:~3, the· firebrick lining of the sto\"es j 

hot-blust mnln, nnd blowpipe WllS replneed by Armstrong insllhtting 
brick with a thl.'rmal concillctiyity nbout one-fifth thnt of fu·ebdck. 
The gas-trNtting equipment consisted of (1) the spmy tOWCl' and (2) 
tbl.' prC'cipita tor. To reel uce the conc1ensntion of volatile matter on 
the prl.'eipitntol' insulators, the insulator cOll1pnl'tmcnts WC1'e stelllll­
hen.tNt. Wu tN' from the settling tank wns coolcd by the coun tC'l'­
ClllTC'nt h(,n,t j~lt~l'chnnge1' (p. 17) before circulation to tLw sprn.y 
tOWN' nnd pn'clj)ltntor. 

TIH'Otlp;holl t this run I smooth opcl'l1tion of thC' 0ntiro pian twas 
mnrrNI ouly by the stoppngc of the spruy-towcl' inlct. 

X 0 cxp('l'imentlll work WtlS done nfter .Tulle 30, 19:3:3. 
Fol' ('ullvellil.'nce in l'E'porting nnd interpreting the datn, eneh of 

tlH':'iC' TlInS ]\i1S been bt'Oken in to trst pl.'riods, of ytlrving Ivngth, during 
wbiel1 operating ('oIH\itionswere morc or h'ssuniforln. ' The oprl'Hting 
data [OJ' I.'tU"·IJ of these pl.'riods I1reI'epol't('d in table 2. 

Tabll.' ;) shows the ('om positions or the dry I'll,"" mllt(·rinls. '1'1](' 
coke, washed. Flo1'ida Innd-pebblt:> phosphnte, Tcnnt'ssee blue-roC'k 
phospbnte, Florida p0bble phosphate matrix, and lin1rstone wl.'eo 
clwnl;Cd to the furnace "ns receh·ed." Both the coke and limestol1r 
\\'el'c~nppro.ximately 1. inch in mean dittmetet·, The fircbrick Chitl·~('cl 
WflS crushed to pass a 4-mcsh screen. The ayernge moisture content 
of the materials chllrged into theiurmtce was: Coke,5 percent; w:'lshcd. 
Florida land-pebble phosphate, 4~~ percent; Tennessl.'e blue-rock 
phosphate, 2 perrent;F'lorida prbble phospho,te matI'L", 28 perccnt; 
lin1t'stone,2 prrcent; crlls11l.'d firebrick, 5 percent. From these doh'l, the 
tOtHJ slug-forming constituents, 01' slug yolume, charged prl' round were 
cnJculnted. The sIng volume per round wus ulso {'l1lcuhltedfrom thc 
numbcr 01' pounds of CaD duu'ged per round nnci the perccntage of 
lime fOllnd by nnalysis of the sIng. The ynilic Teported in tilble 2 is 
the l1lC'nn of those obtuined by till'se two methods. The maximum 
vnrillliou from the menu vllltle reported wus nbout 4 percent. 
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TABLE 3.-Composition 0/ m(Jterials 

[Dry basis] 

;lll1l('rllll (',,0 Fe,O~ I K,() 

Prrcellt Percellt Pcrc~llt Perccllt Pererllt Percellt Perer7lt Percellt Perce7lt 
rokel ..... ,._._.......... S.:l5 3. III 0.:13 u.oa 2.52 •••••••• ................ 4.i5 
"'"shed Florida lond· 

pebhle phosphato ' .• _-. 0.00 2.13 46,50 1.Ul 0.26 O. i2 31. 63 3,31 
Florida pehhle phosphote 

ry-IUlltrlx', ._ ....... . .10,05 2.-17 20.22 .48 J.Ot • _I .;0 H. i.~ i.OI; 
'renncssco hhw·rock phos· 

phol0 1 S. :14 40.41 • Ii .2:1 2i~ fir. 8.01 
Wyomin!:ite '. 5U4 11. (18 n.oa 6.112 4.59 11. :11 1.42 I. IIi 1.49 
lAmestone 6.. 50. ;2 ,M --- 8. :12 
Firebrick.... QO:IiD 2tt 20 .52 .. .. '"'i:,,8 \- .. 2, HI 

I }·ixet!,cllrhon. 80_0~ J)(~rccnt. 

, C(h. 5.~S pcn'~nt; JhO, 0••6 percent. 

3 'riO" 0.13 percent; ZrO" O.~f> percent; 503, 0.55 percent; ro" 0.48 percent • 

• 'FeS" 10. IS percent; S03, :1.20 percent; lI20, l.30 porcent. 

"I'to" 2,12 percent; .r£,0, 1.8.1 percent. 

G(,0" ·100'10 percent (elllcubWl), 


Tnhlrs 4 und fj show th~~ ull10unts of elu'bon lIsed in the severn I 
fUI'IlH('e l'rnctiolls. Column 2 of table 4 gi\'es the pounds of' fixed 
curbon ehnrged prr round, nnd column H, the pounds o[ carbon eharged 
in the form of earhonntrs. The sums of these weights, or the totul 
wright or cl11'bon chnl'grd, nre shown in column 4. Column 5 shows 
til('. itmoun ts of the cl1l'bon bUJ'J1rd at the tuyerc', that is, the fixed 
eu.rboll in the coke thnt is burned to carbon monoxide by the free 
oxygrll of the. hlnst. Thrse qunn tities were cnleuln ted in the following 
I11nnn('1' fl'om the ('ol'l'ect('<1 top-gus nnnlyscs nncI the total wei~hts of 
('n1'bol1 ellllrgcd. ]~!lch \'olume of enrbon monoxide Jormed oy the 

-' fl' 1 1 .. . I 1 79.08
('0111 1)llStiOU 0 ('til' )011 Wit 1 (ry fill' IS nccompnmc( )y 2X20.92' or 

] .RO, yolul1lcS of nitl'ogPll, w]wl'e 79.08 tlIH120.92 are the yolulUe pel'­
crntngrs of nitrogrn !lnd oxygen in the nil'. Henee, the volume per­
('('ntnge of nitl'og(,11 in the top gns dh'ic!rd by 1.89 givcs the yolumc 
p('r('('11 luge of en.rboll mOl1oxide in the top gns thn t cnme from curbon 
bUl'I1rd by the blust. The lattcr qunntity divided by the sums of the 
\'01\11l]('. vrl'C'cntngrs of ent'boll monoxide and carbon dioxide in thc 
top gns gin's the fmdional pnTt of the totnl enrbon ehnTgcd (tnble 5, 
column 2) thnti \ViiS bring bUJ'llcd nt the tuyercs ut the time the sample 
wnR takell. ThilL is: 

Cnrbon bUl'IIcd at tuycl'e = 
PCl'C'cnt'N.,........".".--.,...,..--..,......, - - X totnl ('ilI'bon ehnrgeu


1.XD >< (pcl'C'cnt CO+pcl'('C'nt CO2) 

http:tlIH120.92
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TARLE 'I.-Phosphate bla,~t·J1tnUlce carbon balance 

(Pounds oC cnrbon per roundj 

lnJlut OutJlut 

l"UU(I"t:~ed for DcrlycdTest no. Used for countedPlxed Curholl Burned decolll- (rOiIl cnl­'1'oinl roducing for!l'nrbon uS cur.. b~' 0, posing cluallon Totalcarhon phos-In coke honates In blast hln~t or car­phntesmoisture bonnies 

2 I--a- --4- --(>- --u-· - -.-g--.--o- -J-O-­--7-­

_____\______ --.-____________1--_ - __ 

1'1IU1ItI.! POIl7ld., PIJ/lml" Pounds POIl7lds POllnds Pound., IPoul1d. PoI/wI.
1.._ •• _••••• __ •. in. OS 0.0 i\l.OS \1\1.67 0.98 8.99 0,0 7n.fi\ -0. on 
2..... _. ___ , ... iO.OS la.02 gO.iO 69.4i 1.81 5.18 1:1.0.' nU.ns -,:18 

t:::·::::::::~ ~g:g~ la:~~ ~~:h~ "'Oil:3f,' ····T2ii ,~:~~ J:I::;~ "·7S.W' ·':':i.f,fi 
5._ ............ 70.08 .\15 77.oa (l.j.411 .78 i.l:I .9r.17:I.a2 :1.71 
6._... . 76.08 1.5:1 77.U1 112.36 a.69 .\\\.aO 1,53 i7.SS -.2i 
7.... • iD.OS 1..5a i7.61 60.[,8 3.07 0.03 1.5:l in.1l 2.W 
s ill. OS I 1.84 ii.1l2 00.0:1 4.:11 12.:la 1.84 j 81.51 -0.';9 

I Due t!J errorS llf Ilulllysis nud undetermined reductiou renctions (coluJ!ln -l minus ~olllll1n U). 

'r.... IIL~~ 5.- {'MUzo/.ion oJ fi;rrd carbon ill the }lJwsp/Jntc !>lllst jm'nuee 

[Percent of !\~ed carhon charged] 

I r~c(1 for l',cd ror {'nllc­TIurned hy decolllpllS­ reducing .\ccOlJut.ed'Pest no~ cDunledO~ In hillst Ing hlns~ 1)hos' for for 1
!IIol~tlJrc Jlhates 

-----------!---l······-----·-·--·· ­
5 I 

I Percent PnCfll/. PIT:;- j:,~~' l'ercrlli'1'
L ... __ .......... . • 87.0:1 1.2f! 11.52 JOO. i4 11.7·1
., 2.:1S 6.SI WO, riO .W
i:~~~:~:~:~:-~,. ~. ··1···..·91.al . 5.01 ..... 'I' '·"",.i.·(·J.'-,4....... " ............... . · OJ. t5 U.24 11)2.05 

5.............. __ ........ . 84.7:1 II. :1. n[,. 1:1 -~. S. 

0, ...................... . ... "j sl.m 1:l.5·1 1/11).:1(1 .30 

7. ._w"' .....,~~_ ._ .... _~ .. ~ .. "~_~.~ · JI.S7 {If}, 72 i -3.2Sj' i9.11~
S......... '" • S6.•9 10.21 I IOS.0i ; 8,6i 


I 

I .nuc to errors of analysis lind undetermined reduction renctions. 

The ncclll'll.cy of tbis qU!Lntity is subjeet to the erl'Ors of gas snmpliug 
and analysis. It is trUI)T representn.tive when (1) uU blast oxy~('n is 
converted to carbon monoxide, (2) tho only source of nitrogen is the 
blust, (3) nil thc fixC'd ('arbon ('harged n,ppCllrs in the top gns, Ilnd 
(4) the clll'bonates u·re being caleinccL nt the same UYCl'nge l'ntc nt 
which they nre being charged. The tuycre-pln.ne gas 1l11nlysis i/l\"('s­
tigu tions of Kinney) Royst('r, and Joseph (S6) hnxe sho\\:n tlmt nil 
the blast oxygen is eonYcrtl'd to cur bOll monoxide. 

The nmount of nitrogen deri \'ed from the charge is slllull ill com­
parison with thu.t supplied by the blast nnd llliLy be ncgleeted. SonH'. 
fixed cltrbo11 is cn.l'l'ied out of the ftH'IIIwC by the top gas a.nd by thn 
fel'J'ophosphol'llS formed, but its nmOi1l1t is sHw.1I and usually within 
the limits of ftccurncy with w}lieh tho totnl Jixed carbon churgcd is 
known. and mny, thnl'cfor("1 be neglcd,cd. 'rhe vHl'in.tion of tho 
instfl.ntuueotls cuJcinntion l'ntc from the Limc nn'mge is of little 
consequ(,lleC in most phosplmte smelting sine'(', the ci\.rbonntes nrc 

Illi400-:li--l 

http:tuycre-pln.ne
http:ncclll'll.cy
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present only as minor impurities in the ores. However, when car­
bonates are present in appreciable quantities, as in tests 2 and 3 
(table 4), it is only necessary to bflse the above caleuln,tion of the 
carbon burned at the tuycre on a time-average gas ann.lysis obtn,ined 
by averaging a number of individual nnalyses in order to obtain n, 
representative value. 

Since the heat generated in the furnace depends entirely on the 
carbon burned by the blast, it is convenient to express other qun,ntities 
in terms of the carbon burned. In order to convert hen.t losses 
mel1sured in ordinary time units to this unit carbon basis, the rn,te 
at which the blast is supplied and its composition must be known. 
Where the basis is the carbon burned bY' the blast the unit of time 
involved in the calculations is the time required to burn It unit weight 
of carbon. 

The carbon used to reduce the moisture in the blust nuty be cfLl­
eulated from (1) the directly measured humidity of ~hc blast or (2) 
the hydrogen content of the top gas, on the assumptIOn that nIl the 
hydrogen t.herein is derived from the moisture of the blnst. The 
lntter method is obviously less accurate than the former, since some 
hydrogen certitilllyis derived from the voln,tile matter of the coke and' 
since any wnter letLking into the furnu,ce from tbe bosh find tUYCl'e 
('oole1:s would appen,r as hydrogen in the top gas. 'rhe carbon tlsed 
to reduce the blnst moisture wns, therefore, cnlculated from the blast 
humidity. On the n,Ycrnge, however, there was not much dH\'el'enee 
between the hydrogen content of the top gas and thnt cn.lculu,ted :from 
the blust bumidity, indicltting thnt only negligible mllounts of wILter 
IC'aked into the furnnce from the bosh nnd tuycre coolers. 

The em'bon used in reducing phosphntes wns clI.lculn,ted from 
the eqlUttiou P205+50=}6P4+5CO and the amount of pitOSphOl'US 
pentoxide reduced pel' round (table 2, column 29). The enl'bol1 
ul1accollnted for is considered to hnve been mostly consumed ill 
reducing other oxides present, snch as the oxides of iron or enl'bon 
dioxide, though due in part to thn,t removed in the fel'l'ophospitol'lIS 
formed lLUd in the fume cnrried by the top gns, Itnd to errol'S of n,nnlysis. 

'rable (j gives n totnl heat bltlnnce for these tests. It is bused on 
the burning of 1 pound of carbon by the free oxygen of the blnst. 
This basis is more convenient for calCllhttions, nnd the res111 ts ttro 
more easily interpreted thnn when the amount of (,H,l'bon burned pOl' 
unit of time is used ns the basis. For the sume ron,sons the heat 
balance is presented in terms of the carbon bUl'1led l'nthcl' tlJU.ll on 
the basis of reduction of n unit weight of phosphorus pentoxidc. 



--------------------------

PROCESSES FOR PRODUCTlON OF FER'l'ILlZER MA'l'ElUALS 27 
, 

l'ABLE 6.-I-Ieat balance of the phosphate blastfurtlace I 

[I pound of curbon burned by 0, In blast) 

Heat input 	 Heat output 

. 	 Va(lorl·Ro- Cn!-Test Com- Re- zlIUon Sen· 	 ITeM tlnne-Sen· due- clnn- Sen·no. hus- due-	 slblo lienrtl!- counted for'sible tlon of tlon of nnd reo slbl.!tlOllO! 'rota! !.Iono! lIlovn! hento! hent. Totnl!tento! blast enr· !tent orcnr- phos· ofwnler <lry lossesbln.~t lIlois- bon· sIngbon phntes In t.op gosture 	 ntes c!tnrgc 
-~-"'------ ------------

I l 3 ~ 5 fl 7 S \l 10 11 12 1:1 14 

Per· 
B.ldt. B.I.u. B.I.u. B.l.u. B.t.u. n.l.u. B.t.lt. B./.u. B./.II.. B.toll. B. t.ll. B.I.It. cellt 

L .•. ·1,014 1,548 5,502 l,32l 08 155 455 1,205 W7 4,20l 1,:101 23. ·1 
2.• _. 4,014 l,4hO 5. -18.1 i20 122 -i"l:ji- 247 iiB 2,216 830 0,003 -580 -10.0 
,1. ... 4.(1l4 UOO ·1. \123 J,006 84 SO 322 1,107 738 800 ·1,287 f~l(I 12.05____ 4.0I.l 	 j, 548 5, ·172 ],oIlS 57 SO :13:1 1,055 752 \){)7 4,282 1,190 21.; 

Z, no 6,25:1 J, flS2 2;5 128 201J ·128 1,28li 1,111 5,088 I, Hili lS,O 
I){)"~:::! Ul:: 2.0ii (it Ofn 1,487 auu 128 ../ 518 l,ans 1,0:11 atoms 1,02U 10.8 

8.... ; 4.014 2,O:l!J 6,05:1 1,8ii 304 154 227 574 1,354 8·12 fj,a32 721 11.91 
I Heference tumpernture, 7io 1'. , Colu1Jln 13 e(lunls column 4 mlnlls columll 12. 

INTEUPUETA1'JON 0.' RESULTS 

It hns been ex~)lained t1mt the major objective in the conduct of 
the furnace expel'lments described here was to determine the amount 
of fuel neccssn.l'y to reduce the phosphatic constituents of phosphate 
rocks to elementlLl'y phosphorus by the blast-furnace process. Other 
factors are of economic importance, but as stated above, the major 
item of cost in this process is the fuel used. It is not possible to dupli­
caie in It furnnce npparn.tus as small as tlmt used in these experiments 
the exnet thermal conditions which will prevail in a furnace of com­
mercial size .. It is necessary, therefore, to subject. these experimcntal 
results to a detn,iled. analy"is in order tlmt a proper figure may be 
derived for use for forecaf:'t.ing the coke consump'tion in a commcrcial 
unit. 

In n.ttempting to interpret the tllennal phenomeun, taking place in 
the phosphnte blast furnace, it should be ren.lizcd that tllC progrcss of 
the reduction reaction is control]rd largely by the hen.t Itynilable for 
cn.rrying 011 t the l'ea(,.tion. The llCHt supplied to the furnn,ce is derived 
from (1) combustion of the fixed cm'bon of the coke with the free 
oxygen of the blnst, ~nd (2) the sensible 11ent cnrl'ied by the blust. 
The totul heftt l>upphed must be correded for the hent lost to tho 
cooling water flIld for that used in the decomposition of blast moisture 
in order to obtn,in the llet bent availnble for smelting purposes, The 
nct heat supplied pel' pound of carbon bUllled at the tuycres may be 
computed directly f),om (Iun.ntities shown in table 6 (column 2+ 
column 3-cohunn 6-colunm 11), 

The mnount of P20s reduced when this nmount of heat is nVl1ilable 
is obtained hy diyidin~ the weight of P 205 rcduced per round (table 2, 
column 29) by the WeIght of carbon burned .at the tuyeres per round 
(table 4, column 5). The net hent supplied and the cOl'responding 
amount of P 20 5 reduced for each of the test periods nre presented in 
table 7. These qun.ntities hnve also been caleuln.ted for the series of 
experiments reported by Royster and Turrentine (61, p. 225) 011 the 
Bureau's small fU1'llace, und they are included in this tnble. 
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TABLE 7.-Nct heat supplied and P20s reduced per pound of carbon bu,rned at the 
tuyere 

LARGE EXPERIMEN'l'AL FURNACE 

Net heltt. p,o, Net. heat r,o,
'1'e~t. no. Test 110.sUJlplied I reduced supplied 1 reduced 

f:I.l.u. POIl7Ilis H.i.". POllnds 
L _______ .... __ ..._.... . (L '" ... _________ .... _________ _4,4UO 0.319 4,SOi n. :JIJ9 
2_____ ......... __ .... _.... _~ .. .. 4,532 .176 4, i57 .359 

4___ ............... .. .. .243 ·i,H07 .453
_ 3, DiS R:::::::::::::::::::::::::I 
n .. ___ ...... ~". .. , ___ • ____ ._~ 4.50i I .20., ,, 

4,448 0.223 
4,05.1 .251 
4,806 .320 
·1,8tH .315 

I 'rotal heal. supplied IlCr pound of carbOIl hUrIled by 0, minus lhe S\1111 of tho holtt. lost to the cooling
wllter and tho heat. used for decomposin~ the bIllS!. moisturo. 

, Calculated from t.ho rcsults of Hoyster Imel 'l'urrcntine (61, p. 22,;). 

The datiL contained in table 7 are plotted in figure 13. 
i.\. straight line was 1i.tted to each set of data by the method of least 

squares. Test 2 on the large furnace was omitted from the least 
squares solution because its heat balance (p. 27) shows considern.bly 
more heat used than. was supplied. Lines a and b represent the data 
for the lrtrge and small furnaces, respectively. The failure of these 
lines to coincide mn,y be attributed to general experimental error and 
to the fact that the heat losses of the smaller fumace were measured 
less completely. Line t' represents the mithmetical mean of lines a 
and b. Its intercept wl!h the ordinn,te at zero reduction shows the 
nmount of l1('at that mud be supplied oyer nnd above the cooling­
wnt('l' heat losses and the Le!tt used in blast-moisture reduction before 
nlly heat is availnble for phosphate reduction. This is 3,355 B. t. u. 
pn' pound or eiIT'bOIl burned at the tuyere. Its slope represents the 
hoa!; nhsol'bod in the reduction of phosphates, which is 4,167 B. t. u. 
pel' pound or P20r.l'edue('d, as eompnl'ed with the theOl'etical value of 
4,144 B. t. u. givon on pnge 18. This is the hen,t ofreduetion nt 77° F., 
since the vnlue used for the heat of combustion was that a.t 77°. 

In the aboye considerations the efl'eet of operating yn,ria bles, such 
ns the amount, composition, and discharge temperuture of the Sltlg, 
height of stock line, and l'ute of driving, have been completely ignored. 
No cOl'relntion between these variables and the manner in which the 
individual points deviated from the values obtained by the least 
squlU:es solution could be fOlwd. This simply means thn,t the range 
of vn,l'in.tion of any particulnr variable wns insufficient to permit its 
detection. For this reason the intercept ynlne of 3,355 B. t. u. per 
pound of carbon burned nt the tuyere is taken as applicable to the 
mean of these operating conditions. 

This threshold yulue of :3,355 B. t. u. pFr pound of carbon burned tlt 
the tuycl'es thnt must be present before any phosphtlte reduction can 
tnke plaee must have some I\mdnmen tnl significance. This large 
qunntity of heut mllst escape from the phosphate-reduction zone un­
used. It eun escnpe only as sensible hent of the sIng nncL bosh gas 
leaving the zone, since the cooling-water heat losses have nlreudy been 
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taken into account. (Bosh gas is the mixture of carbon monoxide) 
nitrogen) and hydrogen resulting from the renction of the blast with 
carbon.) The 3,355 B. t. u. unavilable for phosphate reduction is not 
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}'IOjJlLE l3.-Helation between tho umount of phosphate reduced "ntltho helll supplied. corrected for the 
hell!. lost to the cooling wUler lind thllt IIbsQrlJed In the reduction of the hlnst IIlOlsture: (I, Luru(l ex peri­
mentnll?howhate furnu~e; b, small experiI!lCntlll rhosPhlltc furnace; C,lI1e"lI of curycs It/mel b•• 'rhe SlJ1all 
squures indICate resulls In lhe Jurge experuuento potnsh'phosphnte fUfllneD. the clr('les thoso III tho large, 
und the triongles those ill lhe SlJ1oll, experilJ1entul phosphate furnnee, resperth'ely. 

the total sensible hent of the sIng and bosh gns leaving the reduetion 
zone but is the difl'crenee between the hent ('nrl'ied out of the zone by 
them and the hent brought into it by the deseencling slag or slng-i'orm­
ing materials and by the carbon froill 'which the bosh gas was derived. 
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The net heat ('orried out by the sIng is the product of the OITIOUllt 
of the slag, its menn specific heat, and the difference betweru the tem­
perature at which it enters a;nd at which it lellves the reduction 7.0ne. 
The observed sIng tempe1"l1.tures were about 2,662° F., from whiehit 
is estin1fl.ted that the sIng left the reduc.tion 7.one fit approximately 
2,687°. On InI'ger furnaces, where the heat lost from the (Tucible nnd 
in the process of flushing would be relatively smnllrr, the observed 
slag tempemture should be higher nnd more nen.-Iy 11 pproHeh the tClll­
pern,ture nt whieh the sIng ]elwcs the reduction 7.onc. The tlv(,1'ilge 
sIng volume for the present work wns 1.65, for the previously reported 
tcsts on the small furnace, 1.30 (01), and for tIle menu of both series, 
1.48 pounds of slug per pound of carbon burned nt the tuyeres. If 
the mean speeific hen,t of sIng at high t('mpprn tures is til kpn tiS 0.2(1), 
the net hent T(,1l1o\'cd by the sIng is 1.48 X 0.27 I) X (2,687-t'c), wll('n~ 
t' c is the temp(,1"11 ture at whieh the deseending stoek ('n ters the reduc­
tion 7.0n('. . 

The net IlcHt ('nrried nWlIy b}T the bosh gas is the difrpJ'('IH'e bPi w('en 
the sensible llent of the bOf;h gus ilt the temperature ie, nt wldeh it 
lellves the 7.onc, nnd the sensible hpII t of the cnrboll at the tempemtul'C 
t'C) fl,t ",hit-It it enters the 7.Olle. Bt'cause of the intimate contnct be­
tween the deseending stoe1\: unci the I1sc('nding gnse", it is not 1Il11'cnson­
able to assume for pl'flcticflL purposes thnt the tempemtures t' c und t, 
nre the snm('. On this assumption, tc hilS bepn computed from the 
e:\-pressions for th(' lI('t heat of the sing, the s('l1sible hen ts of the bosh 
gas nnd c:lrbon, flnd the expC1'imenbllly determined ynlue of :3,:~5.':i 
B. t. u. to b(' 2,251)° F. It way be int('rprcted ns the tl'mperllture 
(wlow which 110 phosplwte reduction oc(,urs, nnd I1cC'ordingly it is 
enlled til('. "cfreelive ('J'itical tpmppraturC'." Jt was IInne('eSSflr,\' to 
take neeoullt of the sC'nsibie heats of the carhon, P 205, eHrbon Juonox­
ide, lind phosphorus ill\'olYcd in the- phosphnte }'('(luctiol1 been us(' the 
hpat of ]'p(\ uetion nt Ti owns used I'n ther thlH1 thn tnt te. 

The :1.\TC'rngel1et hen t cln<ripd 011 t by the slaK, thn t is the snpC'rilen t, 
in these tps!s WlI", tIH'rcforC', 1.48.>(0.275}'(2,087-2,255), 01' ](1) 
B. t. 11. The sublrnetioll of this fro~ll the totnl of :3,%5 B. t. 11.1eH\'es 
a,180 B. t. ll. ns the ]1pa ten ITied ou t of the red uetion 7.Olle by the bosh 
gns for n. blnst humidity 4 of' n.OI. For n. dry nir-blast this yalue would 

2.8!l/:{,180 '3'o-B tbecomo ') 0- , or . ,0,,;) , . .. u.-, ( 

Although n, l1uli1berof n pproximn Lions wC're il1\'o1\'C'(\ in (\('t('rmin­
ing this superlwnt of the sIng, its nctunL magnitude is smull compared 
to that of the totnll)('ut ICllying the 1'('netion mne unused, l1lhlli We 
error will be intl'Od u('ed if' the (':\lJcl'imcntally observed hcat linn \'nil­
able for phosphate lwiuetioll is ('olT('('tpd in this WHy for variations in 
sIng volume. Corrections muy likewise be mnde for yariutions in the 
yolume of bosh gns itS a result of ehnnges in nil' humidity. 

The assumptions 111lide in cllleuiating the net hellt cnlTied nwn;y by 
the bosh gflS were that (I) usc mil,y be made of the result of the extm­
polation to 7.ero reduction of straight line c, figure 13, (2) the sIng wus 
superheated to 2,687° l!-'., nnd (3) the sensible 11cat oj' the bosh gns wns 
sufficient at nil times to hent lip the chnrg(', ('ukine the carbonates, 
nnd evaporate the moisture. Subsequcnt cakulatiol1s will show thnt 
this last assumption is justified ill nlmost ull pmcticlll phosphnte 
smc1ting. 

j Blast humidity (II) =weight of water per unit weight of dry hlust. 
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The determination of the n6t heat carried away by the bosh gns 
nUlkes l10ssiblc the C'nkulnHon of the coke consumption. to be expected 
in smelting nn}' gin'll phosphute roC'k. The superheat of the sing and 
the hent inYolved in the aduul red uction of phosph!tto 1'0('k liTe~most 
('onveniently calculated on the basis of the amount of P!!05 reduced. 
On the other hund the amount of h(,llt suppli('d, hcarth-hcH-t losses, 
blnst-ll1oistul'c reduction, and the hen t C'arried off by the bosh gus 
d('pend on the nmount of cllrbon burned by tile; ftee oxygen oC the 
blnst nnd nrc, therefore, more easily C'omputed on thc bnsis of the 
cnrbon bumed nt the tuyere. lIenee, heat requirclllentsnre bused on 
the reduction of 1 pound of 1'~05' while the IlC't hent Iwnilnble for this 
reduction is based on the combustion of 1 pound of cHrbon to cllrbon 
monoxide. The followin~ tllbulntion shows n, typicill cnku/ntion in 
which test 7 on the Il1rge lUl'llllee is used ns 1111 exnmple. 

H. t. II.Hell-rth heutr('quired per pound of P20s reducl'd:Q, For reducing pbosplllltl's _____________________________ _ 4, lUi 
Q~ For sllperhl'llting slug _________ .... __ .. ______________ _ HG2 

4, 829 

Hearth lll'tlt !lvailnbll' llt'r pound of r:trhoJl bllrllpd lit tile tuyi'n-; 
Hput supplied: 

Q~ By combustioll of C to CO __ . _.... __ _ - .. _ - - . - - - - - 4,014 
Q5 By sensibl(' heat of hlust ine!uding moisiur,', l,-\lii" F _ ,_ 2,Oii 
Q6 T01l\\ hculsupp!ier! __________ .._________ .. ___ _ G, 091 

Heut not Ilvnilubk' in hearth: 
• 	 Q7 Lost by radiation und conduction; 

Ill) From Ill'urih to ('ooling \\'1lh'L__ .' ___________ - 1,031 
Q. ("sl'd for J'('during blast moisture, 11 0.01 i 1 __ . __ ..... __ _ 30G 
Q~ Cnrri~'d out of reductioll zone: 1 

(a) B.,· the prod lids of ('ombustioll. _ - - - - . - - - - - - 3,095 
(blB)' the products of moisttll·(, d('('olI1position ". -_ .. -- 14& 

QIO Totnl hent llIln\·uilnbll'. ___ - _- _ 	 4, fiii 

~ 

PoltlltisCltrbon fl'quirt'C1 pcr pound of P20~ n'duced: 
('I For grnrmting hent, Q3IQII- __ - .. ------ ------ ­ 3,190 
C'2 r~or r('Clueing blustmoistur<" 0.0(1;]1 C 1 _____ • ____ _ .. 2095 
C'l .For redueit)!; pllOsphut<'s __ .422;) 

Ct Total ('urbon required .. 3.822 
Coke 2 r('quired liN pound of P~05 reduced; 

:-;-", _.~ C~ 3.82 4. 30(( Cok(' ('on"ulllptlOlI=O . .s7=O:8"7 ---

J ~~nsihlc heal. of the JW.:cous prorlu{'ts of ('QrnbustiOn nnd moisturo dtwomposiliun lninu:; the $Illl~ihl~ 
hent of the ~arboll Irum wlIklI thl'} wen' deri\·etl. 

,<;,-\>erc'Cl1lILw(\'cllrbotl C()k~_ 

The col\:(' C'onsumption C'fllculntcd in this mlllllWr includes the 
total ('nrbon required [or supplying the hellt, d('('OIl1p()sin~ the blnst 
moistur(', find reducing the pilosphnteB.

QI is the hetl.t of red uetion of 1 pound or l\Os u::; present in pl\(lsphnte 
rock. The yuIue tllken, 4,167 B. t. U. P('.' pound, .is that I'('presented 
by the slope of line, (! in figure lao 

Q2 is the hent required to heflt th(' sing frolll the ('ritieul temperltturt' 
of 2,255° F. to 2,687°. It is ('qUill to the nmount of sing: fornled per 
pound of P20sT('duccd, 5.57 pounds in test, 7, multiplied by the meUll 
specific hellt of 0.275 at these temperutUl'es nnd by the temperutllre 
difi'ereIlce of 432°. 
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Q3 is the total hearth heat required per pound of P 20s reduced. 
Q4 is the heat evolved on burning 1 pound of ('arbon to carbon 

mono)'."ide. 
Qs is the sensible heat of the moist air l'equired to burn 1 pound of 

carbon. Jj'or convenience the sen::;ible heat of the dry air l'equired 

4,000 

CD 

~ 'It 

o 1,000 2POO 3.000 
BLAST TEMPERATURE (0 FJ 

}'lllUItE H.-Sensible hellL uf uir lind pure oxygen blasts per pound of carbon burned hy 0, to carhon 
monoxide. 

to burn this much cllrbon and the corrections to be added for various 
humidities in order to obtain Q.> at any blast temperature are shown 
in figure 14. 

Q7 is the total hent iost by radiu,tion Ilnd conduction, Q7a is the heat 
lost to the cooling wuter. In these tests the entire surface of the fur­
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nace from the bottom of the tuyere brest to the top of the bosh wus 
water-cooled. 

Qs is the hent used to reduce the blnst moisture nccording to the 
renction: 

It is equnl to 4,662X3.84:3, or 17,915 R. t. u. (45, t. 5, p. 181; 59, p. 
330) mUltiplied by the humidity, in this case 0.0171 pound of wlttcr 
per pouncl of ni•. 

Qg is the difference in the sensible ]H~iLt of the bosh gns lcnving" nnd 
thnt of the cnrbon frol11 which it. wus derived entering the redliction 
zone. For conycnience this quuntity hns becn sepnrll,ted into (1) the 
differenee betwe('n the sensibk hents of both the car'bon mono~-ide 
und Ilccompnnying nitrogcn resulting from the eombustion of cll,rbon 
with It dry blnst und the scnsible lH.'nt of the cHl'bon eonsumed in the 
combllstionreaction and (2) the difrereneo \)('tWCI'Il the sensible hen ts 
of both the ea rbont monoxide nnd hyc!rogen resul ting from the red uction 
of the blnst moisture HBcl the, senSIble heat of the cnrbon consumed 
. tl .. I t' Q] . . t -.1· f 2.89X3,180
III le ICC nc IOn. 9a 1I1S <1, eons n.nt \.lue 0 2.89+ (2XO.0:384:3)' 
or 3,005 B. t. U., fOl' ell'Y nil' pel" pound of em'bon bUl"Tled nt the tuycl·e. 

Q . It :3,180-:3,095 -OOB t' 111 tl ')'
Ob ]S equno --0.01--' or 8, u . t. u., 'lllles tIe) ns 11I1Ill( Ity. 

In test 7, Q9b is 8,500XO.0171, or 145 n. t. u. Qu, therefore, is 
3,09.5+14:j, or 3,240 B. t. U. 

QII is the n<'t hearth. hent antilnble for supplying- the hearth-hent 
requiremen ts. 

C1 is the. nmount of ('arbon whieh must be blll'npt\ by the free 
o~"ygen of the blnst in ordel' to gt'ncrnte the llCat ]'equired. In phos­
phnte smelting it is the ltuget'of the ynlues obtained by dividing (1) 
the lleluth hen.t ]"eq uil'CCi for redueing 1 pound of ]>205 by the net health 
hent avnilnble fwm 1 pound of cfirbon bUI"I1e.d nt the tuyerc. or (2) the 
tob!lhent required for reducing 1 pound of P205 by the lwt totnl heat 
nyntlnble from 1 pound or cl~rbon bUl"lwd fit thc, tuyere. ]n this case, 
us in most phosphate smelting, it is the fOI'l11er. 

('~ is the elll'bon requircd by the moisttll'c-r('duetion J"t'nction gi\'cn 
above under item Q,. It equnls ~.84:3 tinws the humidity expressed 
in pounds of wntel' pel' pound of d I'Y nil.'. 

('3 is the ('/lrbOI1 rt'qllirt'd fOI' tht' phosphnte-rt'ductioll rcnction. 
R('gal'dlcss of the composition of thp, phosphnte rock the carbon re­
quired for reduction is determined by Uwequation: 

P205+;jC=IW~+!j CO 

Thus C'., is constant find ('quuls 0.4225 pound of ('ilrblln per pound of 
P20" red !leed. 

'1'0 obtain the ('oke consumption the totnl cflrboll requirement, 0 4, 

must be divided by the pCl"('entnge of fixed (,l1rbon in the coke used, 
An cXHminntion of the nbo\'c tnbulntion inclien t0S (j \'0 wnys for 

dccl'el1sing the coke requirements of the phosphnt:c blnst fUl'I1nce: 
(1) The slag-superhent l"l'quirenwnt clln he lowered by decren!';ing 

the sing volullle. This cun be H('('oll1pJisilrd by using I}, ri('hcr ore 
or by Ted ueing It largel' percent.nge of the ):>205 ill the dHlrgc. In test 7 

01740°-'-;17-ri 
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only 70 percent of the total P 20s was reduced. Here as in most; other 
tests the furnnec wa~ purposelyoverburdened. A red uction perccn tn.ge 
of 90 should be 11 conservative cstimate on n. properly burdened fUl'l1ace. 
In fact, one of the tests on the small expCl'imentn.l furnace shows 90.6 
pcrccnt r.eduetion (61, p. 225). The sln~-superh('nt requirement is 
approximately 13 to ]4 per('cllt of the totnl hearth-heat requirements 
so that It dl'tlstic reduction in sIng vol lime would be necessary before 
any mn,terial change in ('oke (',onsull1ption could be expected. 

(2) Coke consumption may be decreascd by drying the blast. 
The coke consumption 1'01' iL dry blast mlly be, readily detel'mined by 
making the propel' changes in items Q", QSl Qo, nnd O2 of the tllbulation. 
On ehllnging these items to cOI'l'espond to 11 dry blnst, a coke consump­
tion 01':3.39 is found, ns('ompn.red with4.3!) forll,blnsthumidityofO.0171. 
For u, blast humidity of 0.01 n. \'ll.llle of 3,B4 is obtnined. At higher 
blnst temperaturcs, hOWCHI', the mngnitude of this Sil ving would be less 
beclluse of the smnlIel' umountof wind blown per unit of IlPn t supplied. 
The ad visabilityof drying the blust depends upon the reln,ti\re value 
of the coke sHyed and the cost of prod ucing the d I'y blnst. 

(:~) In these Legts thehI'Il t los!'\cs to the cooling watel' amounted to 
more than] 6 p('l'('cnt of the totnl hl'iLt supplied. Most of this heat is 
lost from those portions of the fUl'llncc where phosphn,te reduction is 
tnking plnee. ConsequPlltly nlly decrense in this loss would J'csult in 
incrensing the n,vililn ble henl'th hent by the snme nmount. In the 
illustI'Rti\-e cnlculn,tioll nbove, tlus heRt loss (Q7U) was 68.1 percent as 
huge ns the n.Yailitble heulth hen t (Qll)' If the hent loss could be re­
duced by a hnlf, the ('urbon bUl'lled at the tuyt"l'e would be reduced by 

1-1.;;40' or 2:'3.4 p('rc('nt, nnt! th(' ('oke ('onsumption would become 

8.46, or a snying of 21.2 percent ill the ('oke rcquil'cd. At higher 
blast tempcmturcs this SHying would decronso in rell1 tive illlportnnce, 
since It 1t1l'~el' pOltion 01' the hen t in IlU t would ('omo from the sensible 
hent of th(' blngt. D('creHsing the h('nrth-hl'ilt! loss offers nn important 
means 1'01'1'('(\ ueing the ('o].;e consumption, An inel'(,Hse in fUl'l1nce 
size should de(,I't'IlSe the bogh-heaL losst's ('onsid('l'nbly because of the 
dCC'I'ense in thp, I'ntio of bosh "'uH al'pH, to bush volume. 'l'uyere hcot 
losscs, \tOW(WCI', del)('nd mol'C 011 hot-blast telllpt·l·itturp, combustion­
zone tempNntul'e, Ulld vt'locity of the blnst. The blowpipe and tuycre 
weTe lined with Armstl'ong insuln.ting brick prior to the experiments 
of June 198:3, in order to l'pduce the loss of hent from the blnst. Such 
il1sulntion would be pnrticuiflrly nd vnntageous when extremely high 
blnst tempel·n.tul'(,s nre used. 

In actulll commereinl prnetiee, these heat losses from the bosh 11,l'e 
('onsickrnbly less thlln in a small cxperimentul fUI'l111ce. Reeently 
l\lurshn.H (43, 44) mensured the cooling-watel' losses on some British 
il'on blt1st JUl'l1aces. They runge from 150 to o,"er 400 B. t. u. pet· 
pound of ('nl'bon bUl'I1ed by the blust, which .is mueh lower thnn the 
11.Vernge of 940 B. t. u. found in this work. The higher blnst tempel'H.­
t.um in use here would nceount for some, but by no menns the major 
portion, of this difl'ercnee. The estimnted bosh-heat loss of 750 B. t. u. 
used 1'01' enJellln,ting the coke requirements 1'01' n, eomllwl'cinl phos­
phntC' fUl'llu('e (p. 42) may seem unrensonnbly high in view of this, 
but it must be remcmbcred thnt hot blHsts l'unging from 2,000° to 
3.000° F. nre nnticiputC'd, und it seems uddsuble in genernl to lise a 
conservatin vulue. 

http:01':3.39
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(4) Ooke requirements can be lowel'cd by illcreasin$ the sensible 
heat of the blust, Theor('ticall,Y the cnrbon monoxide Jll the top gas 
wiJl supply' more than two and olw-hn.lI' times ns much heat us does 
the cm'bon from which it is forllled. Hcnc(', potentinlly thcl'e are Over 
10,000 B. t. u. per pound of cnl'bon bUl'l1ed that can be converted into 
sensible hent of the blust. In aetunl prnctice this quantity is limited 
by the ternp('rlltul'C to which the blnst rnll be hen ted conv('niently. 
Blust tempemtures in excess of 2,0000 F, hn.\'c nlrendy been used, 

]11 figme 14 the sensible heat of the uir blast 1'PquiJ'('(l to burn 1 
pound or cftrbon is plotted ngninst the blast tpmpel'n.ture, 

It is at ollee evident, therefore, thn.t the prin<"ipnl opportunity for 
red ucing the colw l'cq uircment li('s in nn ill(,l't'ase of the blilst tempel'lt­
tuJ'C. Blust tempel'nt.ure,s of 2,000 to 3,00(}0 F. should lower coke 
requiremcnts pCI' ton of P20sl'educec1 to 2}~ nIlcl 1%tons, 1'('spcctively. 
It must. be emphasized thnt n.pproximn.tely olle-hnlf ton of coke is 
requil'ed cbemicuJ1y 1'01' the recluetion of 1 ton 01' 1)20;;, l'egnl'clleRs of 
the use of higher tpl1lpcrntures or other mCIlIlS 1'01' in('rcnsing the thpl'­
1ll:!1 pfi1eicn('y, Thus tIle eoke I'rom which tlw required hent is ob­
tained is 1'oughly 2 IInd].l{ tons, respectiyely. 

(5) .An n.dditionnl way 1'01' lowering coke ('onsumption in som(' 
instn.llces would be to use. nn o:>.:ygenated blnst. This would deel'ease 
the volume o[ nitrogen pnssing through thl\ furnace nncI thus 10WPI' 
tile net ht'ut cllrried up the shaft by the bosh gas (Qg of the tnbulntion 
on 'P. 31). Figure 15 shows the vnrin.iioll in till' n.\'nilnble shnft heot 
with Yllrintion in composition of the blnst. 

For 	exmnplc, n, 'PUTe oxygen b\n.st would I'Pt\u('e this he~tt from 
3 ] 80 B ]' . , I tl I3,180 	to ~~97 ' 01' 1,071 .. t. 11. t IS Important, 10W('\'('I', IItt tIe 

net n,yaili\.ble shn.ft heat ('qun] 01' ex('cecl the hen,t 1'('q1lil'('(l for ])re­
hmtting the stock, evn.pol'n,ting the moistn.rp, n-lld (,u.1eining the cn1'­
bonn,tes i otherwise, high-t.cml)cl'H.tul'e hen.L:wnihble for phosphnte 
reduction will he diY(,l'ted to this use. With n-n mrygen-enrichcd 
blllst less hent is ('n-lTicd into the fUI'l1n.ce ns sensible he:it of the bln-st, 
:tnd this must he tnken into account in obtn,ining the net hearth heat 
Iwnilnbl('. This hc('omes incrcasingly importnut II,thigh blast t('mpern.­
tures, itS do 1\,1so the slmft-hen,t l:equil'ements. In fa,el, when blast 
temperatUl'Ps n.hoye the critical tprnpern,{'ul'c al'e used, o~:ygcnn.tion 
wottld he 11. detriment rcgardless of whether or not the shn.ft':hen,t 
requirements WNO bring met, herallse the sen~ible hmt of the blast 
above. this tempcI't1.tUl'e would he used in phosphntc reduction, 
Theol'etienHy, it would be mlyantttgcous to add nitl'Ogell to the blnst 
ill this casc. Conseq1lpntly, lo\\,et, coke consumption will be obtnined 
with Il, hig-h-temperntul'C nil' bInst. than CQuld be, ttttain('d with nn 
oxygenn.ted hln.st, 

jr.'om the above considel'U.t:ions, it is evident thn,t the hot-blnst 
stoVt'S m'c of eonsidemblo impol'titnce, In the iron blast-furnnee 
phm t the stoves nre both hugel' and more expel1si \Te than the furnacc 
stltt'k its(']f. In good pl'IL('tiec they may give blast tempcmtul'es 
betwe('ll 1,4000 and 1,0000 If. 'fhe high ('.ost o'f the stoves is due hU'gely 
to the specially shaped fircbrid:: che('kers used liS the ]lCnt-tl'llnsfel' 
IllrcliuIll, In Itn expNilllclltl11 lnstnl1ntioll the greatly inc."cnsed heut 
losses would spriously lower the bbst temperSt,tul'e nttitlIlu.ble from 
this type of stove. Furthermore, funds were not lLvn.i1nble for install­
ing such un elabomto stove assembly, Front necessity, IL better' !Llld 
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cheaper type stove wu.s devised. The stoves used, described on 
page 13, gnve during test 6 nil nvcmgc. hlast tCI.llpern,ture of 1,580° 
l1l spite of the high heat losses due to t.)WII· small Size !l,nd to the llIlLke­

3,2001-t---IH-~--+-I--I-+-I--l--+ --!--!--!--!--I--I-l-I--i 
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AIR IN BLAST (PERCENT) 

')o'IOUItE Ir..-Hclntion hlll\\'ecn t1w net henl ('Hrric<i out of lim phosphntc-rc(iudioll zono I>y t.hu hosh gnses
nnd the eompnsi(.ion (J( t1",uir-(JX~'~cn hinst mixture used. "'ir hlUllitlilY, (UlI, 

shift hot-hln,st vn,lves_ 'rhe initial drop in blast PI'CSSlll'e amounted 
to less thitn 1 inch of water. Cleaning wus efrC('ted by removing the 
inexpensive rivl'I' gm\'cl and l'epllL('ill tT with new gl·lwel. These stoves 
had the flll'thel' advantage of sllPI;}ying a hlnst of fairly uuiform 
tempern,ture. Figure 1 () shows the record of n. test. period during which 
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blast-tempem.ture readings were taken n.t i-minute int{,Tvn.ls. This 
period immedill.telv followcd the eomplction of t('st 7. 

Calculn.tions of l'cduced llcn.t losses t.\mt mllV be ],(,llsollably antici­
puted on n.1nrger installntion indicn.te thn t bln.st tempel'lltures in excess 
of 2,0000 F. should be ensily ~.ttained with this type of stove filling. 
In fact, tempern.tures of 2,400° appear to be possible without resort 
to n. more J'('fractory heat-il':1.nsfel' medium tlum ol'dinnry J'iyer gravel. 

In Ule early dC'YCIOpnH'l1 t of tIle phospllll.tc blnst flll'lillC'{" ('onsider­
ahle int{'l'(\st nttndwd to the question of the degree of meclmnieal 
coninet hctw('('n tliI.'. phosphnt.e rock to IH' redu('('d n.nd the eal'bo-
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Flot'ln: 16.-'l'yp!cnl hlnSl-tl!III11l'fulure record itt phosphate sll\eltin~, Juue 30, lU:13. 

naceous 1'(\ducing agent. In tbe Department's carlier work (75), 
experhnents were mnde only with briqlletted c!ul.rges. These briquets 
were made of fin('ly B"round pbosphnte rock and coke find were formed 
under high pressuI~e, by the use of Yarious binders. The use of briqnets 
in !tctuuI commercial opemtion hns been Teported by Easterwood 
(14-, 15). In fnct, jt JUlS geneml1y heen fil'('{'pted hy those interested 
in the developmcnt of the phosphate fnl'lln.ee thn.t some preliminary 
t,·cu.tment of the phospltnte rock wu.s necessl1ry. Ally opern.tiOll in­
yolv:ing the J}rcliminnry treu.tment of the rock hefore its chl1rge into 
the fU1'llitCe n.clds to the cost, which is reflected in the ultimate. price 
of the fertilizer material to the consumer. Prelimiul1ry rock trel1t­
ment, therefore, to be justified must result in Un equal or gren.ter 
reduction in some othel' item in the cost of opcmtion. 

In tbese experiments the phosphate, whether Tennessee blue-rock 
phosplllLte, wnshed Floridn. lund-pebble phosphate, or }i"loridiL pebble 
phosphate lllll.trix, was charged "IlS received." These phosphates 
differed greatly in mechu.nicnl condition, sereen size, nnd moisture 
content. It 'was not found lleceSSl1l'Y to lIse nny particuhtr ell.re in the 
mtmner in which the charge was put into the fUl'Illtce. 'I'lle experi­
ments repoded here when compared with the luborntory experiments 
cited (31, 5S)l'cgarding the temperatur~ at 'which ]>hosphnte is 
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reduced by carbon and the amount of heat required by the l'eduction 
(45, 58) do not indicate that a compensl1ting l'eductlOn in fuel cost 
would result from nny such ]lreli.minnry treatment of the Tock. 

In ltc.tunl operation the Telt1tive ]>I'oportions of the irreducible oxides 
must be such thnt n sIng of suitably low viscosity is formed. In the 
tel'lll11'y system lime-ahnnina-silica, however, the relntive proportions 
of these oxide constituents may be vnried over mther wide ranges 
without the production of slags thnt exhibit a viscosity sufficientI;v 
high to cnuse difficulty in fUl'lll1ce ope1'l1tion (21). In these expel'l­
men ts the mtio of lime plus llH16'llesia to silicn plus alumina in the 
charge mngecl from 0;82 to 1.12.5 No efl'ort was made to determine 
the maximum or minimum limits of this bnse-ncid mtio, but in the 
m.ngo employed no cfl'ect upon fUl'llace opel'fition wns discovered. 

This iuvestiglltion of the smelting of pllosphnte rock in the blast 
iUl'lutCe has resulted in three conclusions of considerable engineering 
importa,nce: (1) Tbnt the fuel consumption .mn.y be greatly reduced 
by increasing the tell1p{'1'I1ture to which the binst is rnised i (2) thnt 
run-of-minc phospll1Lte rock 1l111y be successfully clll1l'ged into 11 phos­
phn.te blnst fUI'IHLce without preliminnry trel1tment and that the 
111.ecllnniclll condition 01' gl'nde of the roek ns chnrged is not particularly 
important frOIl1 the stnndpoint of fuel consumption 01' of furnllce 
opcmtioIl; and (3) tlmt the base-acid ratio of the chn,rge may be varied 
widely without nlly s:1.l'I·ifice in the thermnl dIieiency of the process. 

DETEItMINATION (n' MATEIUAL ItEQUlItEMENTS 

A careful study of the opcration of the ('xpcrimentnl furnace 
described in this bulldin indientes thnt the phospllltte blnst furnllee 
hus COllullcreinl possibilities in the fertilizer field. AI though the 
primary purpose of this invcstigation wns the s(,\ldy of the 1'unda­
mentnls of phosphnte smelting rather thl1n themnking of a dctailed 
eost analysis, certnin importan t items in sneh IL cost nnlllysis cnn be 
estimatcd 1'l'om the datu, obtl1ined. For exam pIc, the pel'(~entage of 
phosphatc reduccd, the coke Ilnd flux l'('qnircments, and the blowing 
prcssure hn,ve been detcrmined. 

The inYestigfLtion lIns nlso developed an improved nnd ('heapel' hot­
blust stove. It has shown that the phosphate flll'nnoe mu.y be COI1­

sidern.bly short('r tllnn the eOIlyen tionnl iron fUI'I1Il('e. The shnft of 
the phosphate flll'n/H'e l1('('(L only be suflieicntly high to pI'ovide for the 
rcquired h('ut inteI'('linnge bl.'lwe(1n the desecntiing sloek unci Hseencling 
gnscs. 'rlle mostsuitnblcJype ofphosphorus-rceo\Tcl'y SYStCIll, howevel', 
is still in doubt hcenllsc the limi ted time and moncy Hvaill1ble l'cstl'icted 
the investigntion of phosphorus re('ovel'Y to one pnrtieular method. 

Phosphorus l'eeovcl'Y mn~v be nCl'omplishcd by two g('ncrnl methods: 
Elementn.l·y phosphorus muy be eoll('t'ted nnd subsequently oxidized 
and hydrated to phosphorie Iwid, or phosphori(~ ncid mny be recovered 
directly without sepnrnting the elementnry phosphol'us from the 
furnnce top gns. 

In the iirst method 11, ]nrge part of the dirt lind fume ('nrried by the 
top gns is removed by dust eatehcrs, eleetrostn.tie precipitators, 01' 

othcl; suitn.ble deviccs while the gn.s is kept hot enough (about 250 0 F.) 
to prcyent eondcnsn.tion of phosphorus. The gas is then cooled in n 
sprny tower to n. tempemture sufficiently below its phosphoru~ dew 
point (41) to condense most of the phosphorus. Under SUItable 

1 'rhe linle·slllca ratio ranged from 1.12 to 1.44. 
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conditions most of this condensed phosphorus mlly be collected in 
the sprny tower, from which it mny be withdrnwn eitbet' ns molten 
elementltry phosphorus 01' us solid pal'ticles suspenderl in the efBuent 
wnter, The condenscd phospllOrlls tllll,t is not retained hy the spray 
tower mny be removed from the gus stl'enm by nn eleetl'ostutie 
preeipitator. If the gas is not well ('leancd pJ'iOI' to ('ooling, n ('on­
sidemble nmount of dirt is caught with the phosphorus both in the 
spray towel' nncl the precipitn.tor. If the gas is not well deaned til!' 
phospllOrus is not so rcadily converted to phosphol'ic IIcid, but the 
sludge is much less haznrdous to handle. . 

The second method of recovery mll,y be carried out in several ways, 
The cleaned phospborus-beILI'ing top gas 1l111,y he burned in the hot­
blast stoves, This procedure has the apparent adYllntuge of J'etlll'ning 
to the furnace both the heRt of combustion of the phosphorus and the 
sensible hent of the top gas, Actually, however, the fuel Yalue of the 
top gns by reason of its clll'bon monoxide content is fur more than 
sufficient to produce the hot blast. The burning of the phosphorus 
in the stoves hns the disndvllntage that the amount of gns thllt must 
be treated for recovery of the product is larger, With a top glls that 
contains 40 percent of total carbon mono~:ide and hydrogen the volume 
of gas is npproximntely 75 percent greater after combustion thall 
before. The burning of the gas in the stoves before removal of the 
phosphorus has the furthcr dislldYantage that P 20s reads with sili­
('ales at high tempera.tures, causing deterioration of the stove lining 
and hea,t-transfer medium. This, in stoves capable of producing the 
required high blast temperatures, would prove to be a scriolls hnndi­
cap to economical phosphate smelting. 

The most promising method for rec.oyery of tIle phosphorus cLi­
reetly as phosphoJ'ic IIcid fl'om the top gns seems to be tlmtof pl'efercn­
tially hUl'Uing the phosphorus, In this case, the dirt. and fume nrc 
removed from the gns, and then sufficient ail' is admittccL into the gns 
strCflm to bum the pllOsphorus. The P20r, formed is Temovcd as 
phosphoric ncid by scrubbing towers 1111(1 nn electl'Ostntie pl'eeipitatol.', 
The principal disndvltlltage of this mcthod is thnt the gns line must be 
acid proof from the point Itt whieh nil' is admitted to beyond the 
collecting dcyices, It nlso introdu(,es tho hnzal'd t11l1t sudden fnilure 
of the wind on tho fUI'J1fH'C might, rpslllt in explosive mixtul'es of gns 
!lnd nil' in the gus lines. HowcnT, this is not u. new hazul'(l since 811('11 
irregularities nre n SOUl'('O of explosions anyway, 

In tllis inYcstign.tion, only tho collection of clemell tHr,Y phosphorus 
mixod with fUI'rHl(,o fume lind wllter us n sludge wus studied, The 
.resuHs indicnted thllt some othcl' method might be better', 

The amOllnt of ]~20S actulIlly recovered depends on the effieien('y of 
the various parts of the recovery system liS well as on the pCl'ccntllge 
o[ the phosphate roduced. Some phosphor'us will combine with the 
iron present liS lin impurity to form fClTophosphol'\ls, whieh may bn 
tapped from the bottom of the hearth and 11sed ns snrh 01' ~'onyel'tcd 
into other llseful products. A. snmpJe of fel'l'ophosphol'us mode in 
these tests ('ontuined 23 pcrcent of phosphorus, indi('nting tllat fl'o!ll 
5 to 8 pcrcent of the phosphorus reduced mny lel1.ve the fUrlltH~e 1JI 
this foj·m. With ])1'0])01' gns-clC!1ning IUHl TeeOYCry equipment nt, 
least 95 percent of the phosphorlls in the top gns should be reeoYercd, 

The. estimation of the Hetuul cost of constructing the furna{'·e pltlnt 
nnd recovery system is left to the blnst-furnuce construction engineer. 
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On the other hand, the materiol requirements can be presented here 
with a fair degr'ee of accuracy, . In order to simplify the presentation 
it WfiS necessnl'Y to fix severol variables as follows: The lime-silica 
rntio of the slug wus ossumed as 1.25, a figure which had been found 
satisfactory in the experimentlll tests. 'fhe temperature of the top 
gos wus assumed to be 275° F. for the culculations bosed on total heat 
requirements. For calculations bused on henrth-heat requirements it 
was unnecessary to assume a value for the top-gas temperature 
because the IIctual top-gas tempel'l1.tllre will exceed thnt nssumed for 
the calculn.tion 01' the totnl heat bttlnnce over the rn.nge of blnst tem­
pel'H,tures for whi(,h the hen,rth-heat requil'Cments nre the controlling 
I'ncLor·s. In prllcti('e smnH ClTor'S mnde ill estimating the .totnilleat 
req uirel\1en ts will be re(lected in ynrin.tions 01' the top-gas tcmpern­
tUl'e from the nssllmed YIl.lue. Henrth-hent losses were fixed fl.t 750 
B. t. u. per pound 01' clII'bon bU1'I1ed at the tuyel'e in fl.ccordunce with 
the discussion on page 34. NIantlc-hent losses were assumed to be 
10 percent additionn.1. 'I'his is to be compnrwl with shaft-heat losses 
amounting to 3.7 to 15.0 pel'eent of the total heat. losses on il'On 
I'ur'naccs (48, 44). SIng WIlS assumed to lelwe the reduction zone nt, 
2,GS7°. The mcnn specific hen.t of slag WIIS tnken us 0.262 between 
77¢. and 2,687°. 'fhe humidity wns fixed at 0.01 pound of wnter per 
pound of dry nir', It ynlue differing but slightly Ir'om the nverage 
obsCITed during these tests. Ninety percent of the phosphate 
ehnrged wns eonsidercd to be reduced', which although higher than 
reported in the present e:o..;.:lCriments (table .2), is a rensonahle yulue 
to expect on a properly burdened commercml furnace. 

Coke cOll,snmption wus calculated in two ways: (1) On total heat 
rt!quil'C'ments nnd (2) on henrth-heat requiremen'ts. As demonstrn.ted 
on pnge 35, the hearth-heat requirement determines the coke con­
sumption until the shaft-hent requirement exceeds the heat avnilable 
in the bosh gn.s. For a given ense the method that gives the higher 
coke consumption is the one that is applicable. Formally, coke 
consumption may be expressed as It function of the sensible heat 0 f 
the blnst nnd thus indirectly as a function of the blast tempern.ture 
1'01' Clleh of the above methods of cnlculation. Simultnneous solution 
of these equations gives a sensible hen,t of the blnst and consequently 
It blnst tempemture above which totnl hen.t requirements and below 
which henrth-hcnt requirements are controlling. This "criticnl blllst 
tCIl1IWrnture" depends on the rclatiye amount of sIng produced per 
unit of 1'20 5 reduced. Two exnmples are given, one for a washed 
Floridn. land-pebble phosphn.te and the othm' for n. low-gmde Floridn. 
hard-rock wnsteMpond phosphnte. The analyses given in table 8 
hnve been taken as rcprescntntiYe of the materials. 

T AflLB S.-Clwmicul anuly.qcs of matcrials I 

COIll' 
l\IIILeriul SIO, AhO, ('110 Fe,(h K,O Nn,O p,o, ('(J, hlned 

1I,0-_.- '._------------­
~Yllshe,l }'lnrldn land·pell· Prrcent PrrCl"llt Perrf!ul Percent Perce711 Percelit Percent Percent Percent 

O.llI) 2.la ·10.50 1.111 0.211 o,,-•.) :ll.na 5.88 0.711FI::~Y.I:lhofi~~'S!r~~k• ','i',;s'te:' 
ponti plHlsphnle , __ ...... 111.01; 1:l.90 28.211 3.64 .4., .:10 22.01 1.:13 0.21 

I Dried nt 1050 C. 
, J;'rec moisture 'IS clmr~ed, 4.0 percent.
3'l'otnl wuter, organic cnruol1, atHI nitrogen, 0.87 lJeTCtmt; JIloi,sturQ us chnrgcu, 3.07 percent. .A vernge 

unlilysis of 3 J;'loridll hllrd·rock wRste·poud phosplmtes. Jllcoh, HIlI, Mllr~hllll, und Heynoltl~ (,~O, p. eel. 
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The washed Florida land-pebble phosphate, which is high in lime 
with respect to silica, will require a siliceous flux, such as sand or 
gravel, if a lime-silica ratio in the sIng of 1.25 is to be attnined. The 
siliceolls flux was assumed to contain 95 percent Si02. Since the 
waste-pond phosphate llad a lime-silica mtio of 1.42 it was assumed 
to be self-fluxing within the limits of reasonable coke consumptions. 

In calculating the coke consumptions on the basis of both the totnl 
or heal'th-hca,t }'equirements it wns necessary to know the I'dative 
amount of sIng produced per unit of P205 reduced. In order to esti­
mate this qunntity the slag volume of each material nnd its relative 
proportion in tlH~ clH~rgc must be known or assumed. The expression, 
slag volume, is used to represent the weight fraction of tho material 
charged that leltves t.he furnace as slag. On the bnsis of the aniLlyses 
of table 8 the sIng volumes of the materials wCI'e computed as 0.6391 
and 0.7043 puund per pound of wltshed Floridn lund-pebble phosphnte 
and Florida hard-tock waste-pond phosplmte, J'espeetiYely, 11 90-pcr­
cent reduction or the P20 u being assumed in each cnse. The sIng 
volumes of the siliceous flux and the co.ke were taken ns 1.0 and 0.115 
pound per pound, respectively. The following tabulation gives the 
sIng volume cn,bulated for the smelting of n washed Floridn lnnd­
pebble phosphute under tllC conditiOils nssumed: 

Slay roillme. pOI/lids pcr
1l0lWtl p,O, rcJuwi 

Washed Floridt" ]u.nd-pe})blc phosplmt.e. __________________ 2.245 

SiliceollS flll!' I. _______________ ~ _____________ ._. ______ 1.120-0.066 CC 2 

Coke 3 ____ ~_~ ••• _. __ •• __ •• _ •• __ • __ •• _._____________ .115 CC 

Total •••~_.~_. ___ • ___ ._ •• _. 3.365+0.049 CC 
I SIO" 05 percent. 

I Co, coke conSllIllplioll. 

3 Flscd curbOll, 87 percent.. 


In this cns(' Mch pound of the wilshed Florida InnJ-pebble phosphnte 
contains 0.3163 pound of P20u of which 0.9 X 0.3163, or 0.2847 pound, 
undergoes reduction. The shlg formed from this rock, therefore! 

amounts to ~:~~~~, or 2.245, pounds per pound of P20a reduced. 
The siliceous flux required pel' pound of P 20 a may be calculated ns 
follows: The ratio of lime charged to P20 S reduced for this rock is 
0.4650 TI '1' . t 1.633 6 I0.2847' or 1.633. 10 silca reqUlremen s nre 1.25' or 1.30 ,poun( 
where 1.25 is the lime-siliclt ratio desired in the slag. The rock itself 

supplies 268~07' or 0.242 pound, and each pound of coke charged sup­

plies 0.063 pound. Hence flux must be ndded in some form to proYide 
(1.306-0.242-0.063 00) pound of silica per pound of P 20s reduced, 
where 00 is the pounds of coke charged per pound of P20 5 reduced. 

. il' 1.306-0.242-0.06:~ 00 (If t116 flUX IS 95 percent sIca, 0.95 ,or 1.120­

0.066 00), pound of flux must be ndded per pound of P205 reduced. 
The calculations of the coke required in smelting wuslled Florida 

land-pebble phosphate are illustrated in the following tabulations. 
In the first tabulation each item has the same significnnce us in the 
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tabulation on page 31. The coke consumption is based on hearth­
heat requirements. The total slag volume, tabulated on page 41, 
multiplied by the mean specific heat of the slag, 0.275, and the 
degree of superheat, 432 0 F., gives 400+5.8 00, listed as Q2' 
Hearth heat required per pOlllld of P 20s reduced: I B.I.u. 

QI For redueing phosphates ____________________ _ 4, 167 
Q2 Fot superheating slag _______________________ _ 5.8 CC+ 400 

Qs TotalJlearth heatl·equired __________________ _ :3.8 CC+4, 567 

Hearth heat available pel' pound of carbon burned at the tU\'llre: 
Heat supplied: . 

Q4 . By combustion of C to CO________________________ 4,014 
(JG By sensible heat of blast, including moistme_________ x 

._-­
(Jo Total heat supplied_______________________________ x+4,014 

Ifeat not available in hearth: 
Q7 T"ost by radiation and conduction: 

(a) From hearth to cooling wateL________________ 750 
Qs Used for reducillg blast moisture, H=O.OL____________ 179 
09 Carried out of rcduction ZOllC: 2 

(a) 13y the products of combustion________________ 3,095 
(b) By the products of moisture decomposition_____ 85 

QIO Total heat unavailable_____________________________ 4,109 

QIl Net available hearth heat, Qa-Qw------------------- x-95 

Carbon l'('quired per poune! of P;05 recluced: POUlId8 

l~ . t Q /Q 5.8 00+4,567
'or generatlllg hell., 3 11------------------- x-95 

C. For reducillg blast moisture ___________ .______ 0.0384 C
I

C; For reducing phosphates_____________________ 0.4225 

C'4 'l'ot(l.l carboll requireci. __ ------- 0.4225+1.0384[5.8 oo+_4,567J 
Coke 3 required per pound of P20, reduced: x-90 

CO Coke consumptioIl, ('4/0.87. __________________ 0.4225x+4,702 
0.87x-89 

I .!lased on lha assllmption of a IlO-percent reductlon of tho phosphates alld a lime-silica ratio of the charge
equal to 1.25. 

I Sensihle heat of lho gaseous products of cOInhusti()1l I1IllI lIIoisture decOlllpositi()1l minus lhe sensible 
hent of the carbon frolll which they \l'lIre derh-ed_ 

~ 87-percenL fixed-carbon coke. 

. The caleuln.tion of the coke conslUnption on the basis of the total 
heu.t l'equiremen t is given in the second tabulation and was made 
principally to demonstrate that until blast temperatures in excess 
of 3,0000 F. n.re reached the totn.l heat requirement need not be 
considered. In the range where coke consumption depends on total 
hen.t TequiI'ements these calculations become less accurn.te. The 
mu,ny secondary reactions occurring in the shaft must be considered 
in detf1il. To 'include all of them is difficult and to determine to 
whn.t extent they are occurring is frequently impossible. In the 
blu,st-tempel'n.ture range where coke consumptions depend on hearth­
heat requirements all shaft-heat requirements a1'e satisfied by the 
hen.t carried up the shaft by the bosh gas. It is only with the heavy 
burdens made possible by high bln.st temperatures that the shaft 
llet1t required exceeds that; available and that total heat calculations 
become necessary. 

http:accurn.te
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Total heat required per pound of P 20s reduced: I B. t. II. 
QI For reducing phosphates____________________ ·i,167 
QI2 For producing slag_________________________ 33.5 00+2,301 
QI3 For vaporizing and removing watcr__________ 2.25 00+ 216 
QlI For calcining carbonates and removiJlg CO2___ 369 
QIS For removing CO and p{ resulting from reduc­

tion of phosphates_______________________ HiO 

QI6 Total heatrequired ________________________ 35.75 CC+7, 213 

Heat !wailable for smelting ])urposes per pound of carbon 
burned at the tuyere: 

Heat supplied: 
Q6 Total heat supplied (as in tabulation Oil page 42) __._ .1'+4,014 

Heat not available for smelting purposes: . 
Q7 Lost by radiation and conduction:

(a) From hearth_________________ _ _ _ _ _ _ _ _ _ ____ 750 
(b) From mantle, 0.IX750 ____________________ 75 

Qs Used for reducing blast moisture, H=O.OL __ ~_____ 179 
Q17 Carried out in top gas: 2 

(a) By the products of combusiioll_ ___________ 332 
(b) By the products of moisture decomposition___ 10 

QIS Total heat unavailablc__________________________ 1,34G 

Ql~ Net available heat, Q6-QlS-----------------------
PalMlriaCarbon required per pound of P20 S reduced: 

35.75 CC+7,213
C1 For generating heat, QI6(QIU----------------­ x+2,(i68 

0.0384 C1C; For reducing phosphates _________________ --. 0.4225
C. For red ueing blast moisture_ - - - - - • - - - - - ----­

/. 'I' t lb' d 0 4')')- -l I O·JS4[35.75 CC'+7,213]L.{ 0 a car on reqUIre ________ . __0 - .•J.. x+2,(i(l8 

Coke 3 required per pound of P 205 reduccd: 
' C k t' C'/087 0.4225x+8,61700 o e COllsump lOn, 4 • -------------. -.-- 0.87x+2,284 

I Based on the assumption of a nO-percent re,luction of the phosphates and nlime-sillen mtio of the charge 
equal to 1.2,';.

, Sensihle heat or the gases derlved from tho renction oC cnrhon with tho hlast. Tho sensible hents o( 
the moisture removed frolll the charge. of the CO, derived (rolll calcinution of the carbonates, and of tho 
CO und P, produced hy phosphate relillction hu\'e already been allowed for in Q(3, Qu, and Qu. 

3 Si-percen t llxed-carboll coke. 

The items appea.ring for the first time in this tabulation arc (lio und 
Q12 to QIO' inclusive. 

Qib is the heat lost, by l'ncliation nnd conduetion, from the mnntle. 
Q12, the total heat required to produce the sing, is equal to the slag 

volume tabulu,tecL on page 41, 8.865+0.040 oe, multiplied by the 
mean specific hen.t of the slag, 0.262, n.nd by the temperatul'C interval, 
2,687°-77° F. 

Q13 represents the heat required to vaporize all the water in the bur­
den at the ebar~ing tempernture, 77° F., and to heat it to the telllpem­
ture at which It is assumed to leave the furnace, 275°. This wns 
found from steam tables (49) to be 1,127 B. t. u. per pound of water. 

Q14 is the bent required to cnlcine the carbollates at the charging 
temperature nnd to heat the carbon dim,;de formed to the top-gas 
tempemture. The heat of eulcinn tion (45) wue ndopted us 1,739 B. t. u. 
per pound of cln'bon dioxide formed llnd the sensible heu.t (l6, 84, 
89) of this amount of carbon dioxide between 77° Ilnd 275° F. was 
taken as 43 B. t. u. Thus, Ql4 equnls the weight of (,:1l'bon dioxide 
produced by calcination per pound of .£>205 reduced multiplied by 
(1,739+43), or 1,782 B. t. u. 
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Q15 is the difference in heat content between 770 and 2750 F. of the 
phosphorus and carbon monoxide produced by thephosphate-reduc­
tion reaction. This correction is necessary since these products do 
not lenye tIle furnace at the temperature nt which they were charged. 
The yalue of 160 B. t. u. per pound of P 205 reduced was tn.ken for this 
quantity. 

Q17 is the sensible heat of the products of combustion nnd moisture 
decomposition thnt leave the fumnce in the top gas. 

Q19 is the totnlllCut supplieclless such heat losses nnd eonsUll1ptions 
as are more conveniently computed on the basis of carbon burned at 

25 ,! 'I! I ! \ I I I I 'I I I, !.LL 5 
i I 1\1 I I I I 1. 1 l.~ 
I! i'i I I I ! ' 
Ii 1\ j Ii, i , , I 
iii ~\ I I I L I 

20H---+-t,++--t i I I 1\ i I I : i 4 
i: I I I j I I I 

t,he tuycre. It is the net hen t per pound of enrboll bUl"l1ed nt the tu­
yercs that is nvnilnble, to meet the hent Tequire,l11cnts 01' the, items ('011­

stitu ting QIO' 
'rhe r<'ln tioll between ill(' weigh t of 87-per('('11 t fixcd-enrboll coke 

required for smelting wnsh<,d Florida, Innd-p<,bble phosphntt' nnd the 
nir-bhlst tl'mp<'l'lltuI"e is giv<'11 inligure 17. 

The solid CUITe (a) of this figure represents the eoke eOllsull1ption 
bllsed on hearth-heat l"equirements nnd wus deri\"ed Jrom the coke 
consumption eq uiLtioll of the tllbulatioll 011 pnge 42. 'fhe broken 
cun"e (b) was similarly derived front the tnbuilltion fOI' the totnl hent 
req uiremen ts. Sim ultnneous solu tion of these two eq uations as de­
scribed on pnge 40 giv('s n. point of inters('ction eqllinl1ent to nn nir­
blnst tempern.tllrc of 8,1520 F., u bove which the totuI. h(,u,t require­
ment becomes thc eontmlling faetor. This figure cicndy delllonstmtes 
the necessity .for high blnst tempcI'nturcs if low coke consumptions 
are to be attnlDed. 
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In order to compare probable coke consumptions in smelting rela­

tively low-grnde phosphatic rocks with those for the above washed 
rock, the hearth and totnl heat requirements for a Florida hard-rock 
waste-pond phosphnte were cnlculated. Since in this case no flux is 
t b id d tl I I f tl h . 0.7043 +00637mo e aCI e 1C s ag YO ume 0' 18 C arge IS 0.9 X0.2291 . L'U, 

or 3.416+0.063 ce. 
The calculation of coke consumption in the smelting of a self­

fluxing Florida hard-rock waste-pond phosphate on the bnsis of hearth­
heat requirements, using the snme assumptions as for the washed 
Florida lnnd-pebble phosphate, is gi\-en in the tnbulation below. 
Hearth heat required per pound of P20 S reduced: 1 B.t.lI. 

Q, For reducing phosphates______________________ _ 4,167
Q2 For superheating slag_________________________ 13.7 CC+ 406 

Q3 Total hearth heat required____________________ 13.7 CC+4,573 
-"--='= 

Hearth heat twailable pel' pound of ('arbon burned at the tuyere: 

Qu Neta\'uililble hearth heat(llsin tabulation on p. 42)_ 
 x-9fi 

Carbon Tequired per pound of P20 S reduced: Pound. 

('I For generating hellt, Q3/QU--- ________________ _ 13.7 CC+4,573 
x-95C. For rech,cing blast 1110isture________________ ~ __ 0.0384 C1C; For reducing phosphates_____________________ _ 0.4225 

C' Ttl0 a I . - - - - - - - - 0 42?-+1.,0384[13.7 CC+4,573], car )on req UlrecI - . .0 .. x-95 

Coke 2 n'quired per pound of P20S reduced: 


C'C" C k t' C '0 S· 0.4225x+4,799

" 0 -e consumplOn, .:. 1-_--- .--------.. -._. 0.87x-97 

1 Rnscd on the assumption or n go'percellt reduction or the phosphates.
'li,-percenL fixed-ctlrl)Qn roke. 

Similnrly, the ('oke ('on:lumption {'!llculated on the basis of tottll 
heat requirements is: 
Total heat required per pound of p~O.; reduced: ' B.t.lt. 


Q, For reducing phosphates____________________ _ 
 _ 4,IGiQJ2 For producing slag______________ •__________ _ 
78.6 CC+2,336

Q'3 For vaporizing and remoYing water_____ • ____ _ 2.25 CC+ 513
Qll For calcining carbonates and remo\'ing CO2_. __ 115 
Q1S FOrrelllO\'ing CO and p. resulting from reduction

of phosphates__________ • _._. _________ • __ _ 
160 

QI6 Total heat required _________________________ 80.85 CC+i,291 

Heat Iwailable for smelting purposes per pound of carbon burned at 
the tuyere: 

QI9 Net uvuilable heat (us in tabulation on page 43) ______ x+2,668 

CarbOll l'C'quired per pound of P20 S reduced: POllnd, 

Ct For geuerating heat Q,61Q,9-_. ______________ _ 80.85 CV+7,291 
x+2,6{i8C2 For reducing blast moisture._ .• _. ___________ _ 0_0384 C,C3 For reducing phosphates___ • _•. __ • _ • ________ _ 

0.4~25 

C' Ttl b . d 0422-+ 10384'[80.85 CC+7,291]I . 0 a cllr on reqlllrc ------.- . o. x.J.2668 
Cokc 2 required per pound of P 2 reduced: t I0 S 

ec' C k t' CIO 87 0.4225x+8,698 
.. O'C cOl1sump 1011, '. • ------------------- 087.J.2 237 

. x",
Based on the l\SSumptfon or 11 9O-percent reduction of the phosphates. 

, S7-percent fixed-carbon coke. ' 
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The l'elation between the coke consumption nnd the blnst tempern­
tures, ns derived from the coke-consumption equntions oi these 
tnbulntions, is shown in figure 18. 

Simultnneous solution of these equations shows that the blnst 
temperature nbove which the total hen,t requirement is the controlling 
fnctor is 3,142° F., ns compared with 3,152° for the washed lnnd­
pebble pbosphnLe. A comparison of figures 17 nnd 18 shows tllftt the 
gmde of rock used lind little effect on the coke consumption for n 
given bln.st tempemture. The renson for this is thnt in encll case them 
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o 1,000 2,000 3,000 
BLAST T~MPERA1URE (0 F.l 

FlGl'lU: IH.- Effect of the nir·hlnst telllpernture on the eslilllllted nlllol1nl of Sj·pcrcent fixed-cnrbon coke 
rCQulrpd per pound of 1'20, red\1('C(! In II Jlho~phllt" hlnst furnnce slIIellillf( 11 ~elf-Uuxing Floridn hurd·rock 
wllsle·pond jlhosphllte. lIulllillHy, U.Q1. llenL losses per poulld of carbon hurned lit the lUrer,,: From 
hearlh to c(Joling wuter, ;50.13. t. u.; and frolU JUlllltJe, 75 B. I.. ll. Cun'e (l is hused on hi~h·tNnJlerU-
turca hl'tlt r(>lfuirerncllts; curve b is bused on tOlal hent requirements. .. 

WitS nIl excess of shaft h('itt so tlw,t coke consumption wns detel'lnined 
hy the hearth-heat requirement. The only fnctor in the henrth-hCitt 
requirement thilt difrered in these eases was the slng volume. 

Tn.blc 9 gives n concrpte exn,mple of the estimnted coke and material 
rcquirements for the smelting of Floridlt phospbntes. Inspection of 
this tlthle shows thn,t, with nir-blnst tempel'l1tures of 1,000° Ii'. or 
ovcr, onlJ 0.01 to 0.04 ton, or not over 1 percent, more totn.l 87-T 

perccnt fixed-cnrbon coke should be required to reduce 1 ton of P 205 
ill the Florida hn.rd-ro('k wiLste-pond phosphn.te thnn in the wnshed 
FloridlL In.nd-pehble phosphn.tc. The wnshed FIOI'idn land-pebble 
phm:plHl,te, hOWt'YPl', also requires from 0.8 to 1 ton of It siliceous iiux, 
wherens the Florid!t hnrd-rock waste-pond phosphate is sdf-Iluxing. 

http:phosphn.tc
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TABLE O.-Estimated material requirements -in phosphate smelling per ion of P20S 
reduced I 

W:l.,hNl Florida land'l)ehhl~ 
llhosphnr.! a 

,Florida harrj'rO<'k
I wast~'[lond JlhQsphat~ , 

Blast temperature I ,oP.1 I ____________ ~ (~~.~~J ~:'~h~,te!:;ra~~ll--l-I.~k: " '~~~sl~hate 
Ton., I Ton., 1'011..' Tong . '/'''11.'· 

500." ., 1l.4.1 a.os n.MI IL701 ·1'5 
1,000 , __ .... .1. ~I i 3. lIS' ,.'(J .1. !Iii .1. '" 
1,500 3. 22 I 3. II"; , ,!Il ' • 3. 24 ,I. S.5 
2.000 ,'. ". 2. -:1:5 3. 6S , HI) ~. 46 1 ..t. ;>0;5 
2J5OQ......... _.~ ... _.•• 2.00 3. liS .H~ , 2.02 ·1.,"0 

I Based on tabulations of pp. 42 nmi 45. nssulllln~ !~'),percent rednction of th~ phosphate. 
I Blast humidit:\'. 0.01 pound of W!ller per pound oC nir. 
3 Analysis as !!i\"~n in tnble S. 
4 Fixed carbon, S7 percent, 
s 810" 95 percent. 

From thl' above tables, tabulations, :mc1 figures, ohtfl.ined in the 
cletenninfl.tion of the mn.terinl rrquirl'l11ents for pbosplmtC' 5melting 
and bflsed on the interpl'l'tntion of the l'l'suits obtained from opl'mtion 
of the experimental fUl'nf),cl', it is at once (>\-itlent thitt, ,,-ith a satis­
factory method for cOIlYl'I'ting the phosphorus of the top gas to phos­
phoric acid bf'fore recoyC'l'Y or with n. more sn,tisfnctory~method for 
reco'\ering. 1 ' •• e eleml'ntiuT phosphorus than wn.s uscd in thcse in\-esti­
gntions, bb:-t-furmLC'e methods for the production ot phosphn.tic. 
fertilizer mntl'l'ials offer attmctiye comml'l'('iil.l possibilitirs. Ai1'­
blast temperl\turcs of 2,000° F. a,net n.boYl.', whkh should be Tl."adily 
fI,uel l'('onomicnlly n.ttaiuitble hy means of impr()\-l'd sto'n's of the type 
described, n,re pn,rticuln,rly allYn.ntn.geous becn.use 'with them the total 
coke requirement should be Tcduccd to less than 2.5 tOIlS pC'1' ton of 
P20s reducNI. The. pl'('cleaning of the. top gns for the l'cmo\'n.l of dil't 
and fumr, followed either by prefl'rentin.l oxidn,tion of the phosphorus 
\\-ith hydmtioll to phosphoric Hrid, or by rondenstLtion nnd dir('rt 
rC'rovery of the phosphorus for subsequent o:-..-idfl.tion nnd hydrlltion, 
appefil'S to offer tho best sohltion to thc problem, of recovering the 
product. 

POTASH SMELTING 

APPI.ICAIIII.ITY OF THE HLAST-t'l'R="AC'E PROCESS 

Potnsh smelting- is n, yolatilizutiOll process thnt occurs without 
rl'cludion. This is in contrust, to phosphate smelting, whirh is n 
l'edurtion proreS5. In both cases the cll'sired products ll'n.w til(' 
furnace in the top gus; in potflsh smelting ns a fume nnd in phosphute 
smelting us n, gHS. 

The only potash ore used in this inyestigution WHS wyomingitC', nn 
igneous Tock containing seyeral potash-bearing- m,incmls, chief of 
which is leucite (K20· -\bOa ·4Si02) (72). '\Yyomingite is found in 
extensive deposits in the Lellcite Hills of SWl'etwatl'1' County, Wyo., 
and as mined contains from 8 to 12 l"l'rCellt of potnsh (K20). It 
cannot be l'l'adily concentrated,s:~nce its constituent crystals are 
mirroscopic ill siz~e. " 

LtlbOl'lltorv studies Cfl rried ou t in a smnll elcetrir fUl'l1f1ce ha \-c 
shown tbn.t the yolatilizn.tion of pottlsh frOIll wyomingite is in('reased 
by the addition of such substnllces as cnlciull1 chloride, calcium ctlr­
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bonate, calcium fluoride, and sodium chloride (42). Practically COlll ­

plete volatilization of the potash WitS observed when mixtures of 
wyomingite, calcium carbonate, and calcium chloride were heated nt 
2,750° F. for 1 hour. It is supposed thltt under these conditions the 
potash escapes as the chloride and cm·bonate. 

Thermal da,tn, on the various possible volatilization reactions nre 
meager, but seem to indicnte thn,t the heat of renction is small. It 
may be either exothermic. or endothermic, depending on the rCllction 
considered. The principal heat requirement for potash volatiliza­
tion, therefore, is that for rnising the furnace chttrge to tcmpcraturcs 
at which the potash will volatilize. Since the blnst furnn('e is well 

~~ I I I' I 1 1I 

~iS I : ' I I i I ! I' II 
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o 50 '00 150 ...............2'00 250 

ELAPSED TIME (MINUTES) 

~'Ir;l'lIF: IO.·-Typic;,l top·temperalure (AI nne! stock·line (RJ reconls in potash ~m~ltillg. ~hOwill!!, lIushln~ 
iruen'nls, August 3", 19:1~. 

ncltlpted to the hettting tlnd slngging of mn.tcl'inls it should be readily 
applicH hIe to potllsh-voln.tilizfLtion pl'oressei'i. 

DESCRII'TION Ot' EXI'ERIMt;NTS ANI> l'Ut;l:mNTATION Ot' DATA 

The experimentnl proecduro nllcl obscl'\'ntioJl of furnnec-opcmting 
ynrinbles were nlmost identienlly the same in the potnsh ns in the 
phosphate smelting tests on page HI. Opernting conditions, however. 
were different. The umount of sing produeNi per unit of fuel wns 
gr.eater. At the same driying rnte Ilnd with npproximntely the sllme 
flushing intervals larger Tolumes of sIng were retninecl in the hcnrth 
between flushes. Collection of the potnsh fume could he mndefrom 
the top gns at higher tempemturcs. The dowIlcomer n.nd g!lS lines 
were subject to more frequent stoppngc, l1nd the furnaee wils~indined 
to "haDg.lI Figure 19 shows typlcnl top-temperature und stock-line 
records during normnl operation.

Three series of experimcnts were made on the smelting of wyoming­
ite as follows: (1) August 2 to 5, ),932; (2) August 16 unel 17, ),932; 
(3) August 29 to September 3, 1932, industYe, The plnnt W!lS 

altered slightly between ench run. 
(1) Run of August 2 to 5, 1932. In this ru .... the gus-trenting sys­

tem, furnuce, und stoves were the sume us dUl'lhg the phosphnte run 
of June 8 to 10, 1932 (p. 21). This run wns characterized by high 
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furnace top pressures because dust and fume clogged the 4-inch down­
comer and the spray-tower inlet. This run was terminated beclluse of 
faulty precipitation and the frequent stoppage of the spray-tower
inlet. 

(2) Run of August 16 and 17, 1932. The potash-reco\'er-y system 
consisted only of the :Multiclone and precipitator during this run. 
The stoppage of the gas lines was Jess serious than in the pl'c\rious 
run ns n result of remo\ring the spray tower from the gns-clcaning 
circuit. Stock-line mensurements showed rather irrcgular descent 
of stock: in the furnn.cc, nnd some difficul ty wus experienced in obtain­
ing prOPel' seating of the bells after a charge hnd been made. 

(3) Run of August 29 to September 3, 1932. Before this run wns 
started the double-be1l nssembly was replaced by a single bell. The 
crushed firebrick filling of the stO\'es was also removed nnd replaced 
by washed and screened river gravel (p. 14). The gas-cleanin/? equip­
ment was left unchanged. As in pre,rious runs some trOUble wns 
encollntered with downcomet· stoppage ILnd low precipitation
efficiency. 

The ~J1l'ec seriC's of C'xperiments 11n,\'('. been broken down into test 
periods dming \\;hich opC'rating conditions wem sUbstantinUy uniform. 
The operating data for these periods arc reported in table 10. 

http:furnn.cc
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, ' m~' , ZI 

~ 

-----:------.'"'... ---~-.,---- .,--_.---- --~ -- ---------------- ..... 
.---.~,+ 2 C':l 

~ ____ ~_'j___:'-'.':"'- __\1_____10_____11_ __=-: ~ __1_4__ ._~15____1_0___1_.___ ;..I_S_ 

t"'1.1•. JJCr Ut pcr /A•• per Lb, pcr I I,b pu ICu.!l. i Lb. 11,0 n. t. 1/. 1,11. Prf Lb. per
~?r;2. \ l1oltr~ round rOllll,tl roU urI rOUlHi rOll ud ~\/ol rn~io luche.'f ~\JiIl11I!.~ IPt'Tmi71.. 0J'~.. _ 1JeT lb. (If! per m;n~ 0.p. sf]. ~1I~ sq. il,l. b;j

Au!!. • S... 100 SO 100 0 11 fl. ,t) 102. .j "0 110 II, (H, 0.012, 1.·110 -112 .1. I 3,0 
., Au~.:1 !J I 100 1;1) 100 0 22 1.:;8 \l8.S no 11·1 \134 .OWS 1,·12\1 :1:18 3. T 11.6 o 

t"'J\u1(.:11111(1-\ 0.1 UK) 115 75 0 It\ .SO ulI.n fil II. 1.0'2·1 .0155 1,·125 428 3.8 a.73: ,\lIg.4 1.\1 10(] 115 • .-. () 11\ .SO !ltH ,i. II~ 1,175 .0130 I.~~l[' 4.3 ·1.14 ~ J\ug.l0 2. (I UK) SO 100 0 II • ·1:1 11K). ~ ;\1 I H 1.17, • (lO\!S I. '!llI :199 2.0 1. U5. ~ . rio. 1.11 IOU SII I(~l n Ii ,·13 \I~.4 51i IW 1.·10·1 .0091 1,!Jaa :145 2.5 2.-1 .....6... .. _ '. do . L\J tllO so 1m 0 1\ • ·1:1 nit-! 57 116 1.2151 .012,1 I, (ISS :1O-1 • 2.5 2.-1 Z 
8_ \J\Ilg .211tl'HI:lO 11.0 UN) 1:10 IIii Il l(J •.", iJ,2.1 110 II. I.aos .•01:1,1 I.OS2! :Iii. 2.2 2.t 
\J, Au!{.:W._",. 1:1.5 WO Hi5 un ~s fJ 0·i5 ~5.41 -w lHi 1~~('r.I . . 01-W It77~ 5~i :!.fi 2~3 ell 

.<..10.,. 1 Aw.3L.... 2.0 liN) SO tIlll U! H .57 ~2.:\ .1{) 117 t.;\:15: .OIlS 1,.;61 012. 2.:1 :U 
JI. l. dO.- 2.:1 1rat , SO 11111 0 0 .n R:1, v 'is I 117 1,:Hol IlISI I.S2" ii.01 2.·1 2.2 
12 ~"I)t. 2. :\. S 11111 ! 1:\1) 115 : n 211 1 .~s S,I, II ' ,1fi i 117 1.20r. . 111M 1. ";;2 : -lOB' 2.5 2. ·1 '" 

, . -,::::':',.~ .~.~.-~~'""::-=~-- '--~-== ---1"-" :.:..~- ...;--:::,~~..~- - , o 

I f I'rpssuf4.\-droJ) '1"' .• t I ,< 1 ~ " ~~ • ~ f
Pre""",e I ,.. across " up'",'" .1.1, p,,,'I11'" , I • lil~ IUlIlPO,,11II11 l~,O , 3I' 

'I'pst 110, tj

ltlt r~'~:;"I"1 ~(o:e 011 11'~"~';Il"'! ('()~' I' -(:~) . -;;:-1"::-1-."'0' ,'(~.~) .~- :;-0-:-- ('Il(~ II :;Ial! I: ChllrgNl1 Yplnln-j ~'o"\tn- ('~:(~ 
Ul 

; \\,IIHI ' f _ . t '!' . ~ith I?t.'d IzntlOll 
tol 
"0 
~ 

Iii ;~! 21 ~i:J' ';l~L_]:;j-1. ~2~j.~_ 2. :l.'i.!:'.l "~_:~:l0 _ - :11 :,'~ 32 j 3:\ J 31 o . I I I I WliyII, I J,/J, pfr 1-/,. 'fIfr 1 ~I_II. l,eT Wtiofltlk jlt'r IlIrll ...y If I' Lh I"r 
,Y./. III, I' JI(lier HI· III. J)tr~/'~it \ J;'~rc('!'l { Pf~~f.~11 t, Pt,!~r.',l~ Pcrrr~~, Pl'rFf~~1 P{.'~(lit rutio j (fw,ll/f.) TlW!,d._ rOlt.!1f!. Pt~(~""'~/, nfl;u ;.. 

, !!. U ,,~~.I .n.hl\ .. _1 i a,._' \' 0." "0.t..1 3•• ·11 1..llfIl 1\·1. S.h, .. ,0 lSb.~.l 11.-1I 
1 G'ln,ml 35027, 2"H,,' 57.30 -5'1 ,lL~1 :{:t.J5 l.aar. 1:{i.S ~.Si K13 HI. tit; lO.ti 

:1 :, 2 .L 7S aa.71) 3. ,,~~ t 57. 7·1 ~< ~I f :\:~. ~2 :1{)' ~o .~2 J~~. H t~. !~ ~. 4~ ~O.:;7 10. ~ Cl2 !! !J 

.. I -, .1•. fill 10.•11 .litl , I.",.. 1_ h' IS. lU iiI. .·1 10. ,..... \II4. ·1.0 C':l 
r. 2 fi • ," '\"" ,. i _ , -:!:~ 1 ~I~~ 3U ;1;1. !IS 1. :lti;1 I 1;10. 0 ~y~ ~. 3~ ~t. 'I~ 10. " oco _I 

0,1 j ~ !I 1.U I ",19\ ,111.01 2. •••1/ ,,0.(1. ,11 ·lh.·10 .tUm 1.·101 l.m.O S.~, I ,.9.1 <ill.·ll. 11.nJl , 29 , H. j"l :H. lU 2. ·1:; I !ift rtS 2, 3~ ,1·1. n,;! :ifi, In I 1. 2:!U Ja!t·l S. "7 I ii.IH r,a.59 15.;; ~ 
S.. LI '1.11 I f) I r, III :la_ .1ll 2. (,'I i ;;S.;I\I I :1. Ii' 1 as. !I. i :1:;. I·~ I. IIh ; I~:I. n It"I,1 'I S,59 IlU.1iI 10.2 q 

.I.() I I) 011 !l0. ;lli '2. Iii I IiI. ·1'; j ·I.·IJ I :Iii.:!jl' as. as •!lIn i ~:12.·1 I~. 2. 7. !l5 ·1:1.52 11.0 ;dII.. 
Hl. .. 11. ~ .L:l!~ ~~.~,l I *.~~ 1 ~~, !(!: ~.~.1 :1;t'!\i i :{:! .,:! L:m;' l:\,~.'l, ,~,~~, .!.~4 ~5.~~! 1~.! ~j • 

, 3. I'" .IS••I.1 I' .".) ,In. do: _.11: .l~. hi ,II. I. 1. 1m 11,.·1 Is.;.." n. ,0 h·I..0 10. a -1.:1II. 1.2. Ii,.:!! :1i.1O 2.!l5~ .1\).22 2.~'!)· :IS. US , a'.:\5 \.1)\1 JSH.n 1-1•.\1' 10.m till.&! S.',12_,_.___~..~._. I.l a.7 
3 WeighL uf S'-percclit flxed'ctlruoll coke per unit weight or K,O ,·olrltilized.I ~1~llstJn·d Ht:~2!) F.nu1l2!J.!l2 iuehcs or Il~, 


'To con verI. to gn1ills or lito/sture per cubic fuolmultiply by bUS. 
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Thc compositions of Lhe materials llre given in tuble 3 (p. 24). 
The wyomingite cluuged wus crushed to pn.ss n, I-mesh und be retained 
Oil it 4-mosh screen. It contained 2 pel'cent of wuter us charged to 
the fllrnnce. The calcium chloride, which was charged in fltlke form, 
contained 76.5 percent of CllC12 and 23.5 percent of water. The 
sIng volumes per rOllnd Teported in table 9 were obtained in the 
manner described on pnge 2:.3. 

Tables 11 and 12 show the nnlonnts of carbon lIsed in the vtlriolls 
fUrIlnce renetions. The items of tnble II were cnlculnted as descl'ibed 
on pnge 24. 

TABJ,E ll.-Polash blast-fnrnacp cariJon Uri/alice 

{Ponnds or ('"rbon llcr rQundl 

Input output 

rnne·,'sed tor Derh'ed countedFixed· Carbon Burned decom· from cnl­ for t
cnrlJOn ns ('ur­ 'rota! by 0, in [losing rinntion Totn! 
it! ('(Ik~ /lonntcs bins! hlnst lIlois' of clIr­

turl! honntes 

~,,-I---
6 

~----t---:--~ ---+----!-----I·--­
"nul/da 1'0111111,1' POlllld,v Pot!!lCl,~ POI/wi" POlllld~ J~OlLlld., 1'0111111" 

I 7fi. 0.1.\ Ht ~tl ,,6. SH 6.1.0., 3.18 10.80 79. (~l 7.85 
'l ,11, 0.... \(I. ~\I SII, SS 05,:16 4.22- 10.80 !«l.as 6.50 
3 ,6 (t" l<, 10 ~,1. I~ OG,71l 3. 1m 8.10 is, 76 5.42 
fl .r. C~" iii. hI! bu. SS CH.Oi 2.20 10.80 77.73 9. \5 

,6. IJ~ J(L Ml "II. 8~ 63,4S 3.03 10.80 77.31 n.57 
,~• 7H, U, I:!•.J!! .~S••in 65.·16 3.30 I" 4') 81. 2,1 i~ 26 
U 7ft n" 9. ~~o .~;j. '-IS 70.23 3,9,1 ii:so S3. Vi 1.91 
III 71l OS 10, MI ~U. S~ 65,46 2_0S 10.80 iV, 2·1 i. eM 
11 71l.1\~ H). S\I Sit SS 6\, is a,{lil 10.80 iii. I!> 10, iO 
12 .n. n,' 12, ·12 SS. [,0 i3, :15 4.·10 1!!.·t2 00.17 -tG7 

: 

i lllll' HI ~rrurs IIr 'ul:llysj~ and ulI<!,'lrrmllle,! r~llu('trnn n'actiOll~ (cl,lurnn ·1 mlnlls colulJIn ~j, 

'l'.UILBI~,-I·tili;mtioll oj fixed carbon in lhe 1)01u8h blostfurnace 

rsed lor 
nurnl~cI dC('om' 

T~<f. fin byO,in posIng Account- Ju~~t~d 
bit\.% hlast ed for lor 1 

rnoi,ture 

Perce lit PerceIIi Percent Prrce71/
I 86,04 -1.-12 00.46 9.51'. 9:1.31 5.18 9 •• ,19 :t51 

86.01 3.9:1 S9.1Jt\ 10.01 
SI.20 4,73 85.9:1 1-1.07 
96.,11 5. is J()2.1!1 -2.W 

III the phosphate runs prnetiC'f1l1y nil the cnrboll e1ulI'ged ('(Hlld be 
{lceounted 1'01', In the polilsh runs,. ho\\~eyeJ', nn H\'erng-(' of 0,:38 
pel'cent wns u:wd in SOll1l' lIlHl{'C'ounted-fol' 11I11/1l1el', 

'I'1l.ble ]3 g-h'C's thC' Lotul bent bnlul1(,l's for eueh of tlH';;(' tests On 
the bnsis of 1 pound of C'Hrbon bUl'l1ed nt the tuyel'e. 
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[1 pound or cnrhnn hurned by 0, In blnst] 

lJent In]Jut llent.oulput. 

Vapor.. 
S~n-it,utinnSen- !leduc· sible Sen· JleuL IJllUC!"

'f~~t nO. ('Olll" Cnld· uud reoslhle tion heut. sihle lIenrth· l'OlInteil rllr , 
hu~· nUllou 1Il0\'ulIwut. 'Potu) nrhillst. or hellL hent 'I'olnltionor or ('ur· oror lIlol~· dry or )ossm;('urholl honnleo!; Wfll~'rblust ture tO/l singin glls('hnrg(' 

--_ .. --_.,­--.----------.--.-~ 

I 2 3 ·1 " 0 '; S U IU II J2 13 

B,I,It. /J,t:lI. 13.1.11. n,t.II, /3,1;/1, R.I,I/. 11./,11. RI.II. !J.I,II, 13,1.11, RI,II. Percellt 
I ·1, (114 1,5Ur, h,1l0!! 22; Ii (loa 2:1-1 (HS I, 4(~J SOU oI,HO I, tun 20,g 
2 _.. ~ .. ~.- oj,OI·1 1,251 ft.2C,fi :lon I, U41/ 27·1 fiO·l I,H4 !I\IO '1,,407 iOS 15.2 
3 .••••• -II iiO 266 "'11:1 8il ·1,2·laoj, UI4 l,aS8 lit 402 I,"" I, fino 1,150 21. :; 
6••.•.. ""nl-l I,IHO 6. UUO 102 I,ono 20!) 520 1,3i,; I, 192 -I, filS I, ,1-12 24.2 
7..... ~ 4,014 I, UUO 0, Hsa I,OSU 200 H:I 1,505 1,022 ,I"ISI 1, !!O2 21.2.)I)'J 

8........ 4,014 I,SIlI .'j,~:10 21ii 1,1-11 2.10 540 I,S~~J 1,010 5,010 S2U 1-1,1 
9 .•.•.. 4, UI·I 1,009 6, lisa 201 SHU :i5n ~:Ii 2,2M 1,01/3 5,097 -\4 -,:I 
10. 4,01-1 1,852 5, Hon 211 1,1).18 2!!4 1,0:10 I,·IH 0;;·1 ·1,O:lIl 1/:.10 IIUI 
II ",,01·1 I,S85 ",899 I 2iO l,lI~1 20!) OSI 1,5111 1,IIIi 5,21H GOb II,~ 
12 ",,01·1 1,067 5, fiSI 27{) 11 075 270 oIII ,I, ill4 lI·tII -I, UUa 'jill l!!~G 

l Hefert'Jll'C t(lmperalUfl', 7iC) F. ' ColullIn 12 equnls colllllln ·1 IIIIIIIIS ('Olllllln II. 

A eompnl'ison of table 13 with tnblc 12 shows thnt, in genC'rul, the 
amount of hent unncrountcd fol' is roughly pl'Opol'tionnl to the 
nmount of cUI'boIl unnccouIltNI for, This is disellsscd further on 
pnge 54, 

11"TEHI'HE'I'A'I'ION Ot' IlESUI.'I'S 

Tn potnslt sn1l'lting thcrc secms to be no relntion bctwePIl the net 
hent supplied nnd the amount of potnsh yoln.tiliilecl, WllCn these 
quantities \\'('I'e plotted in n, manner similar to that shown for phos­
phllte smelting (fig, 13) they Jailed to show nny eOI'l'elation, This 
cnn only be intC'rpl'cted to menn that the nmount of hen.t iIwoh'cd in 
the volutiliillllion l'ellction wns too smnll to be dct(~cted, which sub­
stnntin.tes the thcol'ctieul eonsiderntions 011 l)uge 48 with regn.rt/ to 
the mugnitude of this qUllntity. 

Since the amount of heat requircd for the voln.tilizn tion reaction 
is too smnll to be detected, the hen.t uSNi to supply the hem'th':heat 
losses nnd to reduce the blnst 1l10istuI'e is the mnjol' high-tempN!l­
tUI'O heat requirement for potnsh smelting, MoltC'n sIng is removed 
from the henrth at high tcmpel'atures, but ollly f1 smull pnrt of the 
sensible hen,t iuyolYcd is high-tempern.tul'C heitt becnuse of the 
countcl'ctll'rC'nt (lx:hnngc of hC'ut between the sing-forming mn.terinls 
Ilnd the bosh gas III the furnnee stndc 

In potnsh smelting, thcrefore, the eoke eonsumptioll is detcrminC'd 
by the totnll1eat rcquirements of the proC'ess nne! not by the heul'th­
helLt requircments us in most phosphnte smelting, As in nll blnst­
fU/'IlnC'e processes where coke-consumption cnlC'ulntions nrc per­
missible 011 the basis of totnl bellt requirements, the only restriction 
is, thlLt, nfter nllown.nce hilS been mnde for the heat lost by l'nclilltion 
nnd eond uction nnd used to dccomposethe blnst moisture, the 
tempcrature nnd the hent eontent of tho combustion produets shull 
be suflieiently high to sIng theehnrge. 

The following tnbulntion, showing the cstimu ted <:oke consump­
tion for test 2, is. lin l'xnmplt' . The method of C'lllculntioll is roughly 
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nnalogous to that used to obtain the totn] heat I'cquirements of the 
phosphate furnace (p. 43). 
Total hcat required per pOllnd of K 20 volatilized: B.t.ll.QI2 For prodUcing slag ___________________________________ _ 

11,590
QI3 For vaporizing and removing water., __ • _________ . ______ _ 2, 202
QIl For ealcining carbonates and remo\'ing CO!______________ _ 8,456 
Q16 Total heat required _________ .. ______________________ •. 

22, 248 
Heat amilablc for smelting purposes per pound of carbon burned at 

the tuYcre: 
H eltt su pplied: 

Q4 By combustion of C to CO ________ , ___ • _.• __ • '. _____ _ 4, 014
Qs By sensible heat of blast including lIloistur(', 9340 F _______ 1,251 
Q6 Totlll heat supplied _________________________________ _ 5, 265 

Heat 110t /tmilable for smelting purposes: 
Q7 Lost by radiation ami conductiou: 

Ca) From hearth to cooling water,._. ________________ _ 896
(0) From mllntlc, estimatecllLS 0.1 X8!){L. _____________ 90Qs rsed for reducing blast moisture, H=0.0168________ .. ___ _ 301 

QI7 Carried out in top gas: 1 
(a) By the products of combuRtiOIl ____ •• ____ , 440 
(b) By the products of 1110isturc decomposition _____ _ 20 

Q20 rsecl for direet Tl,duction ___________________________ ... 596 
Qla Totalullavailabl(, h('aL______________________________ 2,343 

QIO Nrt amilable h('at, Qd- QIS------ ______ • __________ .. _ _ 2, 922 

CariJon rN(uin'd per pound of 1\"20 volatilized: POllnd,!
(\ For gen('ratillg heat, QI6IQI9-- _______ . _________________ _ 7.61For reducing blast moisture, 0.0646 (\__________________ _C2 ,49
C3 For ullexplained direct reduction, 0.0\)04 C ______________ _

l .76 
C~ Total carbon required _______________________ • _______ _ 

8. 86
Coke 2 required per pound of 1\:20 volatilized: 


CC Coke consumption, C./0.87 _______________________ . _____ . 
 10. 18 
I SCllslhlll tWIll of tlle ~nses derh'erl from renNlon of carhon wIth Ute hlnst. '1'hr l'\'nsihle hen! of the 

moi5tun~ removed froUl thn chnrgn '111<1 of the ro, derived froUl calcination of the (,llThnnalrs has nircndy 
I~en nllowed for in 12" nnd Qu. 


I Si·percellt fhetl-carboll coke. 


The cfllcuiatrd ynlur of 10.1S pounds of coke cons1Ill1rd per pound 
of .K20 yolatilized diJJ'rl's from the Qbsernd yallle of 10.8 by only 
5.7 prr('rn t, which is wrll within the limits of error. 

The items contninrd in this tnbulation wrre cyaluated as follows: 
Q, is the IlwnsllI'cd heat loss to the bosh nnd tuyel'e coolers, to which 

nn ndditionill 10 pel'('rllt has hern added for shllft-hent lossl's. This 
estimtlte is justified by the observations of :YIill'shnll (48,44) OIl iron 
blnst fUl'Iluc-es where he found thnt the shaft-hent losses ilyornged 
nbout 11 prl'cent of the ('ooling-water losses. 

Q~ is c-nlculnted ill the Slll11C mnnner ns 011 page 33. 
Q);!, the hl'llt l'equirrd to produce the sIng, is equill to the nl110unt 

of slag formed prl' pound or 1\:20 yolutilized multiplied by the mean 
specifie heu t, 0.::162, nncl by the difl'erence between the trrnpern tUl'es 
at whieh the sIng-forming Iluttrrinls entered, 77° Ii'., fllld at which the 
sIng WitS nssumed to 1011\'e the furnuce, 2,687°. 

(213 is the heat lIsed to e\-npornte the wuter in the chnrge nncI to 
hent it to the top-gus tcrnpernture. It wus clllculntod in the mllnner 
described on pnge 43. 

Q14' t"he hl:'il t llsrd to ('alcinc the C'nt'iJonnt('s and to C'aJ'ry the :result­
ing (,Ilrbon dioxide out of the furniH:l'/ wus l'nkulnted in the manner 
described on pnge 43. 
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QI1 is the sensible heat of the bosh gases leaving the furnace. In 
these tests this value is too low because the thermocouple was placed 
in the downcomer instead of directly above the surface of the stock. 
This may have caused n. considemole error because the whole cross 
section of the mantle was exposed to an uninsulated wn.ter-cooled 
top n.nd most of the heat lost to this cooleI' came from the sensible 
heat of the top gas and wns not measured. 

Q20 Represents the heat used in unknown Tecluction Teactions 
(see 03 below) n.ud is equnl to 6,000 B. t. u. multiplied by the value 
for Oa. A plot of unaccounted-foT cl1rhon per pound of cm:bon burned 
at the tUY€H'es (table 12, column 5) ngainst unaccounted-for heat on 
the same hasis (table 13, column 12) showed tlmt they were Toughly 
propoTtional and that 6,000 B. t. u. wns a reasonnhle assumption for 
the heat of these reactions. 

0 1 and O2 are explained on pnge 33. 
0 3 is diH-icult to account 1'01'. 'rho top-gas annlyses showed that 

more cnrbon-contnining gnses were present than 'vere generated by 
combustion, calcination, find blast-moisture reduction. In test 2 the 
excess wns equivulent to 0.0994 pound of curbon for ellch pound of 
carbon bumed by the blnst. This cxeess could only result front reduc­
tion reactions. Two such reactions nrc: 

The wyomingite contained 4.87 percent of Fe.20;;, which, if completely 
reduced to metallic iron by solid carbon, would haye required in test 
2 only 0.0265 pound of carbon per pound of carbon bU1'Ilecl at the 
tuycre.

Carbon would be used by the second reaction if :lI1y calcination 
were to take plnee at tempemtllres exceeding about 1,8500 F. At thi~ 
tempemture, this reaction is slIpposed to proceed at a sufficiently 
high rate to result in a noticeable cm'bon consumption. Although 
this tempernture is above the normal dissoeiation temperntlll'e (aboll t 
1,6500 ) (45) of cnleium cnrbonnte, the l'nte or stock descent and the 
rate of calcination were sueh tlutt some Cflleinntion may ])ossihly hltye 
occUl'red at temperntul'es where the carbon dioxide ,,;ould have been 
reduced by cnl'bon. This would decrense the carbon dioxide concen­
tration in the top gns belO\y that l'equired by the carbonates charged. 
On the average, sufficient carbon dioxide ,,;as present in the top ga,s 
in these tests to uccount for n11 the limestone churgeel. No definite 
conclusion cnn be renched, therefore, as to how this excess cllrbon was 
used. It is Tellsonnbly eertnin, however, that the cnTbon wns con­
sumed in direct reduction and that a corresponding amount of heut 
was absorbed (p. 52). 

Any decrease in the heat l'equirements or increase in the net hen (; 
supplied would permit the cha:rging of It hea,vier burden und pl;e­
sumably result in a decrense in the coke consumption per unit of 
K 20 volatilized. The most obvious method for decreasing the col;;:e 
consumption, aside from increasing the blnst tempcmture, would be 
that of J'eplacing the limestone flux by burned lime n.nd thereby 
eliminating Qu, wl1ich amounted to about 38 percent of the totnl 
hent :requirements. This cun be accomplished fi.t (\, low cost by burn­
ing the limestone with waste blast-furnace top gus as fuel. The 
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replacement of limestone by burned lime would also remove the 
possibility of the consumption of carbon in the reduction of carbon 
dioxide and thus, perhap;:;, eliminate the heat used in the unknown 
reduction reactions. The coke consumption would also be decreased 
by drying the blust, decreasing the heat losses, and increaBing the 
blast tempel'lltme, but not nearly so much as in phosphut.e smelting. 

Since the amount of available heat determines only the amounts of 
materials that can be slagged and not the amount of potash volatil­
ized, the question arises as to the factors responsible for the wide 
variations in the volatilization percentages. The base-acid mtio of 
the slag, the mol rn,tio of t'ile calcium chloride to. the potash charged, 
the length of time the slag is held at voln,tilization temperatures, and 
the actual tempet'ntul'es PI'cvltiling in the henrth at'e possible fnctors. 
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FlGt'llF. ~O,--lh'lnf.lon h~~\I'ecn thl' cnlclIlnted bnse,ncld rutin nf the sIng nnd theobser\'ed \·olntili1.ntlon of 
potll~h, 1,I'e 11!1l~,h (If Ihe lines illtllcaUIl~ tho 1I1lcertnintl' ill this rntln CIl11se(i Ill' th" cnlcitull chlorhle 
in tho ('harge. 

In figllI'c 20 the pcrcentnge yoln tilizntioIls are plotted a,gl}inst the 
weight ratios of lime plus magnesia to alumina plus silica in the 
charges. 

There is some Tllleertninty in the actllnl vnlue of these ratios due 
to the fact that a part of the calcium chloride chn.rged left the furnace 
as a fume instead of as lime in the slag. The length of the verticnl 
line for each test shows the extent of this uncertainty. It is evident 
that the volatilizn.tioll approximated 90 percent only when the buse­
acid ratio npproached 0.9 (tests 1, 2, 5, and 6). Conversely, the tests 
inwhich more acid slugs wct'eprodu,ced (tests 3, 4, 8, 9, and 12) showed 
poor volatilization. Not 11.11 the tests with the higber bnse-n.eid ratios 
showcd good volatilizntion, indicating the existence of other influen­
tial flwtol's. The use of cnlcium chloride seemed to be beneficial under 
some circlimstnnC'es. In tests 2 and 5 the burdens were identical 
except that more than three and one-hull' times ns much C'a.1cium chlo­
ride wns chnl'ged in the former ns in the In.tter. VolatilizlltioIl was 
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roughly the snme in each ense. On the other hand, when l'eln,tively 
more acid sIngs were used, cnleium ehlol'ideseemed to incrense volatil­
ization. In tests 3 and 4 twice as much calcium chloride was chn,rged 
as in tests 8 nnd 9, and definitely higher volatilizations were obtained. 
It seems advisable to charge some calcium chloride since at least 0.43 
mol of OaOl2 wns chnrged pel' mol of K 20 in all the +·ests that showed 
good volatilization. It is best to keep the amount of calcium ehlol'ide 
11S low ns is consisten t with good volatilization because the chn.l'ging 
of lal'ge amounts of cu.lcillm chloride was observed to cn,use hanging 
of the stock in the furnace. 

Comparison of the results of tests 10 and 11 indicates that a bene­
ficial effect on volatilization is obtained by holding the sIng in the 
heurth for longer periods. Test 10 (table 10) shows an n,bnormn.1ly 
low volatilization percentage, 55.69, in spite of a relatively busic slag 
and a 0.57 moll'atio of cI1lcium chloride to potash, whereas test 11 
shows 11 volatilization percentage of 64.26, which may be considered 
high in view of the fact tlmt no calcium chloride was charged and 
thnt the slag wn.s relatively low in lime. The mean time between 
flushes was 40 minutes in test 10 and 68 minutes iii test 11. 

Although only general conclusions regardin~ the ctl'ect of en.cll of 
these variables eould be drawn from the aVllllnble data, these con­
clusions will be considered ns working hypotheses for the estimation 
of the coke eonsnmption to be anticipated in commercinl prnctiee. 
They are summn,rized as follows: (1) Ooke consumption depends on 

the total heat requirements, (2) the weight ratio, ~~g~~fg, must 

be ns high us ubout 0.9 to obtain 90 percent Yolatilizl1tion, (3) the 
nddition of small amounts of calcium chloride appeal's to be bene­
Hcinl, and (4) volatilization l1my possibly be improved by l)l'olonging 
the time of holding the sIng in the hearth. 

DE'fERMINATION OF MATERIAL REQUIREMENTS 

The economic fcnsibility of potash smelting depends to a large ex­
tent on the relative locn.tion of the l'I1W materials, the furnace plnnt, 
nnd the market for the potash produced. Potash minernJs do not 
ordinarily eon tnin more than 8 to 12 percent of potash. They uSUlllly 
contain nelLrly equill qUlLntities of potash and alumina and from 50 
to 60 percent of silicn. Because of their acidic chnl'llcter such ores 
require reln.tively In,l'ge amounts of basic flux for smelting opel'l1tions. 
As a result, nbout 12 to 15 tons of sIng must be produced in the fur­
naee for eyery ton of potash volatilized, which makes it imperntive 
that the fUl'I1nce plant be located close to the sources of both the 
potash-bearing Tock and the limestone flux in order that trnnsporta­
tion costs mny be kept within practicable limits. The same is true 
of the fuel to only a slightly less extent. 

The equipment required is not unusually elaborn.te. A (lust 
catcher and an electrostatic precipitator or other fume-collecting 
device are needed in addition to the furnace stack, stoves, nnd blow­
ing equipment. Pf1rticular attention should be paid to the design of 
the downcomer and the gas lines in order to prevent their cloggingby the 
dirt and fume carried by the top gas. Hthepotashisnot, to be marketed 
in the form collected. but is to be converted to the sulphate, phosphn,te, 
or nitl'l1te, suitn,ble n,uxiliary equipment must be provided for the 
transformation and for the regeneration of calcium chloride. 

http:elaborn.te
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The PUI'POS(' of this investigation, liS 8tH,tNt elsewhere, WfiS not a 
study of costs but of smelting principles. From the operating dnta 
it is possible to estimn te the relative amounts of ore, flux, and fuel 
required in commel'cial operation. On the busis of the results it wus 
concluded that potash volatilization depends on the composition of 
the chul'ge nnd on the amount of bent required for slug production 
ruther thHn on flny thermal requirement of the volatilization reactions 
find that the fuel consumption, therefore, depends upon the totol 
hen,t req uircmell t fOI' prod ucing slug from a suitable clutrge. It WIlS 

nlso concluded thn.t 90 percent Or more of the potnsb could be vollltil­
. 1 f I I' . I .' f ello+MgO f dlZe(. rom c HLl'gCS WYll1g Il WClg It rn,tlO 0 Ab 3+Si02 0 0.9 an0 
ILbout 0.75 mol of calcium chloride per mol of K 20. This amount of 
calcium chloride is probllbly in excess of' the uctufil requirements and 
might be somewlwt reduced in prHctice without seriously affecting 
the volntilization efficiency. The efrect of the blnst temperature on 
the coke consumption hns been cnlculn.ted fOI' such conditions. The 
following tabuln tion give·s these cnlculntions for the smelting of potasl: 
f!'Olll wyomingite with the use of a limestone flux. This tnbulntion 
is cXI1C'tly similnr to thnt dc')el'ibed in detnil on pnge 53. 
l'otHI h('at r('quir('d Iwr pound of K 20 volatilized: 1 B. I. II, 

QI2 For producillg shlg________________________ 140.2 00+9,429 
QI3 For Yaporizing and remo\'ing waier _.. __ _____ 5. 6 00+ 968 
QII For cnlcining carbonates and remodng CO2___ .115.7 00+6,353 

QI6 Total hctLL requirecl _________ -- _____________ 261. 5CC+Hi. 750 

IlL'al IwniltLble for slIl('IUllg purposes Jler pound of ('arbon burned at 
the illY('I'l': 

II etit HlIpplied: 
Q6 Total lll'at supplied (as in tabulation on page 42) ______ x+4,014 

HeaL not ltVailtlblc for smelting purposes: 
Q7 LQst br radiation and conduction: 

(II) From hearth to cooling water________________ 7.50 
(lil ]i'rom m/lllt!e, 0.lX750______________________ 75 

Qg l:secl for reducing blast moisture, 1-1 ,;,O.OL______ _____ 170 
QI7 Carried out in top gus: 2 

(a) By thuproducts of comiJustion _____ ..... __ .__ 413 
(b) By {hc pwducts of moisturc dl'COlllpositiolL___ 10

Q20 l~SNl for direciTC'clllciion ___ •_____________________ • 563 

QIS Total IlIltwailnble hl't1L __________________________ _ 1,990 
Ql9 N('t amilable heuL_______________________________ x+2, 024 

Carbon r('qllir('d 1)('1' poulld of 1\:20 \'olatilized: POll1ld. 

] ' t.' I t. Q 'Q 262 OC+I6, 750O-I 'or gl'IH'ra IIlg lea, I6t 'g--------------------·-----:t+2,O~ 
O. For reducing blast Illoistul'e ____________ .. ______ 0.0384 C

1C; For unexpl:tined l'l,dnctioll_____________________ 0.0938 ('I 

C~ Total carbon Teqnir('(L, __________ 1. 1322 [262xCJ!t~g4750J 

Coke 3 }'eq lli red Jll'!' pou nd of K~O volatilized: 

( '(' C k t' C' /087 21, 798 - - o·c conslIlllp 1011, j • ------------------------- x+I, H84 

, Onsed (Ill tho IlsSlIrnptioJ} 01 n UO-perl'cnt V"IIIlHiZlltion or the potnsh, II IImc·plus·mognesin to sHiell­
plus-alnmillll nltlo in tho chnrge or 0.\1 find 1111101 mtio o( C'uCi, to K,O .chor~cd of 0.75. 

, SensilJln heoL of the guseS derived rrolll the reliction or (~lrh()n with 1he blnst. 'rhe sensible hent or the 
moisturereIllO\'cd (rom the chllr~e lind tho senslhle heol of the CO, dcrl\'!'d rroIll colrinlltloll of the curl1l1ll­
lites hovculrClldl' iJeen nllowed ror In QI3 find Qu. 

a 57·percent Oxed'C!Irbon roke. 
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BeCllllse the coke requirement for potash smelting is determined by 
the totnl hent requirement, itis possible to efl'ect l~ ('onsidem,blc sn,ying 
in this item if slll'plus top gns is uSNI to bU1'1l the limestone before it is 
chtLl'ged into the /'urnn('('. The following tabuln,tion. shows the ('alru­
llltion of the ('oke <'onsllmption when this is done. 

Total ]](>at required pel' poulld of K 20 \'olatilized: I n.!. lI.. 
QI2 10'01' producing slag_ •• " ' •....• __ • ___________ 140,2 ('('+9,429 
Qj~ FOI' \'apol'izillg" and removillg w/lt('r__________ 2.3 CC+ 7(i!) 

QIG Total hent required ____________________ . 142. oj IT 1-10, lOS 

Hl'nt availahle for sll1eHing purposPs PI'!' pOllnd uf ('arboll 
hurlll'd at til(' {lI\·t,I'(': 

QI9 Nl'& 1l\'llil:llll(' hl'Ht (ns ill tabulatioll Ull Img"!' oii) ______ .1'+2,024 

CarhOIlI'l'lfllirNl IJ!'r pound of 1\:20 \'ol:tUlbwd: 
14a C(, i 10, HIS('t For g"l'lIc'l'lliillg" h!'at., (J16/(J19---- ______________ , --":1 ;1.52+2

Cz For r('(lue[IIg" blHst lIIoistl,,·!' _______________ , ... o.oas,1 ('I 
C1> I.·'or IInl'xpl/lilll'd I,l'dlletioll .._____________ . 0, O!)3S (', 

( '1 I 'I 1 13'1'1[ 113IT+IO. lOS]T () Il C',ll' lOll l'C'qUlI'('( ... -.---------- .•• -- - ,., ;-:~(J?;J---
.l '-J -

Cokr 2 ]'('qllil'('d p~'r pOl1nd of KA) \'o!ttlilizl'c!: 
13,272IT Cok{' ('OIlSllIllptiOIl, (',,'(1..';7 _, __ 

:r'-t~(8'3!J 
t n'l!'~d 0/1 til!' assuJllption o( :1 !In·p~r<"·lH \'olatili1.atiun fir "ot,,,h. a 1iuw·"IU'·IJr:ll(l1~slo In gili('n.pllls­

nlnmiml.fnlio iu th(~ t'harl!l' of (1.11 llud a tIlol rntin of Cta('h to K,O ('harj!:(,d of U 7:L 
J s7'pen'enl Ilxetl'''lrhou ('Okl'. •
Tilt' 1'('lntiol1l:; l)('tw('('11 til(' ('oke consumptioll lind th(' billst t('mp('l'11­

tUl'e, as obtnili('(1 from th(' two pr('('('ding tllbulntions, nre sho\\'n in 
figll 1'1.' :2 1 . 
''I'hl' :umlysis of tlto \\,)'ollling-it.e used for mnking thl'sl' C'ulrlllntio11S 

is giYell ill tnblc' :~. This wyomingitl' wns Illinl'd n('Hr Rock Springs, 
,Yyo" nnd lIsNI for tll(, blnst-fllrn:lc(, t('tits. The lirnestone nnnlysis ij 

giY(,1l in [It I' J'ollo\\'ing tilbllin tion is thn t of linwstol1l' from 11 bl'd thn t 
;'III1S through a. p:U't' oj' l'n"tNn ldnho nnd sOllthwe$tel'J1 \ryoming. 
An out('I'OP O('C'lI1'S J1l'HI' 8:1g(', \ryo" ui>out 4 milps from the J'nill'Oad. 
Analyses of oUwr "'yoIning linwstonl's :11'(' gi \'('11 by E('kc'l (/7). 

Const itllC'llts: I'afm! 
HiO" ..... ..... 2. Ii 
AI20.. ,4 
/>'('20" .4 
i\1~O 1.4 
Cn(L. 
CO~.. . 

52,0 
41. I 

Jgnitiou I()~s,. . I. 8 

The coke n11nlysis nssllnwd ill til('sp ('nl('llln tions wns the snmo us 
thllt for the phosj)iln.f,e-fnrnn('c ('nlellln.tions. Sll('h fL ('okl' pl'('slImnbl.,­
would be l'epltl(,('(1 by fud pl'odu('('(1 h.\T low-tl'lIll)('rnLlIl'e (,IlI'boniultio!1 
of the ('onlmined in tilt, Y)cinity of HoC'k Springs, \\"yo. Analyses of 
this Ilnd other ,,'yoming ('onls llre giyen by .F'icldnl'I·, COOPCI', nnd Os­
good (2:2, 1'. 72.) 

On the bnsis of thc-s(' etllrlllntions tile yolntilizntiOIl of 1 tOll of 1(00 
when :1, blast telll PCl'fltUI'P of' 2,000° F. is used would n'q lIil'e 10.0:3 toilS 
of wyomingite, 0.:30 tons of limestol1l', 1.29 tons of'76.5-pol'('clltcnkiul11 
('hlol'ide, nnd 4.78 tons of 87-pc'I'eent fixcd-cal'bon ('oke. If the linH'­
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FIGI'nE 21 .. Etr~!'l nf Ih~ nir-hlm;t 1~IIlI)('rntur~ on the e,limnlrtl OIJlOlIlH or .~7-IJt>r('cnt fi~"d-(~Irhon ('ok, 
r~'1l1irel! per pound of K,O mlaUlizNI in n potash hb~l furna",; ,u,,·ltiu~ wyomingile with lillie"",.!, or 
ollrnedlimc'und l'.11"1U1l1 ('Illnrillr; /l1l/nidltj" f11J1 Ileal lOSSes Ill'r pound nf!'arholT hurnl'rlllt Ihl> luyrn'·
Frolllll('nrth to ('oollng 1I0(('r, ;WI B L U.; and frommunlle, 7.5 13. L u. ('urn> (I i~ h",('d on Ilmeslon0 
flux; rlln'r b i, ha<ed on hurnt',l lillw !lux. 

TAIlL~; 1,l.-··--l~'slill/(ll(ll /I/(l/rrirli r(qldrelllrll/,~ Jor .~I/ll!ltillg ll'!llJlIlI:llf/ilr per Ion oj /\20 
/'oZatilizcd 1 

..-- ..--.-.~-----------------
LimeStone flux l Burned HUhl Hit\: .. 

Illast INIl­
perntuf(" If'> It.l1, 

,rYOluing· J.,.Iimr~ 1 Cnlriulll \\'YOll1ill~-' IInrnl'd (',,!(Ohllll
ill" SLOne' chlorhl .. , ite! HJlW ('hloridt~.o\

('oke' 

'rUl1,'- "l'01t.t 1'0/1$ '"lillS "{'omf Tall.' TOilS ~JOIl,~ 
51)0 .. U. ;)"1 10 03 .' g, i1 L ~'1J 5.41 10.03 ~. .J.I I :'11 
l,f)(~) -; 22 

, HI. (~I : V.·15 I.W , ·II~ II) 03 5. ;\:\ 1. ~~I 
1,roo .1' --If (I ao 1.29 , :1 as JO.o:! : ;"j,~t 1. 2<J 

"
;,2,oon l:l r~: 1 \/ J~ I ~'!J :!.~:! JOO:l : 5 ~l J 2\1

2,fJO() .1. 117 10m \I II 1 2\1 ~11 lUll:! r. 17 J..:!tl-
.. -........~,~ .... --, 

, 13llScd on li\hulntj,\Us 011 JlI', 5, anr! r.o; on tll\\ tlSS1111lption Of 11 IIO-ptlrc'Cnt \·OIOliliz!lliou of tho pOUlsbo 
, IIIns~ 11llluidilY, 0.01 pound of wnler per pOllud of nir,. 

Annlysis of limestone tiS given on p.5S. 
, Fixed ('arhtm, 87 llf!rcent. 
• Annl~'Sis as g!\'cn h, lllbic 3. 
~ CnCh, 70.5 percent. 

l 
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stone were burned with waste top gas the a,mounts of wyomingite und 
calcium chloride would not be changed, but the limestone would be. 
replaced by 5.21 tons of burned lime and the tunount of coke would be 
reduced to 2.82 tons. The estimated material requirements for othe.r 
blast temperatures are given in table 14. 

The conclusion is drawn from ta,hie 14 that commercial potnsh 
smelting appears feasible only when low-cost limestone and fuel m·e. 
available. The information given in this bulletin in regnrd to the 
operating conditions involved in the blnst-fumn('e process is, however, 
of fundamentnl importnnce becnuse the existence of It technically 
feasible potnsh-furnace process should opel'nte to set an upper limit 
to any future rise in the market price of potash. 

POTASH.PHOSPHATE SMELTING 

APPLlCAIIILlTY 0.' THE UI,AST-.'URNAC.; ,'UOCt:ss 

Combined potash-phosphn,te smelting appenrs to bp iLttl'l1.ctive for 
three reasons: (1) The products cnn be cOllYerted to eoneentmted 
fertilizers that con tain both potnssiUlll nnd phosphorus in an casily 
trunsportn.ble form, (2) the fumnee hent requirellll'llts would be 
better balanced between hea,rth a,nd shaft, and (:3) the ores nre to n, 
certain extent lUutllnll)T fluxing. A pl'odu('t such as potllssillm phos­
phate would be less hazunlous to ship and would, thcr('fol'C, cnjoy 
lower freight mtes than elementary phosphorus 01,' phosphoric ncid. 
Itwould nlso be an IHh-antnge to ship potnsh <'ombill('d with phosphoric 
acid ns a phosphnte ruther thun with hydrochlOl'ic Ilcid IlS the cldol'ide. 
The selling price of the usunl cOll1m('rciul fel·tilizer would not, of course, 
wnrra.ut the cost of tmnsportnJion from su<'it un'ns as Idaho and 
'\Yyoming to the present southern and castel'll mnl·kcf:s. 

The principal ]l('ut rcquirelTH'nts for phosphnte sllH'iting oceul: in the 
henrth while for potnsh smelting they oecllt' in the shnft, A combincd 
smelting process, therefore, should use the hefLt genenlted in the blnst 
furnace to better ndvn,ntage although the nrtlll11 extent of this ndvnn­
tnge is not so great as might be supposed. ,rith tho I(n\' eoke con­
sumptions pl'edicted £OJ' phosphute smelting 'with high blnRt trmpern­
tures a large exeess of shaft heat is not n,yn.ilable. For this Teuson as 
little potash should be produ('ed as possible. The least thnt it would 
be convenient to ship would be that required to form Jl1ol1opotnssiuJl1 
phosphu,te from the P 20s produeed. In this compound the weight 
ratio of K 20 to P 20 5 is 0.663, which is in excess of thn,t which cnn be 
mnde with either the available shaft heat or by the usc of a mutllnlly 
flu~-ing mixture. The combined production of K 20 und P20S' however, 
requires less totul hent and less filL"\: thnn their production sepamtely. 

DESCRIPTION OF EXPERIMENTS AND PRESENTATION 0.' DATA 

One experiment wus made on combined potash.cpbosphate smelting 
in the larger experimental furnuce. This ,,'ns made on September 2, 
1932, as a part of the potnsh Tun of August 29 to S('ptember 3, 
1932. The plnnt was not chnngedin noyway for the tests on combined 
smelting. Burned lime, however, rather than limestone was used as 
a flu.'"\: in order to reduce the shaft-heat requirements. 

http:wnrra.ut
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The run was div:ided into two short tests, one with till.' usc of n low 
blast temperature of 448° .F, find the othel', of n 11lcdium blnst trTIl­
pernture of 975°. The oper'a.ting duta, ('arbon bnlnncr, lind hrat bnl­
nnce Ilrc shown in tables 15, Hi, Ilnd 17, which nrc similar to tnblcs 
2, 4, nnd (i under pitosplintr smclting, 

BunIt-1I 

'Pe!'lt nu. DUll- nllrn' , lWn~hcd;
tlon , .~ Florida· ('ul. 

('oke i Wyo.! lnml· IBurnmlf ('IUIII ('nCI,
,mfngit!!, pohl'h- lime' rhl". 'K})'

I phos· I' ; ride 
! PhOto, __ .J,--- ....;---,.- , 

~-~"I-':~'-I Lb 4pe; 

!I 

I.b. P" Ii L"Hp(f! I.b. per! !.I'''Pl:f 
.\I"t

i In[J2 ,{JOllr.f· rOIl/III rollncl rOllnrl I rOllnd r'mnd r"lioI. ' Pept~ 2' 2.0 1M ! 135 51) {iO J~ O. ,I]1 

•. do. 1 5 I()O i 1:!51 m ! 50 IS • jf) 

-====~~========================== 

'rest no. 

'rOIHJHS ('ornpOsitl(JIl 

'rest. no , 
CO : fI! I :-:, 

·--,·----1­
21 ~2 ~ 2;J

'--r-'i 
!PCf('('Ia lpercenl :Per(('/ll 

a:1. is a [.;j . ~jU..~u 

'rest no. 

~!---..- ---- --.. -­
~u 1 'jO I 31 1:12 aa 

--- --.. 1---.... 
I,b. ·per i I,b, per I.__ 

I........... 
2........... 

{,fl. lIer 

2:rJi
rOil fit! 

192 Ii 
15.()'~ .1.8-1 2".,111

rOll.1ul 'I; (mpH! Per;ell( 

liUlti, la.19 I S7..Ii 

L/I.IUt 
fiJ/Hid 

17.71 
lif 'il 

I l\leasurrd ilL :!2b F. find :J'J.02 incheS of JIJ::. 
, '1'0 ('on\'rrl to ~rnins of 1II0iSlilfIl Per euhlt, font, ",uItiply Il~' iili.;, 
• Weighl 01 87·percent fixed·rllrll!.n c;)ke pcr unll II'cJglJl. of K10 \'Ollltilizcd, 
j Weigh I, o[ 87·percelll fhed·carllon coke pcr unit weight of J'~lh reduced. 

L/J.pa , 
'''I III. . 

:10 
:t -; , 

~'hlt: {'OIHflO"{it h,u 

27 
I 

J iI ;
Perce lit I Percclli ,I'erctllt I''''(flll, rutio

:'00; ,Lx:!, nao i ar..'j.~ O.l!~'tI 
. US. I.!J\! 4·I:m :1,;. IT> L 2:'U 

I ~Ing 1('I;I:g~~ll\~)I;I~I~J\,()lr~'~II'~h~'r:d 'H~dUCNl Hl'dm'·l ! lzcd I [zlltron " I hUll 

'. 

:II 
 an 

. : 

UI flU i 
T!)IJ rul Il'trret:l 

.'j, kl. a~, ~I 
I;!, ~i i'\ :12 

10 

Weigh!
• ",lia 

OMI 
.\oi:il 

1I"'l!hl
Hr 'tn(~k 

lilll' 
nho,'~ 
(uyef(' 

-~.-

l! 

: 
l"rhe,1 

S7·' 
!I3 7 

Pn\O;"l1nl 


drop 

1H'n)s~ 

.;l.}\'t, on 
wind 

J"dllw 
uutu 

~. S 
;1 '; 

• 

! Wdglll 

('nktl (t~,1kn ; 
K,O P~(); 

30 :\'. 

migh' Jl'lig/tl
Tf,I,(J ",110 
!!!!, ,; 15.0:; 

.j 1,\ I ILaO 
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'l'AIlI,g lO.--,Po/aNiI.-p/IOSp/W/C bl(l,~I-lllrll(Jcc carbon b(llnllcc 

rPounds o( cnrbon per round] 

I luput Output 

t ..,,· 
I 

l"lxetl 
("rbollin

coku 

tJnnc· 
counted 

(or I 

10 

Pntt1lJ" 
I ..<·O~2~2 

I Due 10 errors o( IInulr,is lind IIl1dl'Lermiul't1 reduetion relll'tions (('(lIUIIIII ,I millus coillmn II,L 

T ,\Ill. I': 17• //r'1I1 1)//1(10('(' 01 /11(' 11O/IIIlIl-fl/W,SpilllJl' bll/l~t IW'I/(/('(' I 

[I pOllud o( ('Urboll burned by O. in billst) 

Ilt'at inplIl llc.1I OU1I'"t 
,._ ._~~I_--;-_-:--_,--_' --".,. ----I
,I I ' , 
I ' ~fnp()r., I ' ;'I''I'est I He He· ('tllel' IZlItion licnsi· 'l' .' I Ilien! II nne· 

COlli' i:'cn!-i.', II: I!lue·· Sensi'no. bh~' I hie '" (lie· lion o( 1It111On nlld ru· hie • ble IHellrth. cuuntell (or 
lionof hentuf. lottll lion Of' hlnst of ellr· 1Il0\'1I! hcnLOf!, hefllof hell! '1'()1II1 
'"lrll('II, IlIIISt.1 phns" ',s bOil' of wnt.er drv '1' losse~, 
.. phnLes n () .' nLl's hi LOp gllS: S IIg I 

• I I tllro rhnrge 
~ 1 I 1 

, ~ <:'~'" I" i <.~ "r,-' l~~-~'-n- -;;,- -1-,-1-;--;-1":­;, 

. ", , 1"", I -, l~-i','-l-'-I-t--~"i -<I' .--­
B.t. 'II"H,I. II'IB, 1.11, n. /,11.,11, I. 1t,IB,I, It.' /J.t. II. ,11./. It.lf). I. II., H.t. '/I. 'lI.t. II. 11. t. IlJ l'cJ. 

I ,... oI,OH t 535 ·1,5-111:.; !..', "1" ".i . ' , . . ... , j .. 
2 " I:1:~~I.1 ~~!~'I :~~ 1 'Iill! ~~ I b'i I :100 as" II,mist !J()() j'l, SII I • ali I tl. ~ 

'('olllllln ·1 111111 liS e(lhllllll I~. 

The. 11 tiliZfi Lion of fixC'd cnl'hon rol' t('st ~ is given ill tlte following 
tn,hulntioIl, und tlt(, ('ol1lpositiQn of tlt(' Il\ilicriuis ciLnrged is giYell in 
tnble 3 (p. 24,) PermIt 

Burned by O2 in blasL," ". _ ." .. 87, 67 
l"sed for del:oluposing hiuql I1wis! liI'l' .... . 6. 03 
l;sed for I'e<iu('ing phOHph(lles. __ ._ .. . 7. 70 
A('('o\ll1(ed fOI'. __ ...... '. ,._ •••• "'. 100.30 
\'nfl('['OUIl('(\ fOl'I._ -,30 

1 Due to errorS' uf (lIH\lysis Hud used in uucIcterrnined reduction rett<:titHlS. 

INT~;RI'R~;TATION o~· RESULTS 

The dn.ta 1'1'0111 the two combined smelting tests al'c rather mengcr 
ror definite ('ondusiol1s.When) however, the net hen.t supplied nnd 
the amount or P20r. red lIccd in these tests are ('oITeiatC'c\ it is found that 
the dn.ttL IlI'C well represented by line b of figure 13, whieh wns obtllined 
fOI' ind('pendent, pltosplmte smelting. This indiclLh's that the high­
tcmpC'rature 1'('stl'id~ons or phosplHLte snwlting tdso apply to combined 
S111('Iling Pl'occsses. 

Tn.blps 16 and 17 show that the heat and carbon requirements nrc 
similn.I' to those 1'01' phosphate smelting. They nlso show, in contrnst 
to whnt was found in potash snH.~lting! thiLt neither ('arbon nOl' h('at 
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WfiS required for carrying out unexplained reduction reactions. This 
difi'ereoce mny possibly be attributed to the use of burJ1(1(llime instend 
of limestone us the flux. 

The weight ratio of the lime plus ll1fl.gnesifL to the nluminH. plus silicll, 
chnrged was 0.82, the lime equiYH.lellt of the 0.76 mol or cuieiut1l 
chloride pel' mol of K~O in the charge being included. Potnsh­
yoln.tili:;mtiOll ppr(,pn tnges of 25,46 nnd 87.4i were obsen'ecl. The 
c01'l'esponding phosphate-reduction percen tnges were ;32.81 und 7~.32 
with blnst tl'fllpCl'!ltUl'es of 448 0 fincl9i;')0 }.'., l'esprctinly. 

Hig/lrtt und Hoyster (28), working with the Burpn.lI's smn.1t fUl'nner, 
obtnined 90-perccnt yobtilization of the potnsh by llsing sln!!s of n.g 
bnse-H.cid rn.tio und l'elutiwly high cnlci urn chloride to potnsh l'H.tios. 

From these considel'utions it is ten tlltiwly coneludpd thn t the hi'at 
\'('quircn1('nts of the ('ombin('(l furnnec IllI1.y be ('omputl'd in thC'. S:1.111P 

manner ns in phosphate sll1r/ting. FUJ'thcl'll1orl', good. potn.sh-yoln­
tilizatioll percrntnges may be obtained with sIngs hnsing II. b:L,l'-llcid 
I'n.tio of n.n with the addition of 0.75 mol o( rlli<'ium chloride I)('L' mol 
of POblSh chargNI. 

Tho ('quipmrnt requirr(\ for rornbincd potllsh-phosphnte sllH'lting 
is l'ss('ntinlly the snrnc ns for the inciiyiclunl PI·OC('SSPS. Sincr the 
potnsh leltY('s tho furnnce ns fi iUl1lr, it mny f)(' colle('trcl fl'Oll1 thr top 
g:lS by' mrllns of 11 dust collrctor and prN'ipitMOl' bdol'(' the' gns is 
('ooled sllfficirntly to. ('ondense the phosphorus. rrhr phosphorus 
mlly thl'n br colLrct('([ by one of tIl(' methods drs(,l'ihr(l Oil pngrs 
38 illld 30. 

Additiollal l'quiprnent would he Trqllil'l'cl to COll'vrl't thl' poim,h 
Sillts into phosplmtrs. The hycil'oc'hlol'i(' :H'id /'l'coYrrNI t'l'Onl this 
opl'ration '\,'ould he I'ccollYl'rtcd to {'!ticiulIl ('hloriclc ilnd l'l'tul'I1('d to 
thC'. fUI·nllce. 

The following tn.hulntion shows tllr cnkllintion of' ('ok(\ ('OlH'Hllllption 
hHs('(l on tilt' 1l('1l1'th-hC'nt 1'('(ttlil'rll1ents for smelting n hllrcil'll of 
wyomingitC', Jdaho phosphntr rock, nne! hlll'lH'd lilllr: 
Hearth l1('ar rNfllirl'd IlI'r pound of p~O, rl'rillC'('c1: I fl. (, 1/. 

QI For recluetng pho;;phnt!'s ** ~ ._ .. ·.1, J(j7 
QJ For i'lIprrhl'ai Lng Illag. " _ * ••• _ 2·1..1{T"-I,liill 

Q,l Total Iwarth ll\'ull'l'qnin·d .. __ * *. ___ * ~ * __ . _ 21..IIT-.,. 3,31 i 

Hrl!rth lH'ut IL\·n.i1ahl!' urI' pound of ('arboIl bllrIH'd ILL til(' lllyi·l'p: 

QIl Xc'! Itv!\ibbl(' hrarlh lll'ltl IUS in [lthui:ttioll 011 p. ·12, .1'- 0:­

['Q/Iml., 

('l Fnl' g;<'U('ratiBg; hrat, Ql;'QI1* 
.r O.:i 

(\ Forr('dlll'ing blu~t lI1oistllrr~ • 0.03S-I (',C; }'or n·dlll·ing phosphutrs __ •. __ .. ' . OA22.) 

C., 'I' t I I . I 0 ")?- . I 03S.I[ 2.1.4('('+;;,'31 7Jon ('arJon l'('qtllr!'c •.• -._-",.- . ., __ .J"'" ., .1'--9,'}'." 

Cokr 2 rrquirNI pC'r pound of P20s rrdlH'pd: 
0,422,'}.r i ,;AS I C(, Cokr ('OIlStllllptioll, C,iO.S7 ___ * 

- O.si'.r-:'Io~· 

I 1Il\8\'d on tlie ns.<lImpllan or IlI)().p~r"'·IIL r\\flurtion or phosphates. " IIIIIII-'Ilim r:llill of I hn rhnr~l\ 1'1/11:11 
to LO. 1\ mol ratio 01 C'n('" to KlQ ('bargcd of 0,;".111\11 the \·OIIJtIIl1.;lU!Hl of UL2 H~. I1rOo113. pouud 01 K'/V
lK'C l,null.1 (lC p,O, re\IU(~<I, 

I S"l'cn'cnt tlx~d'l'Ulbon <oke. 
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Similnl'l~T, the coke consumption cHlc-ulnted on thc bnsis of totnl 
hel.t I"rquirrll1rnts is: 
Total lH'nt rC'qllil"l'd p('r pound of P201i rNhlrNI: I /: t. 1I 

QI For "('during phosphates__ •..•..••• _._ ••. 4,Hii 
Q\~ For produeing slag ••••••• _____ •• _. ___ •• _ 14()('C+(i,02( 
Ql~ 1"01' \'nporildng lind 1'1'lIlodng wItLl'r. ___ •. - , 2(Y-' [ii·' 
QH 1"01' ('Ilh:iniug ('arbonat!'s and rellloving CO~ (In 

(Jlr. 1·'0/' l'('lI!tn'illg GO nnd PI rl'slIlUng from n'(\udiull or 
phoi'iphatC's 1(i0 

1.(2IT + ((,(j18 

Jll'nt IIsnilnhh' for slIH'llillg Jlurposl's pl'r pound of car\'oll burned 
Itt lIt(' t11."(>1'('; 

(JIg NPl I\,\'uilllhip IWlll (itS in tabulation on p. 4:3) 

C'arlJoll l'l'quirl'c1 (H'r IHHIlHi of 1'.0.1 n'dlll'('cl: 
1·(2('('111,018

('I For gl'lH'nitillg Ill'lIt, QllI/CJIU- - ••.- • '-.1' +2,(\(18"­
('., For rl'clul'illg hlnsl moislllJ'('. • 0.0::184 C1C; Fill' \'('(\ u('illg phosphatl';;... _- .. _ OA22!) 

0,.(22,)+ J.(W;4[ 142('('t}.( ,!.IIS]
,r+2,(,b8 

C;ok(' 2 r('<[lIin'cl IIpr pound of I'll" rL'r1l1ced: 

('~ Tolal ('arbon rvqllirNI ____ _ 

: B,~'r,l 1111 till' ""-'IIII111t;oll or II !)Il-p<.'mmt ,'oitlliliwlioll o( Jlo(IL<h. ntJ.(I('rI·('1I1 r~flu('li()11 01 IIhO~IIllIItu.., 
n Hrm~~~ilh'a ratio in tlw dHir~f.\ l'qwl1 to '.0.11 lHOI rutio or CuCh to K2() ('hnn;lld or 0.75, untl the \'olntill~ 
Z11ioll (.flll ~.1'~. or 0 1;1\:1, JlOIu1fl 01 '"n Ill'r pound III P'!)I r~f,lll('~ft. 

I \'j'.pcn'(\Ill fi\l'd·(~itrhnu ('Okll 

Tile' .ile'Il1S in tllr;;(' tnhulntiollS fIl'r calculatcd ill the snme mnlllH'1' 
uS .in til(' tnhlllnlioJls on pn~('s 42 ilnd 4:1 fOI' phosphntc slIlelting. 
Tlll',\' dif1'('1' ill Jlln~f)illldr b('('iWS('· 1ll01'C slag'.is pl'Odu('rd IWI' pound of 
Pi)r, J'('dU('l'd ill (,(lJllhi J1('(t sm('\ting than in sepnl'utr phosphnte 
"IJl('ltillg.

TlIp <'oll1posilioll of lllP wyomingil(' uSNI in thrsc ('nlellln.tions is 
that giYe'1l ill table:L Thl' burned limc wmi IlSSIlJlled to have b<'l'll 
mnd(\ fl'OIll lill1('sltoJll' of tltt' Illlnlysis giY<'1l on pngc 58. The Idaho 
phosphn It' I'ock ('om posi lion Ils<,d, giY(,ll ill the following t.a bulatioll, 
is t1H' JlI('HI1 of thl'e'e :llInlysrs J'('pol·t('(1 by .}n('ob, Hill, l\lnl'shnll, nnd 
1{(,Yl1olds (S(), p. 22): 
COllRtitllt'lltS: Percellt ConstitltCllts-Colltint!f'd. Percellt 

HiCh S. fii Cr~03 __ ,. . O. 13 
AI~Oa I. 34. V203~. . 30 
Ca.O 45. i4 803 __ • 1. (il 
M/.(O
FPzOJ 

. 23 

. 88 
CO2•• 
F. ___ ' __ ' 

1. i6 
3. 29 

TiO. .Oi C1­ __ .__ .03 
Xai) 
KzO 

. 69 

. 44 
P10,\... _....... - _ 32. 33 
Combined \\'ater. _. __ .. __ 1. 10 

;\lnO .003 , l\IoistuJ'l'. __ .. _ - __ , .' .89 

FiguJ'r 22 shows Ihp ('(recL of blast temperature on the calculated 
('o\;:(' ('()JISUlllptioll roJ' both the hrllJ'th find total hent requirements. 

It illlls! I'I1t('S tlte ('ond i lions under whieh the hrul'th-hent require· 
l11l'nt~ filii to yic·ld pl'oprl' coke-consumption y(dues. 'fhe blnst 
tCI11 pCJ'llluJ'e (I ,MOO F.) ILt which total hrll L rrquirrmcnts become the 
limiling fndor .is milch lower in this (,fLse because of the considerably 
greater slag \'oluJ1lr, 
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According to thesH cllkulu,tions with It 2,000° F. hot. blust, 1 tOil 
of P205 would be reduced Ilnd 0.663 ton of K20 would be YolHtilj;~cd 
from 11. chul'gc consisting of a.08 tons of S7-pel·cent. fixed-cill'bon coke, 
3,0.5 tons of ldnll<) phosphate fork, 6.:::;:3 tons or w,Vornillg'i(e, 2.24 tons 
of bUI'IH'd lime, nnd O.~jj tOil of 76.5-pel'cellt cniC'illlll chlol'id('. '('he 
umount or ('oke .I'('(lfril'{'(l I::; nhout O.G:3 ton III0 J'(' thnn 1'(\(luil'('<I III 

'",...."..-.,--,--~-, """,6 
~'"-~-~ 

+ 'I '" ,. . . I • 

Jt • . , , 
'. '" 

15 

." 
I 

f 
• t t .... 

, I .i 
4 . " 

straight phosphn,le smelting. With this ndditionni coke, 0.663 tOil 
of K 20 is Yoilltiiiz('d. This is equiYlLiel1t to 0.95 ton of roke per ton 
of potnslr, nnd is to he compared with 2.82 tons required fOI' SepUl'llte 
potnsh smel ting. Com plll'ison of the mn t('rials requil'l'd fOI' corn bined 
and independent smelting of 1 tOil of P 20 5 nnd 0.663 ton of 1\:20 slrows 
that the combined smelting Illny be cn.ITied out with the usc of 
n,pproximn.tely 1.24 tOilS less or coke, :I .22 tom; less or bUI'I1('(1 lime, 
Ilnd 0.96 ton less of g'I'f\yrl. The estinmlNi mnt.C'l'iill l'cquil'cnlC'nts 
for other blast tern peI'l'ttures lIrc giycn in table 1 S. 



1.000 
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T,\IIl.tj lS.-R.~liIllCllcc1 '1IlfLlrrial rcquirr'mcllis -in Jlall1'~"-Jlhos]lhale ,~l/IcltirlO Tier Illn 
Il! I'll, reel'INti l 1 

__0 •• ~__.... ___ ........_ ~.______ ••_ ..... 


~~'~'&""--' "' -.-----.-~.. 

,-.,k(, , \l"Y!l!llill~' Trlnho Burned CulciullI 
lt~ " phosphate' . lime chloride I 

Tmu: "r'Jn,'f 'I'n", TO/!$ 7'011,\ 

iiOO t.I ,;, Ii. ;",.1 :J.u:, :I. ~I 0,8,5 
;, 71 II- :I.{ :1 Wi 2 ,IS ,85 

1,;)00 :j fill t•.;:1 ,10:' 2 ~J ,~5 

1.1)()(1 11l~ r. ,',:1 Ill;' '! 21 !l.5 
'2.500 :! 71 II :1.>1 ;11l:. :.! :!l .S.'; 

: ":0 ;f)lati\rtNI.ll l jl':lllllll'er t .. 'I ..r [,,[). TI"hl<'\,,1 
, ntt.~t,\d nil l!lhuhlllOn~ un Pit IH awl fa. :l,:isUmltl~ HO"Pl'f('l"nt rt!due'ti"!l ,lu,l volaliHzaLion of till' Jlhos­

phato und I'II1a,.1I 
3 nhs! hUIJIJIII(~.1) fll TUIUIl,j "r w W'r I",r l'"uO,1 of :lIr, 
I FixNI mrholl. s; IWrel'nt 
~ \II:11y~l~ IL"v:tHll in uhl(':l 
~ AlUlysls ~1S: ~l"\"t~n oU f •. fiL 
•.\lIflh'~i< nC hlll~~tflO\' ~I\ ~Il "t\ II ! • ., 

.. ('"llCblo 711 rf J~n:l\ut. 


( 'om him'd ,P0tn"h-pho.;pilll I!' !'1ll('1 tin~ t II liS would br r('onomically 
mOl'!, 11 it l'adlYr thun thr ..;rpH I'll tl' pl'()('(1';~(,":, :lnd t IIr pl'Od l1C't would 
be rl1rll1'('1' to ;;hip, 

SC)DIARY AND CQ!'IClXSIONS 

TIll' rollowiug' {'()Ilt'lll-;i()l1~ mny Ill' dl':lwn front tit!' p:qwrilllrnts on 
pho.;phntp !"ml'1 till!!:: 

P\losphntl' slIw!ting' i,; a l'Pdll<,lio!l PI'O('I'';" litnt 1'('([llil'(,s cnrbon 
for thp l'('dlH'tl01l. 

Th<, h('nt 1'!'l[lIil'pd ttl (':IlTY ou! pllO';llltnll' l'('(IIl!'tioll ill tllr hillst 
flll'l1;1('(' ('1()s('I~· llpproxinlHt!·..;' dUll c'lIlruiutC'd fol' tIl(' I'l't11'tinn: 

Onh' hpnt ut Ill' nho,,!' :!,:!.i.i F, j,; u":liI:lillp fCll' (,IlI'I'ViIH! out thr 
phn,;phllt!'-I'('till!'lion 1'('lIl'tion, Tltt' :llllOllnt or ph()spl;nt~ r('(lu('rd 
is Iimi.tl'd by till' IIpn! nSlIilublf' nhoy<, thi,; tf'll1p('l'atlll't', 

\rithin tl1(' limit,.; It":! to 1. I:!, tIl(' hu,,('-ncid I'utin or til(' chnrg(', 
('n (). ~ [.rO r I t\" '11' I I I,\UL . sRi~' wu" not ()lllH to tl (,(·t apprC'('1l\) Y ('It l('1' t 1(' 1rnl. 

J'('quil'('!\ hy Ot' tl1(' (\nil'iI'lH'~· or th!' J'('<itl!'tio\l p\'O('r~s. 
Phosphnt'l' !"llwlting i:-: tl'chnif'nlly f('a,;ihh· with low 01' n)('tiilllll 

hln~t tfIllP!'r:lt II/'PS \)11 t i:; ('ol1lInPI'Pinlly pl'tleti(lH bIt' for [(,l'ti1iz('l' 
prndl1<'tio[l only if hi~h bln~t trrnpC'l'tltlll'(,s IIJ'(' u\'uihlbh'. 

Th(' I'C'Sl1 Its of tll(' pottl"h-"nH'1tin~ ('X [wri nll'lI ts showed tlln t: 
Thp hptlt illyn"'('!! in poln"h-\'olntilizntio[} l'p:1('tion::; o('('urring in 

th!' blast l'lIl'IltH'P wus too sl1lnll to lH' <ll'tt'('t(l(\. Th(' pl'ioeipnl. hpu.t 
rrqllir!'nH'nts or potash slllPlting nn', thpI'C'fm'p, thl' hrllt J'rquirrcl to 
slug thl:', ('harg!', to d('compo,,(' tIl(' blnst Tl1oi::;tuI'P, find to satisfy the 
hrnt los,,(',;.

VolntiliZ!ltiou tn thC' ('xtf'nt of (H) JW('('f'nt wus not realized fl'om 
'1 I' I '\' ('llO·... ~[!2'() I h )(' ut!'g(':; Hl\'1l1g' II Hl:'('-tU'l( !'lItlO, \c();~-:;ir)~' PBS t an (.n. 

Th(' ndditltln of (,U\ClllllJ !'blol'id(' ilH'l'('tlSNI th(' \'oln tilizntion of 
potlll..;h [mIll ('htU'!!(':,\ huying lnw on.;p-uricll'tl,tio::;. This efY('('t was Ie;,;:, 
prollOunc('t\ for (''burgp;:; lUldl1g bUde-urid mtios u:; gl'l'ilt us 0,9. 

http:I'II1a,.1I
http:T,\IIl.tj


PROCESSES FOR PRODl"c'rION OF FERTH,TZER ~rA'I'ERIALS 67 

Potash smelting is a, technically fensible process, bu tis cOllllllcrcinlIy 
practicnble only if low-cost limestone und fU('1 Ill'e obtuinll bl('. 

The results of the cOl\lbiii~,d potnsh-phosphnte sll1l'1 ting ('xl)('rimen ts 
showed that: 

The combined. smelting of potnsh lind phosphate ofl'el'::; no t('chnicul 
difficulties not met in the two SepUl'llte prO('('sses. 

Com bined sn1l'1 ting is comm('rcinlly more nttl'llcth'e thn n th(' 
smelting of the sUlIle IlmOllnts of potnsh nnd phosphnt(' indC'peIHI('ntly 
because it requires less fuel nndflux Hnd yields n. more ('n::;i1.y 11'11115­
ported pl'od uct, 

It must be empbnsiz(>(l thnt methods for l'('coY('ring the produch; in 
nil three processes requil'C further inYestigntioll. It ::;hould Itlso b(' 
pointed out thnt the indicuted possibilities in thC'se pro('C'ss('s, esp('ei­
ally in the phosphnte nnd potnsh-phosphn te proccsscs, dept'IHI In I'gely 
upon the deyclopmen t unci application of ston's cn pI! hIe of ('('onOIll­
icnny producing blust tcmperaturcs s('\'cl'ul hundl'C'd d(,~I'N1S hi~h(,I' 
than in present iron blnst-ful'lluce prnctic(', It is eXI)('c/NI thut thc 
sto\'es llsed in tlus illvestigntion will poillt thc wny to sllC'h n. d('\'c)op­
ment (60). 

In potnsh smelting the eXl1ct nmOllllt of ('ulciurn chloride rcqllir('<1 
isuncer'tnin, the consumption of cm'boll by some unknown I'cdudion 
l'enction is unexplnined, llnd tho full b('ncfit of using bumed lime liS !l 

flux is 111ldotermincd. These factors, us \\'pll as til(' upplicu bili t~T or 
curbonized 'Yyoming coni ns n. blnsl-l'ul'nIH'c flWI, r('mnin to 1)(' in­
yestign t('d. 

The illvestigntion of the comhin('(1 potnsh-phosphnt{' f'UI'IlUC(\ must 
be extended before finnl conclusions clln be' drilwn. 
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APpgNDIX 

'l'ABLI~ HI.-l?qui,!(({clIl II'll1/)('/'n[ares 

'feUlpcrn ture 'relll perlltllfc ;i fl'~Jn I)('[n lUrt.1 rl~~JH pcrnlllre 

• P. ; • c . 
o Ji'i! '~:f~' '11 1~.:~'-r-· i~7-1;'(;~- I~ i(~72 ! 22.2 

25.0 U.J8 :142 I. ,,00 SHi 3,142 I, i:!S 
~'!l. 4 700 371 I, [0$11 SIiO :1. 1,I1i 1.72!J 
37.S 718 aSI 'I 1, !lOO hit j, !t 152 t.7a:{
85.0 748 aos I.IHO 8\13, I :3.200 1.7liO 
0:1.:1 800 ·m 1. !l50 SUU" 3.300 I. bill 

121 s:n HI 1,700 U27 j, 3. :lao 1.8.12 
J35 UOO ·182 I, 800 !IS2 :1.400 I. gil 

934 501 i! 1,850 1,010 a.500 1.927 
975 524 I' 1,000 1,000S J a.520 I.uasm I:, I, 000 5:18 2. 000 I, OH:I 1:.,' :1. (100 I. 9~2 

I 

I 

l&l 1,02·\ 5.51 I, 2 • .1\10 I.W! :1.700 2,038
11,0.\7 51H I' 2.200 1.20·1 3,710 2,01:1g~ I' I, OliO 588 I'!I 2, 255 I. n.,; 3, 800 2, 00:1

170 II I, 100 5\1a 2 "8" 1,2[,1)·, :1. S\IO 2, H:l 
tSU I, 112 (100 2: :ioii 1.260 II 3, gOO 2, HO 
lP!1 \j 1,153 023 2. !!i2 I, aou :i 4.000 • 2,20·1 
20,\ 1,I7n Il:H 2,400 1,;jW Ii 4,070 2,2'1:1

H204 1,177 6:16' 2,500 1,:t71 I 4. 100 2.260 
200 1,200 IHU Ii 2.502 1.400 ,i ·1,172 2,:)00r211 I, !WH fib!!;! 2, HOH 1,42(';f 4, !.!lJO 2, aw 
220 , 1. 20U 05,1 2.1~~7 1, ·'75 ' 4, ,!H{) 2, 3a~ 
2:11 I' 1,215 (\;,; H 2,700 1,452 i! 4. aoo 2, ait 
2!i;! l, :100 ,0-1 II 2. ,50 I. filO jl ·1. -lOa 2,427 
2GO l.aos JOB Ii 2.S00 J,fi:iS J 4,410 *t1~~ 
2ifj II JI',33~le Z,:-.'I'·J II' 2,Si'n J,{SO "f~QQ :-_"""_~I280 " I . ~.900 l,5U:.! .J,iJln v 


208 1 40n iliO ,I 2,970 1, n:J:! 

2!JU t: .f0,( 7li~ f: !{, aoo I, ().IU :~::::::=~r:::::::: 

alG I, ,14", -,rl.1 ',1, (10'_' 1\ 1',r,ll ., : '"-'''''-1''''''''' 

'J'clllpcra· i 0 \' 1 I' i ~l jLUre (0 C'.) I 'J 
­___ ! . ~\,_GL_7 _8_' 9__1 _ 

1 o....."..! 0.007/5! 0.oon9 O.(IOS4" 0.00921! 0.0100 O.OIIXI O.OIlIi I 0.0128 0.0139 0.0150 
')-C10........ \ .010:1 ,01711 .0100 I .cr206 0:"'" .0210 .0_".1 o·'-U .0:101 .0:125 

~t.._.... .O~50 • O'~~~ ,OlOf •(}!~~ .(11)8 .050:1 • 00·1U I :057!! .0621 .066n 
.10. ___ " •• ' .O,H .O,U.. .OSIO I .OS" .ollas .100 .107 . •. 115 .122 .1:1 1 
·10... ..... .130 • HII .159;. !fo9 .180 • 19~ .2CH .217 .2:ll .240 
W. _...... .2H2 .278 • !.~15 I .:Jl3 .:132 .:152 .:17·1 .:190 .4~O .H5 
liD........ . ·172 •.199. •52~ I' . ;;5\1 • ,0\11 • f2[1 .uno .HUS . 7~H .778 
7U •••••••• S!:!!l .bU, .!1I4 .UG·I I.O~ 1.07 1.13 l.LU 1. 25 1. 32 
hO ...... ~. 1.3\f JAn J.5·{ LOI 1.70 L 7S 1.87 t. {I'i 2.07 !!. (7 
90 ~"~M~ ~ ~.2,~ 2,3U !t~1L 2.{j~ 2.75 :!.SIl :1.02 a.17 a.32 :l.~S 
IlJIJ.' __ '''j' 3.63 a.lH I:!, .. ~,~ ·1.17 4.:t11 ·1.51l ·J.71l 4. \IS n~20 .5.43 
110.... "'., 5.69 5.!!2 n. '.I~ O. ·15 0.73 7.02 7.32 7.tH 7.UIl 8.30 
1;:0"""'1 S.uo 11.01 U 0 11.77 10.0 10.5 11.0 11,5 11.0 J2.{ 
J:IO ....... 12.0 1:1,·j 14.0 \oj. 6 15.1 15.7 /(;.3 16. {J 17. {, 18.2 
1·10. ..... I~.!l 19. (I 20,.( i 21. I 21.1/ f 22.7 12:I.H 2·1.·' 25. a 26.2 
15o" ....... · _: 27. 2 ~I'~'" _~~ __ ~'1 ~. ~ .. ~_~ .. ~ ... w .... •• .. 

I ('ornpul~d from thec'IUull(lU of MIII'J(lIcund "lin \'oorhis (JI). grror lIoigl'Clltcr limn O.5I'Crccllt. fcolll 
1(.100. to l{IOO c-,.. 11nd nuL l;reutcr than 5 pcrl'~nt. nL .'.1°. 
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TAlll," 21.--];;s!-illlaled heal oj pO/IlSh-I'O/lIlili;wlion reac[io/i., r 

11~"1 (lr
1!t':1l'lnllls I'r(J<lllrts f(i:lt,ti t ,,,, 

77" F'. 

B.I. 1/. per 
lb. /(,0 

~1.:Wl 
-1.1l")

-lUft 
·lItl 

-~~,I 

lin 

------_.._----------
I Hflscu on cslJllll1lc<i he!ll~ or rorllmUolI ror ,1.1,0..·1$10, alld rnO ·AhO, ·1:'10: Qr 1.~W lItHll.aH)·kl! rl.iorics 

per grow formula weight, respectively', 

'1:AIII,1:; 22.-JJean mollll hcat cn]!(lcilies ot cons/lint pl't!s.mrr I 

Tempernture (o~'.) N,. 0,. ro, 
:\0. flrl. Jr, or II}' JI,O (,0, or RO,HI, n Hr. or 

F, 

B.I.u.per B.I.Ii.Jur 8.1. u. per B. t.?1- Jlu B.!.ll.prr
lb. 11I0l per lb. 1//0/ Jler II,. 1/10£ per lb. 7110( per lb. atom per

oPe °P. o}i'. OF, °P.
0 •• __ •••__ •• _.............. __ ...... _ 1.92:1 0.930 S.340 8.999 2.28·1

77... ____ ... _... ____ ~ ..... "_. ___ ~ _............ ~ 6.93, 0.9·15 8.365 9.103 2.375 

101L...._...._. __ •• 0.9·12 0.947 8.371 9.134 2.·IGa 

~OO......_...... .. 0.901 O.9illl 8.398 9.266 2.519 

300.............. . . • __ .. _...... . O.9S0 6.971 8.·128 0.398 2. r,33 

400.................. _............. .. 7.000 0.9S:1 8.401 9.527 2.7H 

500...........____.................. . 7.020 0.996 8.497 n.OnS 2.·~,i3 

000 ...__ ......__... __ ................ . 7.040 7.010 S.S:i5 9.781 2.9()O 

700.................................. . 7. OliO 7.02:1 8. ~')TO 9.90.1 3.00·1 

800..................................... . i.081 7.0:\8 8.620 10. 02~ 3.1G[, 

900................ ' .... _............. __ 7.102 7.052 8.667 ]0.149 a.20·1 

1.000.................... "" "'_"' __ 	 7.123 7.008 8.710 to.2G8 3.301 

1.100.............. ____ .. 7. ]45 7.08:1 S. ,liS 1O.:1~(j 3A55

1.200.............. . 7.10, 7.O<j9 8.823 10.501 3.547 

1.300.............. _. __ ., 	 i.]S9 7.110 S.SSI ]0.016 3.0:10 

1.400.................. . 	 7.211 7. I:!:! 8.911 10.728 3.72a 

1.500.............. 7.2!i5 7.150 9.005 10. sao 3.80, 

1,000............._••..• 7.257 7.108 9.0iO ]0.918 3.889
1, 700 ~ _________ .. _.. .. _.. ~ .. 7.230 7.1S7 9.1:19 11. Oliii 3.969 
].800............... . 7.30:1 7.205 9.211 11. Hit 4.• 0'15 
1.900.............. _•.. 	 7.327 7.225 9.280 11.205 4.120 

~,ooo," ___ .. _.. ,._ .. _. ~". __ 	 7.351 7.2·14 9.ar.O 11. ali7 4. 19~ 
2.100.............. . 	 7.H7.1 7.265 9.4-12 It.·lUS 4.2112 

2,200......___ .. ___ ..- ___ ..... 	 7.402 7.285 9.52·1 ll.Wn 

7~42·' 7.300 9.610 11. 004 l:m~:~~::::::::::::::::-- ":. . ..... 	 7.449 7.323 9.09S lL,59 4. ·1[,0 
2,500.......................... .. 	 7.47·1 7.350 9.789 11.85:1 4.51,1 

2.000......__ • __ • __ .• _....... __ .". ' __ '" 7.500 7.372 9.882 11.1115 <l.S7:) 
2,700....__ ..••••.•.•••.•• • .•.• _..... 7.526 7.395 9.9.8 12.0:10 4.027 
2.800............. _ .......... _•.• 7 • .552 7.-118 10.078 12.12·1 4.080 
2,000..... ~. ~ .. ~ .. __ ..... "... .. ,~ .. ~ ... "' .. ~ _ ... ~ .... _~ .... _ 7.578 7.·1·12 to.17!! 12.211 4. no 
3.000................ __ ' ................. . 7.005 7.·100 10.28·1 12.200 4.777 

3,100............... , ................. __ • 7. 1m 7. ·101 1O.:l!1I 12. aso 4.ti82 

3.200.................................. .. 7. rum 7.516 ]0.• ;02 12.·lIil ·1.80·1 

3,300.............. __ •.• _................ . 7.686 7.542 10.01·1 12.542 ·1.90r. 

3,400••••_____............H"", __ ..... . 7.71·1 7.5fiS ]0. ,ao 12.1)20 4.9·12

3.500.___....______ •• _. __ .. __ . ____ ...... . 7.742 7.59·1 10.840 12. GU1 4. \l7i 
a.ooo ................._........... __ __ 7,. iiD 7.021 10.970 12.772 5.01U 
3.700.................... _.... __ • __ .•.• 	 7.798 7.IH9 Il.WI 12.S,15 6.010 

3.~00_ .•__........_._.• ____ ............ . 7.827 7.1177 11.220 12.917 5.00S 

3,900.......... __ .............. __ 7.856 i.705 11. :J50 12. !)Si 5.09:! 

4.000...... __ • __ •.••• " __ " .00 ......... -. 	 7.885 7.73,1 1I.4S2 1:1.055 5. lin 


I COluptlte<l rrolll equilltons (lr Ellstu((Iu (iIJ) ror gIL'U'. nlHl equlltion or I~uwis IUlll H:\n,\fllI (99) ror caruon. 
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'fAB[,g 23.-Sensible heals above 11° li.t 

Hensible heaL 0(­

Mois1ure-de­
burn 1 pound 0 bustion o( 1 pound ~loisllJre ac­
Blast requircd 10 Products o( com­

com position 
to CO with- C to COwltb- compnllying products nc­

companyingTemperature (OF) the dry ui<" the prolluels
t I)ound required to o(colllhIlS­orl'nrhon hurn 1 pOlllld tlon or I(' to GO (hu- pOUJl(1 (' toPure Pure lIIidlt.yl= Dry Ilir , DrYIllr' CO with drym:ygcn oxygen (1.01) nir (hlllllid­

lI.y '=0.(1 I) 

-------1----------------1----1----
H. t. II. B t. II. J1. t. /I. B.t.·II. l1. t. II. 11. t, It. 1l.1., II. 

0.0 q. Q 0.0 0.0 0.0 0.0 0.0 
~. 7 h. j 31.9 1:1.:1 as. ,Ii 0.11 J.() 

20. ; 35.8 17t 71. [. W7 3.:1 5.l) 
W.1l 05.0 :III 130 :l7G 6.0 10.0 
70.2 94. -I 451 139 5·1f1 8.8 14.1; 

10·( 124 593 248 717 ]1.5 19.0 
la3 154 7:15 307 889 14.3 23.0 
lila 184 878 :l1l7 1,002 17.2 28.1 
Hill 214 1,022 428 1,2'JO 20.0 32.7 
2:10 244 1,107 488 1.411 2'2.9 37.·1 
205 275 1.312 54!l 1.587 25.9 42.0 
aOI 305 1,450 610 1,704 28.S 46.7 
aan 336 1,000 672 I, !J4:1 31.S 51.4 
:li9 :lU7 1,755 7:14 2,12"2 34.9 56.1 
·IW alls I, Ol)'! 797 2. aoa 38.0 60.9 
·lfit 4:10 2,05.1 860 !!,485 41. 2 65.7 
50a ·11)2 lI2:l 2,668 41.4 70.5.., 1JOO 

j).)47 -tll. 2: 35!l 9S7 85') 47.7 75.3 
5Ul 525 tj ~1') 1,051 3: 0:17 61.0 SO. ~ 
na'i" 5.'IS 2: uno 1,110 a, Z.!4 M.4 85.1 
Gsa 5110 f) I,lSt a,4l2 57.9 \10. I;;' s·",q=s7:11 623 1,2·1U a,flOI Gl.4 95.0 
7iH (l50 5: i37 1,312 :1,793 05.0 100 
827 689 3,294 1,378 3,984 tiS. i 105 
h76 723 a, 454 1,445 4.177 72.5 110 
92.1 756 ;1, ~!~ 1,513 -1.:171 iO.3 115 
976 790 .{.II' 1, "so 4,508 80.2 120 

1,0'2G 824 :1,941 I,6-m 4,70S S4" 126 
1,077 85U 4,105 I, !\~ 4,116·( 88.3 131 
1,128 S9:l 4.2i'l 1, lSi 5,16-1 92.5 136 

t 1,1'U 928 4,4:18 I,S.i7 a,:lUIl 96. i HI 
, 1. 2:30 963 4,605 1,927 5,569 ]01 147 

I "S') 9UU .-1,775 I, \Ins .~. 774 ]06 152 
1:334 1,0:15 4,9-l.i 2, Otl9 5.980 ]10 158 
1,3SS 1, Oil 5,117 2,141 G,I88 115 163 
1,4:16 1,107 5,290 2,214 6,:197 120 168 
1,4S<! 1.143 5,465 2,2SU U,008 124 174 
I, [~{O l,1~O 5,640 2,:liil 6,820 129 180 
J,590 5,817 2,,(:14 7,oa5 134 185 
1,1140 

11; "1-
25.i 5.990 2, !i()<J 140 191~,!!~ 

! l,mJO 1.:!tI2 6,175 2,584 i,·1.,7 H5 197 

I CU11lputed froUl tahle 22. :I Oxygeu, 20.92 percent. , Pouud H,O per pouud dry air. 
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