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INTRODUCTION

As part of a Nation-wide program of the United States Government to
develop natural resources, funds were made available to the Bureau of Mines
for the investigation of the "Reduction of Iron Ores by Solid and Gaseous
Fuels." These investigations are concerned with the direct production of
iron from its ores without the use of a blast furnace. Many brocesses have
been proposed for the low-temperature reduction of iron oxides, but few have
been developed to commercial use. High-quality sponge iron is produced com-
mercially only in Sweden,

The cost of iron preduction depends in part on the grade of the ore and
increases with decrease in grade. The substitution of cheap natural gas in 2
sponge-iron process for expensive c¢oke in smelting in the blast frrnace would
partly compensate for the use of low-grade ores, If a process can be devel-
oped in which inexpensive natural gas can be used as fuel and reducing agent,
the large deposits of low-grade iron ore and the natural-gas resources of
east Texas mey be vwtilized in the commercial production of sponge iron.

Sponge iron mey possibly be used to supplement scrap iron, pig iron, or,
in special instances, wrought iron, Sponge iron will vary but slightly in
composition and will contain little or no nickel, cobalt, manganese, copper,
and other allowying metals, It is becoming increasingly difficult to obtain
choice scrap iron of nonalloy composition. Pig iron contains 1.5 to 3.0
percent silicon and 3.0 to 4.5 percent carbon. Sponge iron gencrally con-
tains less carbon than pig iron. ' .

- The Madaras Steel Corp, in Longview, Tex., built a semicommercial-scale
sponge-iron plant which was intended to be operated in conjunction with a
steel foundry. The process is based upon the reduction of preheated iron ore
with hot reducing gases under pulsating pressure, Although the Madaras Corp.
had previously experimented with the production of sponge iron by reducing
the ore with pure hydrogen, several attempts to use & re-formed natural gas
as the reducing agent in this pilot plant were unsuccessful., The Bureau of
Mines leased this plant and conducted an extensive investigation of the
Madaras process on a semicommercial .scale,

‘The experiments were hot entirely satisfactory, partly bocause of mechan-
ical difficulties and partly because the reducing gas was not of tho best
quality. However, much information on the production of reducing gas by
re-forming natmral gas and on the reduction of iron ore with re-formed natural
gas was obtained.

The sponge iron produced contained approximately 0.1 percent phosphorus;
and, after melting in an electric furnace, the iron containcd approximately
0.15 percent phosphorus, The results of attempts to improve the ore by ore-
dr3331ng methods were not encouraging
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PLANT AND PROCESS

A schematic diagram of the plant is shown in figure 1 and a photograph
in figure 2, In the Madaras process, heated reducing gas is pasgsed through
a stationary bed of preheated ore. The reducing gas enters and leaves the
reaction chamber or reducer in pulsations caused by the operation of two
quick-opening valves, one on the inlet and one on the outlet of the reducer.
As the outlet or upper valve of the reducer is closed, the lower or inlet
valve is opened, and the reducing gas rushes in until about 35 pounds pres-
sure is developed., At this pressure the inlet valve closes, the outlet
valve opens, -and the spent-gas is expelled to the atmosphere. The relative
vositions of the pulsating valves are shown in figure 1, Figure 3 shows the
operating cycles of the pulsating valves, . :

Three principal reasons were involved in the choice of pulsating of
flow: (1) The building up of pressure would cause deeper and more effective
prenetration of the gas into the ore particles; moreover, .increased pressure
increases the quantity of reacting gas in a given volume, thus increasing the
rate of reaction. (2) Channeling of the gas stream would be climinated,

(3) Reduction of pressurc would result in quick removal of most of the partly
spent gas,

The reduction of iron oxides by methane and ethane is very slow, and the
reactions are highly endothermic. To provide & more reactive gas, carbon

monoxide and hydrogen were produced by partial combustion of the hydrocarbone
in the natural gas,
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Figure 2. ~ Sponge~iron plant, Longview, Tex.

Figure 6. - Surge-tank burner in
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. Reducing gas was prepared by mixing air (preheated to 1,550° F.) with
natural gas (preheated to 600° F,) vnder 4O pounds pressure in a catalytic
chamber charged with nickelized alundum cubes., The gas formed by such treat-
ment consists of carbon monoxide, hydrogen, carbon dioxide, oxygzen, and nitro-
gen and small quantities of unchanged methane and heavier hydrocarbons and
cracked hydrocarbons.

On leaving the generators, the gas passes into a surge tanlk, which damps
the fluctuation of pressure caused by the pulsating valves and prevents dis-
turbance of the equilibrium of the pressure in the generator., After the re-
formed gas leaves the surge tank, it passes through the pulsating valve into
the reducer and through the ore. i y

The preheaters and generators axé in duplicate. The plant was designed
with two natural-gas converter units in parallel, but it was dilficult to use
both converters at the same time, : : : )

In the discussions of operation, -temperatures are given in degrees Fahr-
enheit and pressures in pounds a square inch; endothermic heat reactions are
indicated by a minus (-) sign and exothermic reactions by a plus (+) sign.

DESCRIPTION OF PLANT

~ Natural gas was delivered to the plant at approximately 200 pounds pres-
gsure from a gas well several hundred yards distent. The pressure was reduced
at the plant to 120 pounds, . Two air compressors were used to supply air,
Thé air was heated in a coil of 2k turns, 4 feet in diameter, The. tubing
used for the coil was type 309 Cb stdinless steel, 2-1/b4-inch o,d, and 2-inch:
i.d. Natural gas was heated in 3 turns of 2 i-foot-diameter coil of standard
1-1/4-inch pipe. Heat was supplied by gas burners directed on these coils, .
and the air and gas were heated in their respective coils, enough burners
being used to heat the air to 1,1550° F, and the natural gas from 550° to
600° F. It was inadvisable to heat the gas to a higher temperature because
of possible decomposition of methane, which would cause deposition of carbon
in the coil, "Becausc of this relatively low temperaturc, zn alloy coil was
not needed for the gas. On the other hand, the coil in which the alr was
preheated had to be of alloy steel to withstand both temperature and 45
pounds pressure. Both coils were get in a well-insulated cylindrical furnace,

Air and Gas Mixer

The heated air and gas are passed to a mixer, appropriately called a
"awirler." A drawing illustrating its position and function is shown in
figure %. Much @ifficulty was experienced in this phase of the process, and
numerous changes were made in the design of the swirler to obtain & more
thorough mixture of air and gas. It is very important to have an intimate
mixture of air and gas both for effective re~forming of the gas and pre-
vention of damage to the surrounding cquipment. The extremoly high temper-
atiures in the zone of the swiler necessitated the use of the best heat-
resisting alloy obtainable.

1069 -5
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The air and gas passed from the swiler into a small mixing chamber, which
is in the form of the frustum of an inverted cones This chamber was constructed
of alloy metal rather than refractory, since, when refractory alone was used,
it was found that the 1mp1ngament DIt nhe swirllng hot gases at high veloclty
would ceause erosion. e

Above the mixing chember was placed a high-temperature refractory plate

6 inches in diemeter end 1-1/4 inches in thickness, containing 85 holes
/8—1nch in diameter, It served four purposes: (1) To keep the catalyst
out of the mixing chamber, (2) to aid in distributing the gases evenly as
they entered the catalytic zone, (3) to increase the velocity of the gases =
that the early reaction would not be limited to the very bottom of the cata-
lytic chamber, and (4) to stop the swirling action and cause the gases to
enter the re~forming zone in a vertical flow., Attempts to substitute high~
temperature elloy screens for the high-temperature refractory plate failed.
Very fine, high~grade, alundum cement was satisfactory material for the plate,

Gas_Generator and Catalyst

* The catalytic chamber was an inverted cone. This shape reduced the
velocity of the gas mixiture and permitted longer contact with the catalyst.
On the othor hend, it was necessary that the gases have sufficient velocity
to insure that cthustlon would take place within the catalytic bed and not
in’ the mixing chamber or swirler zone., The chember itself was constructed
of high-tempercture fire brick. Details of construction are shown in figure 4.

The catalyst was prepared by soaking l=inch alundum cubes in a boiling,
saturated solution of nickel nitrate, After I hours of such treatment, the
cubes were removed and heated in an oxidizing flame until all the brown
nitrons fumes werc expelled, Thig left the catalyst in the form of nickel
oxide on the surface of the alundum carricr and rcady for charging into the
generetor, As much as 1,200 pounds of this catalyst was charged at one time.
The welght of the catalyst was T4 pounds a cublc foot, and when in place it
contained 50 percent v01ds.

Gases leav1ng the re-former passed to the surge tank through a l?-inch
pipe lined with h inches of insulation.

Surg@ Tank and Burner
The surge tank resembled a large, comprossed-air receiver in a vertical
position. It wes lincd with 9 inches of insulating fire brick and 4-1/2
inches of high-temperature fire brick., The volurmc was 520 cubic feet. When
the pulsating valve opencd on the outlet side of the surge tank, the gascs
were swept into the reducer. When the valve closed, the gascs werc stored
under 1ncrea51ng pressure until the valvo reopcnod

A burncr was installed in the bottom of the surge tank to provide addi~
tional heat to the reducing geses by direct combustion into the surge tank.
A drawing of the burnor is shown in figurc 5 and its installation in figure 6
(fol, ». 4). Tho hcat added to the system in this menner helped to bring the
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ore to reduction temperature, but the addition to the reducing gas of carbon
dioxide and watcr vapor from the products of combustion to the reducing gas
was a disadvantage. ok :

ORE REDUCERS

The ore reducer vas similar in shape to the surge tank, but its volume
‘was only 240 cubic feet. The cylindrical wall was insulated to a thickness
of 15 inches, The bottom was a 45° conical zone cast from insulating mate-~
rial, This slope was made to facilitate the removal of ore at the end of a
reduction period. Slketches of the reducer are shown in figures 7 and 8.
The plant was origindlly designed to use two reducers, the second being
directly above the first and in series with it. It was intended that the
spent reducing gases leaving the lower reducer should pass through the upper
reducer, preheating and partly reducing the next charge. By this method of
operation, a semicontinuous process might be approached.

The entire plant was covered with aluminum paint for the conservation
of heat, :

Sponge-Iron Storage Cars

On the completion of reduction the sponge iron was discharged through a
12-inch gate valve in the reducer bottom into three storage cars of BQ cubic
feet capacity. 4 photograph of the sponge-discharging operation is shown in
figure 9.

It was necessary to use great dare in cooling the sponge iron to prevert
recxidation. While the cars were being filled, natural gas was passed into
them to displace the air.' (See fig. 10.)

i | j éontrol Roomn.-

Because of the rather large size of the pilot plant and the impractica=
bility of reading instruments in awkward and distant places, most of the
instruments were placed on a panel board in a control room where most oper=
ating data could be obtained during a reduction veriocd. Gas samples were
taken as close to their immediate source as possible. Temperature and pres-
sure reedings came from the same point as the gas samples and were relayed to
the control room, £ gas gravitometer and carbon dioxide continuous recorder
also were located in the control room, with provisions for switching the
instruments to various points of the system at any time,

The chromel-alumel thermocouples were protected by chromel-type T tubes,
Leads from all thermocouples were connected to pyrometers in the control room.

Gas analysos were made by the:standard Burceu of Mines method in a |
Burrell gas-analysis apparatus,
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INVESTIGATIONS OF PROCESS

" Investigations at Longview were divided 1nto two phases: (1) Gas re~
forming and (2) ore reduction. ; ikl i

In previous operatians of the Madaras Steel Corp., the gaé”ré—forming
equipnent was not satisfactory, and the data on its operation were not com~
plete., Attempis to re-form natural gas in a manner similar to that described
by‘M@ier5 had not produced a satisfactory gas over a period of time necessary
to complete a reduction test. Therefore it was necessary to obtain informa~
‘tion regarding the operation of the generators before investigating the
, reduction of ore. :

A series of tests was outlined to determine the most effective operating
conditions for the production of reducing gas without too intricate a program.
On cqnclusion of these tests, the gas was not entirely satisfactory._ (et

The reguisites of a good reduclng gas are: “

Low carbon dioxide content,

Low water-vapor content.

High carbon monoxide content,

High hydrogen content,

Complete or nearly complete deccmposition of hydrocarbons.
Absence of residual oxygen and illuminanta.

Temperature of ges, ‘above 1,800° F. but below 2,000° F, If the .
temperature is too high, the particles of” ore agglqmerate and dig-
charge is difficult,

most important factors thak influence_the process are:

Air and gas mixing.

Aif;gas ratio,

) Tamrerafﬁreé of preheat,

Quantity and velocity of air-gas mixture entering the generator.,

Pressure in.vessel during re-forming,

» Type, amount, and conditiocn of catalyst.

3/ Maier, Chas. G., Sponge~Iron Experiments at Mococos Bureau of Mlnes
Bull. 396, 1937, 81 pp.

1069 o 0B e




R.I,.3925
7. Quality of natural gas available.
8. CQuality of compressed air available.
9, Design of generator.

Gas Re-Forming -

A series of tests was und.e;r‘ba.ken in which 'tlilé' :va.zfiables were investigated
in the following order:

Air and pas rate.
Air:gas _ra‘tio-

Pressure in generator, o
Air temperé.ture;

s w s

Depth of catalyst bed.

-

The léast amcurit of catelyst that would remein undisturbed in the
generator was 535 pounds, which was equivalent to the volume of the inverted
cone end formed a layer 3 inches in depth. L

The following factors were constant in the teste in }s:e;:ies X%

1, Catalyst, 555 pounds.

2. Generator pressure, 45 pounds a square inch.

~

3. Air:gas ratio, 2.4:1..
4, Air temperature, 1,525° F,
5. Gas temperature, 550° F.

The effect of varying the rate of flow of the air-gas mixture is shown
in the following tabulation. The composition of the natural gas used .is given
on pege, 19.
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Series 1

Varieble tested, rate of flow of air-gas mixture

‘Air flow| Generator - Gas
Sauple No. c.fom. | top temp., oFs SPe £Y.

i iy (RN R 382 1,500 0,671
) lBoo-fo'ocnat b 369 1,550 n677
"Tessennsnnes 39k . d i .670
2Dsnmenamens |° 45D 1,600 680
21'0..0‘0.00. J'1'98 1,670 . .675
22"...0.!.00 311} 1,1"25 .659
Crnpaakaatas | 8 ] 1,520 _

Gas analysis, percent

i Sample number

i 17 19 20 22 | 2%

65 OMIRNOTTRN A 2.5 | 1.8 0:06L7) | 1.6
Illumm evew ¢5 05 .3 . ‘ ¢3
Oﬁonotocltﬁ 7.? .3 _.7 5.6(?) .7 =
HQIICIICO;. 5209 30-7 29-7 _27.7 5l.h
COvssnsncen (15,2 1k,1 (14,0 A 158"
02 sevessse (o - ¥ =
CBhy sy k56 10,9 [10.5 , 8.3 10,3
Nb'l'.tll.. k5¢9 hO.Y 45.0 hﬁ.? ‘ho.l

The results of tests in series 1 indicate that an air rate of approxi-~
mately 380 c.{.m. yields the best results with the above constants.

In the next series of tests 380 c.f.m. of air was considered a con-
stent and only the air:gas ratio was varied, all othér factors remaining
- same as in series 1,
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Se;ies 2

Veriable tested, air:gas ratio

: Air:gas |  Generator
Sanple No. ratio top temp.l_oF.
gf*oon-ouoooq 1095 H l 520
25.0.‘..-..- ERLE l 500
2600.00-.0..- 218 2 l,ll'90
m.q.....';'_ 2030 H I 1"85
.28...-'..... 2.39 l’h9o
29..."..... 2.1"8 1,510
EOOQCIOOOOOG- 2058 H 1,510
51.-C¢---.0. o 1,515
52llltlotioov:- 11525

Gas analysié, percent

o e el el ol

o
-

=
[s)

n
(00]
no
=

L]

Sample number
: - 26 27 28
COQ.......--.-....- : l.8 1( l.l_
I1lum. eescesecases " i) . ol ll' 2l
Oeoooooococ.oouono-. i , 102(?) 57(?)
Hgoo.coooocoooooco- 50.8“' Q6 2 i
cotooooo-.o--oo:l'ic | 5 ) ; 1.5.7 12.7

(S OY
. =

—~
-3
(S

(=Y
=)
- .
=
Y
.

CQH.oonaol'noo.-'o.ol & 203—

1
cHll,c'o-nnnuo-osio-o ! 5.7 :60
Neonlouonoaoolo-tnai [ ‘ ll‘ll'os h‘?

O =
s

.
~ O OO\ OZNO D Oy
+= no

E)D
e -
YOO OV O] O OO PO

=W

. 'The best reduclhg gas was found in samﬁle 29, which shows that under
these conditions the most satlsfactony gas is obtained. whan the air:gas
ratio is approximately 2.5 : 1. :

The third point investigated was,thé effect of vﬁriation in generator
pressure, using as constants the previously determined conditions namely,

1. Catalyst, 535 pounds.
2y Adrgpes ratio, 8,5 ¢ X

Be My flow, 300 e.f.ms

bk, Air temperature, 1,525o e
5. Ges temperature, 550° F. '

Results are as follows:




Series 2 i

Variable tested, generator pressure

f

-~

Generator

top pressure Generator
Semple No, 1b,/sq. in. | top temp., °F.
550....-..-,- 20 1,&85

_5#-0..‘,‘-0‘-.-.- 50 i ? 1’515

_35..-.-..,---'.- n 55 1,511-0
'36noo.¢.or.¢o ,“'0 i 1,530

. 5 LR R Y ,‘"5 : 1,510 i
38.Clﬂoll.'.‘_£ g 50 1,515

v sdnssonsss ! Sl 42 BE5 =

Gas analysis, percent

Semple number
| 3h o s 36 38
O R D 15
-5 -l"- J ol . ol
g A o .'5
51,81 3346 193.6 33,4
.5 (14,7 (15.5 15,1
E o - s D e
1 Te9| Te3 84l 6.6
2.9 | 4,7 41,6 k1.9

N AN
A

N

=
.

AN
e
I\ =3 N £ OO

'0020--o-ooact-
Illmo sesence

02.-.-.----..-
I
c2H6.o.ooo‘o-|a-
GHJ,;_cocouooooo-

me-oonooocaooo

H-F-'ODO:F'O\\HI\)

®
-

L]
-

5 o F;iﬂ

e

-

i

The data of series 5 indicate that the best gas is obtained at a pres-
sure of 60 pounds a square inch. During operation at this pressure the
generator shell became excessively heated in spots, indicating that the
gases were penetrating the lining and coming in contact with the shell.
Since the quality of the geses produced at %0, 45, 50, and 60 pounds a
Square inch pressure was nearly constant, 45 pounds was chosen for future
tests, :

Constants for the fourth series of tests were as follows:

1. Catalyst, 535 pounds.

2. Alr Tlow, 300 ec.fam,

s Adriges ratio, 2.5 1 1,

4, Generator pressure, 45 pounds a square inch,

The variable to be tested was the temperature of the air-gas mixture.
Since the air end gas preheater coils are in the same furnace, any increase
in heat input to raise the air temperature will simultanecusly increase the

gas temperature,

1069 - 12 -~
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l Series 4

Veriable tested, air and gas temperature

-

. Preheat temperature, °F, Generator
Sample lio, Air |  Gas | top temp., °F
: e R 1,435
1,400 4 575 1,455
1,450 | 600 - 1460

l}occ'o-opoocooo
}-[;l-acol.-l-_o-

I+2.....l.05.-l.

PRI ————

g e L0 g 1 h65( )
,'I‘L"Cﬁro-'oouc-o 8 ! 13550 i : 625 { 1 1’{'64

Gas analysis, percent

! . Samgle nuﬂber :
Lo bl .k | b3
CoenulIaQOlooo' 115 105
Illlm. .""'..l. - .!“ .

Oa..---.-.ocoa.o el ull‘
Hanolouc_oooo.;- 5‘0.7 50.1}‘-
G0 yin 0 dlanatslatim e Plﬁ-h‘ 15.5-
02H6c‘-o|'o-'no 1 - i ll ‘
cHl},ooA-ﬁuc-ooo. 109 i 68
W svunesimtios -{)4‘30 ll“‘h'5

‘Increases in zir and gas temperatures tend to improve the quality of
the gas produced., Despite the contamination by oxygen of sample L4k, this
gas was believed to be the best, and the temperature of 1,550° F, was chosen
as a constant for subsequent tests. Higher temperatures for preheating the

~air were not tried because of the physical limitations of the alloy heater
coil and also because higher temperatures night have caused decqmp031tion of
the gas in the heater coil, -

A rev1ew of the data obtaineﬁ shows the cqnstants determined to be-'
1,839 T 1w, 380 cof e

¢ Mirigne Patte; 254 1§

3. Generator pressure, 45 pounds a square inch.

L, Air temperature, 1,510° to 1,550° F.
5. Gas temperature, 590° to 620° F,

The results of tests in series 4 showed that preheat temperatures in the
ranges given produced practically the same quality of gas. .

Constants for the minimum practical depth of catalyst bed héving been

determined, the object of the tests in series 5 was to determine the effect
of Increasing the amount of catalyst in the generator.

1069 - 15 -
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Series 5

Variable tested, depth of catalyst

! Catalyst | Generator
Sammle No. | Weight | Depth, inches | top temp., °F
ll'll'oo'o---n;ooocc 555 . : 4 5& l,h'6o
L e L el C R R - 1,615
l‘i‘soootcocllcoc 735 4 58 %

Ges analysis , percent

.aample number
L6

el &

\N‘
S
oo o FEFOF

COQ.OO‘..OOO-O.Cn
I1lum. cesesse

; 02-0...-1;600-

POEE
L]

L)

-y ‘
St

quauc.-o-.oo-

CO......-....‘

dheiin

CH.......I.."

Neoononcaoon-h ;

Percentages of methane recorded in tests in series 5 and 6 are questioned
because the percentages of hydrogen and carbon monoxid® &are high. Methane,
end to a small extent ethene, is the source of hydrogen and carbon monoxide,
and the volume of methene ought to decrease as the volumes of hydrogen and
carbon monoxide increase., The percentage of nitrogen is questioned because
it is obtained by d.ifference, and, if me'thane is too high, nitrogen is too low,

It is apparent that an increase in depth of cata._lybic,bed. improved the
quality of the gas. It seemed possible that a further increase in depth of
bed might decrease the temperature of the gas, The quality of the gas pro-
duced from a bed 30 inches in depth was the best obtained in the series of
tests made up to this point; because of limitation of time, no further in-
creases in depth of catalyst bed were investigated, It did scem advisable 1o
teat the constants previously established with-the newly determined depth to
bed to determinc if the same relationships oxistcd..

The first veriable tested with the deeper catalyat bed was the air flow,.
Constants used in the tests were: ‘

1. Catelyst, 735 pounds, 38 inches depth.

2o hirases ratio;, I o 2

3+ Generator pressure, 45 pounds a square

%, Alr temperature, 1,450° F.

5. Gas temporature, 550° F.
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Series 6

Variable tested, air flow

: [ Air flow, | Generator
Semple Iio., | cu, ft./min, | top temp,, °F.
-l‘l'gonloncocc-oco %Q l, 00
I"‘To--nncoiooo-o il-lO Ny 1,600
) P 455 1,655
RO% v s v wain gnin | 493 1,710

‘Gas analysis, percent

le number
: 46 &@M--m 49
002 ®esdoessre e 113 - ¢ 1.5 I
Illum, ssessane ) -
02 tsessnsennas 15 e i
HE *esessscesan 34-2 - 50.0
co esscscvecaee lﬁ.l i 15‘3
02H6 csccsovane gL e
GHE o simviinidt P05 ) b 10,1
N2 tacesesnecsense 38.0(?) u2.9

The best rate of flow is approximately 300, cubic feet of air a mimute,

The effect of varying the air:gas ratio was tested with the following
results, i

Series 7

- Variable tested, air:gas ratio

—_— a—

3 . . - I Alr:gas Generator
__ample No, ratio | top temp., °F:
5.Otl-cloo...'ooc 2.22 2 1,610 Gl
-5lluc.co-ca-o-o 2.52 1,6}4-0 i

: 520'-----.0‘-;-. 2.).].]_ 1,611-0 P
55---;..--.-.-- 2&"“5 1,6)-1-0 R
51‘1'}'-3-.:..-.0-‘- 2.60 1,650 i
55&;..-.0.-.--0.1 2.70 1,6‘!"5
56llo¢b.ntsscun! 2J,8 Y l_L6}+5

O R

" Gas énalysis; percent

i Sample number
2 =
. COEQG‘Q.-OIOQOO . '-3.’.5 1.5 i
Illmn\ crnnsan | kgt~ gl
02.---;.:.0..-. . o "'.5 . i

Hgg.-.-i..-..-nol 52';1' 32-0' i

co-l‘l-.....-l.&ﬁ > l . 1 . .
a % 3 60

e sizsdbinss 8.6 | 7.k

R s ko.0| - [40.8 140,77 41
1/ Sample contaminated, .
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Results of tests in series 7 show that there is no appreciable d.iffer-—
ence in the quality of the gas when the air:gas ratios are between 2. 5
and 2.7 : 1, However, during test 56, with en air:gas ratio of 2.78 :
carbon deposited on the catalyst and caused excessive back pressure. For con=
verting the natural gas available in Longview the theoretically correct
air:gas ratio is 2,5 ; 1. Therefore, it was docided to use this ratio as a
constant in future tests.

Because of mechenical conditions it was impossible to maintein an
unvarying air:gas ratio‘throughout a ruri.

The final veriable 10 be tested was the gcmerator pressure. For this
series of tests the following constants wexre uSOd.-

1. Catalyst, 755 pound,s, 58 inches.

2. Air flow, 380 c.fgm,‘f.
3« Air:gas i'é;,'lii.o, .2;5 i
k, Air prehééﬁ} 1{.5#09 By
5. Gas prohoat , 610° F,
‘Serics 8

Variable tested, generat.or top pressure

%

Generator 1 Generator
| top pressure |top temp. ’ OF,

Samplc No, lb /sq. in. : .
5&--0--»--.--. 25 lg_O'.
590..04--&'-.000 50 " o 1,610 o
60-..‘00-0...-- " 35 ; i 1 610 2l
5 I e Lo 'y ,590
62-0-.0..-0.0.. : 13‘5 1 600

.

Gas analysis = percent

N Samp_e number

568 | 99 | 60 61&[
COQQ.UQQQJQCOIUO'OO. : lo‘h' l,..74
Inumu --cs.t..‘..vnlcl 1"“ _92
02.9--..0--;o-qooo-o X 6 e
HE-oua.oouotoococcao 31.6 51.
cooaoooooaoa.uooo::n 15.8 15.
02H6oo.-oo~oo-.loo;'o & T
cHl},o-o-oo--ao---ooo- - i 8-7 7-
Neaooooonncaqo-oooc. ”‘"l.ﬁ l}-l- W

ik
T/ Sample cm‘tamina.tc.d..

-
e a

5 R -16..
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Gas of the best quality was produced at en operating pressure of h5'
pounds.,

" Two short tests were mﬁds-to determine the effect of increasing thé”
temperature of the gas. Gas temperatures of 650° and 635° F, were tried,
but the quality of the gas produced was very inferior. .

Some Qberating,Difficulties

On completion of the series of tests, it was decided to determine
whether the gas generator would produce gas of constant quality for a period
long enough to complete an ore-reduction test, Up to this time, the gener-~ -
ator had not been in continuous operation for more than 16 hours, but calcu=
lations indicated that the generator would have to function properly for
more than 24 hours if any data were to be obtained on a continuous operating
schedule. il o / ;

When continuous operation was attempted, numerous difficulties were
encountered, The first of these was contamination of the natural gas.
Ordinarily the gasoline would.be present as & vapor and as such presented no
difficulties, but in cold weather it condensed and accumulated at various
points in the nhtural-gas line until the liguid was blown in surges into the
gas-preheating system and onwerd to the generator, When this condition -
arose, the proper air:gas ratio could not be maintained, Oxygen was defis -
cient, and carbon was deposited in the bottom of the generator, This in-
creased the back pressure, as the carbon retarded the flow of the air and
gas. Excessive deposition of. carbon also poisoned the catalyst and pro~’
moted channeling of thé:géSes. If the air:gas-ratio was increased the excess
alr burned the carbon, and fusion of all carbon-coated surfaces would result,
A gasoline scrubber to remove the gasoline was dosigned, and thereafter

little trouble qouli berattributed to this source.,.

During the period of investigation of continuous gas re-forming, _
another difficulty was experienced in the bottom of the generator, Immedi-
ately above the gas mixing chember, an 18-8 alloy screen was employed to
support tho catalyst in the cone of the ro~former, ~This screen could not
withstand the tomperaturcs in that area but fuscd after a few hours of oper=
ation and was blown into the catalyst chamber by the inrushing air and gas,
Fusion of the catalyst was promoted by fluxing action of the melted alloy,
This destroyed the catalyst and necessitated ite removal before operations
could be continued. To solve this problem, a refractory screen was made from
a high-grade alundum cement. The cement was mixed with water to the con-
sistoncy of putty and rammed into a mold 6 inches in Giemetcr and 1-1/4
inches in depth, Aftor this had dried at 212° F, for 2k hours, 85 holes,
3/8 inch in dieamctor, were drilled through the somidried screen. When the
holes had been drilled, the screcn was placed in a mufflc and gradually
heated-to 2,000° F., at which tomperaturc it was cured for 48 hours.

The swirler that mixed the air and gas also caused trouble. At the
top of the swirler, 30 holes 1/16 inch in diemeter wore drilled for the out-
lot of the gas, In numcrous tests, it was found that the top of the swirler

1069 - 17 -
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and areas within an 8-inch radius fused from extreme temperatures. Althongh
the cause of fusion was not known dedinitely, it was thought that the gas
outlet holes were so smell that the gas came out with sufficient velocity to
cut entirely across the air stream and impinge on tiie alloy-tubing liner,

resulting in surface combustion that produced enough heat to fuse the re-

fractory, To rectify this condition the gas~outlet holes were inlarged from
l/l6-inch to 3/0-1nch diameter, thus lowering the gas wvelocity., No further
difficulties were experienced from this source. e

When these difficulties had been overcome, the operating characteristics
of the generator were sllghtly different. For the purpose of further de-.
creasing the amount of methane in the re-~formed gas, the amount of ca‘balyst :
in the converter was increased to 1,200 povnds, or a depth of 62 inches.
This added amount of catalyst d.ecrea,secl the methane content and improved the
reducing gas slightly. Additienal amounts of catalyst had no beneficial -
effect on the quality of the gas.

Continuous operation of the generator was never achieved. Accumulation
of carbon on the catalyst gradually destroyed its effectiveness. The use of
steam to prevent Tormation of carbon or to remove that already formed did
not prove satisfactory., After periods of operation, the carbon was removed
by shutting down the generator and -carefully admitting air to burn out '
the carbon,

The more mportant data o‘ntalned from the mvestlgatlon of gas re-
forming have been placed on gre.phs for comparison of results and are shown
in flgures 11,12, 15, sad 14, W

Comparison of Theoretical Re—form.m{, and Actual Results

Computations for both theoretical re-forming and for the actual results
obtained at Longview are given in the following nages. It is known that the
extent of the changes in composition of the gas will depend on scveral
factors, such as the catalyst and the relative concentration of the constit-
uent gases, but any attompt to consider such factors would lead to such
groat complexity as would detract from intercst in the main problem ~ reduc-
tion of iron ore. The discussion of theory shows the methods of computation
and the results that might be approximated in practice.
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FIGURE 1ll.- Percent reducing gases vs. air : gas ratio.




FIGURE 12.- Percent reducing gases vs. generator pressure.

Air Flow 385 C.FM.
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330 }] o /60
q W T g
)
320 § ———_—________,r.F%rranf(l? =3
£y ks o] Q /40
300
Generofor Fressure(lb. /5g./n)
20 30 <0 S0 60
350
Fressure <0 Lb, /sg.in.
e Air Floww 385 CEM.
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FIGURE 13.- Percent reducing gases vs. air : gas ratio.
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FIGURE 14.- Reducing gas vs. air flow.



Composition of natural ges

Ryl 3925

“Jotuel analysis,

|

percent

Analysis used in calculations,

percent

CH].]..O....:.
CzHGoonsoa
c sesean
CEHlO-oooc
C5H12q.o-l

CGHllLQonco
Coaillllll

NE,...II!I :

02,67
L.oo)

<T7)

J0) De64]

.19)
.06
G 6
«39

92,67

5,64

1.30
39

100,00

100,00

Computation is based on 1 cubic foot. of natural gas. All
hydrocarbons heavier than methane are considered together as

ethane,

5

Negative sign.indicates endothermic reaction.

Positive sign indicates exothermic reeaction.

For simplicity in calculation, it is assumed that carbon is
in the gaseous state, ‘ | -

Calculations are on the basis of 1 cubic foot of natural gas and the

necegsary amount of saturated air to cqmbine with it,

volumes are as follows:

For methane:
Cubic fect:

Air reqﬁiréd:

For ethane:
Cubic feet:

Alr required:

Total dry air required for combustion to carbon monoxide =

24748 cu, ft,

The calculations of

CH, + 1/2 0o
0.9267  0.4633

0.463% x 100
21

(CoHg + 0p
0.0564 0,056k

0,0564 x 100
21

Nitrogen added in air = 2.4748 x 0.79 =

The air nsed was saturated with. water vapor.
ature th 0° F'., the water vapor in 1 cu. Tt. of saturated air is AsT3

percent.

CO_+ 2H2
. 0.9267 1,853k

2.2062

=200 + 385
0.1128 0.1692
0.2686

3, 9551 cu. ft

5/ Imericen Ges Association, Combustion: 1052, p. %0,

1069
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2,2062 + 0,2686 =

At the assumed temper-
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The volume of saturated air required is 2,4748 x 100 = 2,5184 cu. ft.
98.27

The volume of water vapor added is 2,5184 x 0.0173 = 0,0436 cu. Tt.

The volumes of the gases produced by combustion with this volume of eir
will be as calculated ahove.

The calculated composition, after partlal combustion with 2.518% cu. Tt
of air saturated with water vapor, would be

gag. - .- Cubic feet Percent
CO  0:9267 + 0.1128 1O e A B
I  1.8534% + 0. 1692 2.0226 39.83
COp 0,0130° L0130 .26
a  O.U0% & 1,9550  1,9590 = 5L0
H,0 0,0436 LOh36 : .86
‘ W8 0777 100,00

If stoichiometric relations held true, a gas contalnlng not more than
60,3 percent of combined hydrogen and carbon monoxide could be produced.
Equations given for re-forming show that there is an increase in volume from
the reactions involved., £

- Since the re~forming method was to proceed in a pressure system it was
borne in mind that pressure has the greatest effect on that phase of the
reaction involving the greatest number of molecules, Hence, pressure would
tend to reverse the desired reaction. '

On the other hand, increasing the. pressure in a gaseous system tends to
increase the rate of both the forward and reverse reactions. The presence
of a catalyst also increases the rate of reaction and the ideal catalyst will
increasc the rate of reaction in one direction only.

Taking all these factors into consideration, it seemed that the net
effect of pressure would be to produce a re-formed gas at a high rate but
not a high conversion,

THERMAT. REACTIONS
Decomposition of ethane: e v
CpHG-—>CHY + C + Hp = 18,9 but.u, & cu. ft. = 18,92/ x 0,056% = 1.07 B.t.u.

Decomposition of methane;

Total volume of methenc is 0.9267 cu, ft. from original gas
plus O 056k ou, ft., from decomposition of ethene
51 i, fte |

5/ Pacific Coast Gas Assoc., Gas Engineer1s Handbook : McGraw—Hill Bock Co,,
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CH,->C + 2Hp - 91.68/ Botous o cu. £t = 91.6 x 0,9831 = 90,05 B.t.u,

Combustion of carbon to cérbon nmonoxide:

S

IFrom ethane

. Density of ethane = O. 08051/ 1b, a cu. ft.

 Weight of ethane = 0.080% x 0.0564% = 0,0045 1b.

- Weight of total carbon = 0.0045 x 0 80 = 0. 0036 1b.
Weight of free carbon = 0.0036 % = 0,0018 1b.

From methene
Density of methcne = 0.0h25§/ G i Yl U g
Weight of methane = 0,0425 x 0.9831 = 0,047 1b,
Weight of Tree carbcn e 0,0417 x 0.75 = O, 031) ib.
Heet of reaction C + 1/2 0p = 0, + 596h2f Bt i
3964 X (o 0018-+ O. 03¢5) 131021 Bt

Net heat Qf reacblcns of decomposition -of ethane anﬁ methane and cambustlon
of free carbon to carban monoxide: - | mill : -

»

: 131, 21 - 1.07-- 90,05-= 40, 09 Bty

~ Air 1eaving the preheater has a temperature of 1,559 F.

Heat losses will cause a temperature drop of not more than 150° F., 80 that
the actual temperature of sir entering the generator is about 2id Log® F,
Natural gas leaving the preheater has a temperature of 600 to 6)0 F,, and
it is safe to assume that it reaches the generator at 500 By

The heat content of air and water vapor above 60° F.__/ would be:

. 2,475 cu. ft. of air at 25.09 ! = 62,10 B.t.u.
0.0436 cu. ft. of water vapor at 29.95 = 1,351 B.t.u,
Total heat brought in at 1,400° T, 63.41 B.t.u.

heat content above 60° F, of the natural ges ém'SOOO-F. 15

Gas Cubic foot Ba.t.us a cu. It. Babiabis
Ciy . 0.9267 T O R
Colly  .O564 e - i T
C0n b o Sl o4
o | 40039 8,00 : e
: LR R e _ 13,27 B.taua. -

cited
cited
cited
: cited
cited

in footnote 5,
in footnote 5,
in footnote 5,
in Ffootnote 5,
in footnote 5,
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Net heat of air, water vapor, and natural gas entering the generator is:

63,41 + 13, 2? 76468 Bot.n. for 2,475 cubic feet of air, O, 0k36 cubic
foot of water vapor, and 1.0 cubic foot of natural ges.

It has already been shown that 40,09 B,t.,u. is given off from the re-
forming of 1 cubic foot of natural gas. The total heat available to heat
the products is 40.09 + 76,68 = 116,76 B.t.u. :

Tablel which gives the heat content of gases at temperatures within the
renge of operation, shows that the theoretical calculated temperature is
approximately 1,280° T,

TADLE 1, - Heat in products

(Abovb 600 F., at 1 atmosphere pressure)

i | Babiells G0 1% Babatn. Gk« “Bak.Ry at PiBstben, sat
: i, aooo F. 1.600°F, | phoo®®, | 1,200° §.

i Gubie | 1,0 B, LR o 1.0

. feet lcu, ft.!Total |cu, £t.]Total -lcu. £t.|Total locu. ft.|Total
COurennree 110595 132,06 S AG2E.50 | 50,2111 85,00 96,08 Q1. 27 |-22.11
Houeosoee [2.0226 | 35,05 | 66.8L| 29,07 | 58,80 25.16 | 50,89 i 21.28 | 43,04
002......§ 0130 | k9,46 64| 43,08 .56 | 36.83 L8 1 30,7k 10
Hpeseeess 1.9590 1 52,86 | 64,371 28.96 | 56,75 | 25.09 | 49,15 | 21,27 | 41.67
HoOL/eues | 0436 | 56,92 1.6%] 31.85 330 | 26,95 | - 128 £2.20 BT

5.0777 * 30T 147,59 127.78 108.19
1/ Sensible heat above 212° F, was used to calculate the heat effect due

i7e) HQO.

To show whdt ﬁctually happened during rleqrmingi se#eral things must
- be considered: -

o 1. Analysis indicated that nearly all of the gases produced contained
about 7 percent of unchanged methane. This amounts to approximately 36
percent of the original methane,

2. The tamperature of the gases in the re-forming zone of the generator
exceeded 25 100° 7,

3. The ‘temperature of gases leaving the generator was alwvays above
i 500° F, and below 1 650 T, when equilibrium was reached. Loss of heat
by radiation was resnon51ble for the drop in temperature.

4., The pressure in the generator was an important factor in the quality
and temperature of the exit gases.

5. The condition and amount of catalyst used in the generator arc
factors affecting the quality of the gas produced..
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6. Although complete re-forming was not obtained, the best gases were
made when the required theoretical retio of approximately 2.5 volumes of alr
to 1 of gas was used. If either substentially higher or lower ratios were
used, the quality o .the gases was lowered. ‘)3

The sum of methene and ethene, considered as methane, in 1 cubic foot:
of the natural gas is 0,983L cubic foot. If it is assumed that 0,35 cu. ft.
of this does not react, the emount reacting is 0.9831 - 0,35 = 0.6331 cu.
ft. This 0.63%L ocu. ft. of methane weighs 0.6331 x 0.,0425 = 0,0269 pound.
The weight of carbon contained in methane reacting is 75 percent oi 0,0269 =

0,0202 pound., :

There was added 2.,4750 cu., ft. of dry air for each cubic foot of natural
ges, This contained 2,4750 x 0.21 = 0,5190 cu. ft. of oxygen and 2.4750 x
0079 = l|9552 C-u.. nt. Of nitrogm. 7. ? 0

Since only 0.6331 cu. ft. of nethene was decqmposed, the reaction

CH,—>C i

10,6331 0.6331 1.2662

prodﬁggd only 0,633L cu, ft. of carbon, considered as geseous, and 1,2662
cu, ft. hydrogen.

This 0.6351 cu. ft. of carbon required for the reaction

C+ 1/2 05 = CO
0.3165 cu. ft. of oxygen, and 0,5198 - 0,3165 = 0,2033 cu. ft. of oxygen
remained which could react with methane. Assuming the reaction '

e ‘CHy, + 20p = COp + 2H,0
the quantities'1nvol{ed“w0uld be h
0.,1017 + 0.2033 = 0,1017 = 0,2033,
This leaves 0,3500 = 0,1017 = 0,2483 cu, Tt. of unchanged methane.

On the basis of these calculations, the composition of the gas produced
would be: . I il :
J Cubic feet Percent
-0,2483 ~ glaas " 506t
L = 3
L0130 + 1017 B e
1.2662 12662 - 8BS
-+0059 + 1.9552 F29502 4l 28

i o e : M2 i AN, '
o 442kt 100,00

-—23»
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This theoretical analysis closely approximates the actual composition
of the reducing gas obtained. The percentages of carbon dioxide and water
vapor are greater than those actually obtained because the oxygen available
was not adequate for camplete combustion of undecomposed methene, and some
carbon monoxide and hydrogen were produced and less carbon dioxide and water
vapor than are shown. ' 1

Conclusions on Re-forming of Gas

The re~forming of naturel gas under pressure, with the methods used at
Longview and with the equipment available,'was less satisfactory than had
been expected. The inability to produce reducing gas of higher quality was
largely responsible for the failure to obtain high reduction of the iron ore
in the subsequent tests. Carbon dioxide and water vapor must be eliminated
before efficient reduction can be insured., It is obvious that the re~forming
of gas under pressure should be investigated more completely.,

ORE~REDUCTION PROGRAM

After development of the most satisfactory procedure for production of
reducing gas by partial combustion of natural gas and rehabilitation and
-adjustment of the plant equipment, actual reduction tests were begun. The
ore chosen was from the North Basin area, near Linden, Cass County, Tex,

The principal constituents in an average sample of this ore after washe
ing are:

Percent
Fe P S 8102 AléOB Free Calcination
Moisture loss
50.1 0,105 0,009 10.08 3,95 1.b 12.9

The principal iron minerals are goethite, limonite, and siderite.
Attempts to improve the quality of the material by ore dressing methods in
the laboratory'of the Bureeu of Mines, Rolla, Mo., were not encouraging.

BENEFICIATION TESTS
The most important constituents of the sample tested were as follows:
Analysis, percent

Fe Insol, Si0Op Al~0Oz Cal E s B . IfZe JOBE
52.29 11,58 9.6r L.,597 0.5% 0.128 0.03% 11,92

Semples of the ore were crushed and ground to minus 8-, minus 28-,
minus 100-, and minus 200-mesh, Each sized portion was roasted for 30
minutes in hydrogen gas at 550° C., and the roasted portions were concen=~
trated in a Davis~tube wet magnetic separator, In these tests the minus
200-meeh material contained some magnetic iron oxide in very fine form, and
during operation of the Davis tube this very fine magnetic material was
whipped beyond the range of the magnetic ficld and washed into the
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nonmagnetic tailing, resulting in a high-iron tailing and a loss of iron.
The bést testwas on minus 100-mesh material, -and the data obtained are
ag follows:

TABLE 2, = Roasting and magnetic separation test, minus 100-mesh ore

Y, ' : 2] |Percent
| per= | il Analysis, percent - - - - |of total
Products | cent | Fe | Insol.; Si0p AlpOs| CaOj P 850 ig. | Te
| } kg | loss
Mo.gnetiCeses : 95.05 6193 8.57 | 7.0l! L, 18{0,37 0.14710,021=1.11] 99
Nofmagnetic. | 4,15 | 7.1l 80.06 178,061 - 1065 i 0.5
Composites s 100,00 59.66 11, 5h 110,73 42 ; 100
Roasted - - | ik ; 1 ' 7 |
head, ‘minusi | - | Birie aht ; )
100-meshas 1160.85 11 28 110.#5 L. 48| ;50 133 .0251-2.1%
§

Unroasted — A I g
hoadesssce | 52:59 11,58 | 9.61[ k.59 | .ok .128 .03k 11.92

The test showed that an appreciable amount of the acid~insoluble mate-
rial in the ore could be removed by roasting and magnetic separation; but -
that the major part of the insoluble material was too intimately associated
with the iron minerals to allow production of & low-insoluble magnetic pro-
duct, even with fine grinding. The iron-bearing bauxite in the ore evidently
became magnetic during the roasting process and was concentrated with the
megnetic portion.  This probably accounts for the greater part of the
alumina in the magnetic portion.

The phosphorus content of the ore was high, and test results show a
slight concentration of this element in the magnetic portion. This high
phosphorus content may meke the ore ‘undesirable in the production of sponge
iron, especially if the snonge product is to be melted and refined in an
electric furnace,

Beneficiation of this ore with the object of providing a higher grade
sponge product was not encouraging. Magnetic tests showed that ¢oncentration
after reduction would be no fore helpful -than before reduction.

In the early 1nvestlgations, the ore was prepared by crushing in a
hammer mill to ninus p/h-inch. - This product was thoroughly mixed with about
L percent colic and 8 percent water and sintercd. The sinter was roll-crushed
and sized to minus l-inch plus 5/16-1nch to preparc the charge for the re-
ducer, The minus %/16-inch sinter was stock-piled becausc resintering of the
finc material produced a very dense product and often resulted in partial
fusion of the ore to a complex iron-aluminum silicame, wh;ch was consldered
unsuitable for efficient reduction.,

The gintering process reduced some of the hydrous iron oxide to the

magnetic oxide, Fc~0g, which, with the loss of volatile matter, increased
the iron contont of the product to about 60 percent,
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A rough sketch of the ore reducer with the positions of the thermo=-
couples is shown in figure T.

The first three reduction tests were made primarily to determine the
operating characteristics of the plant., The loss of heat by radiation pre-
sented one of the major problems of the reduction program., Part of the
excess piping through which the reducing gases flowed was removed to de=
crease the heat loss, The second gas generator wes built to double the
volume of reducing gas delivered to the ore.

Before reduction, the sintered ore in the reducer was heated to reduc-
tion temperature by the products of combustion from a natural gas burner
placed in the bottom of the surge tank, This burner is shown in figure 1.
Excess air was used during the preheating period, It was originally in-
tended that the surge-tank burner should be used only during preheating of
the ore and that reduction should be. accomplished entirely.by the gas from
the generator. The loss of heat was so greet that it was necessary to con=-
tinve to use this burner during reduction, Insufficient air for complete
combustion was used at this time, This made it possible to increase the
temperature of the reducing ges, but this improvement in temperature was
accompanied by some decrease in quality, since carbon dioxide and water
vapor from the burner were added to the gas. :

The data from runs in whlch significant information was obtained are
given in table 3, The gas analyses and the temperatures.are averages for
each run.

Run 4, This run provided the first data of importanft value.

The reducer was charged with 13,000 pounds of ore and heated to 1, 600° E
at the bottom and at the middle and 1,625  F. at the top, Since the red.ucer
was only about half full, the top themocouple did not record the true ore
temperature,

ATter admission of the reducing gas, the temperaturc of the ore de-
creased rapidly, and at the end of the test the average temperatures werc:

: °r.
Surge~tank outlet 1,504 -
Bottom.zone 35356: o
Middle zone s 0 TERE
Pop zohe : v wdigne

The test was terminated after 880 minuwtes, when no further reduction
was being accomplished, This was determined by means of a carbon dioxide
recorder connccied to -the spent-gas line,
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TABLE 3.

- Summery of deta on tests for production of sponge iron at Longview, Tex.

Run L

Run 6

Run &

Run 9

Run 12

Run 13

i Run 15

Run 16

Chargﬁ, pOundS.......-.......-.c......r..-
Size, ANChEB s aasss sosseseressssssevcsssse
Time of re&uc&ion,-minutes.....,..n.a..mmg
. Het. gas to generators, Cu. £t. ceessecess

llat. gas:to preheaters, Cus L. senssecees
Nat. ges to surge-tenk burner, cu. fte ...
_TOt&l n@t. gas8 used, C1l. ftq m-pop,c‘agm.o
‘lObal iron ln Gharge, percentn...m-o--..-.
‘Potal iron in Charge, pounds.....-.-.--...

‘Metallic iron in sponge product, gounds &

Total nat. gas used a ton of met, .iron .,
pro&uoed, Cly fHe eoeencsssvssascssasans
Nat., gas to generators a ton of met. iron
PrOduOEd, UL El, sessssspsenssesrrencves
' Pir gas ratio to generators....--.....-...
Gas pulsations a minute 10 reducersessesss
Temperature, %F.: . ;
1 Surge-tank Outlet-...-......o----o------
- . +Dottonm ZQDB........-cooa...--.ooccntoo..
Middle Zcﬂeonoo;ogo.cnmono-ooopiobyon{o-

; TOP zone..l.....‘.ltl.'...l'.t..ll'.(;’.

Reducing gas, -percent:.

HEOOID" .Illl.'..l..l....l.....‘..l".l.

" 002.l............'.Q....'..'..’.....I'-.

_'Il]um.........----a.....-...............'

Oev;iaouoc-.o-oiooo-o--oc-o-noo-opavc-o-
HEJ-.-.-i;;--6-0&5.-50&-.-.qo.-uo.o-lo-o
Conooo-iooolon-i-itlcoio.-cuo.a-nv--g-oo
C2H6o--.o;;-no;;;o;cooo'o-iot.}{ooooonqo
cHh_-t---tc.oc-.0Q'..';..lll-o..'.|t¢.0'cot

I_I_g'...l..l._'..f.....'..l..I...!..."...'.Q.

13,000
=1 43 16

286, 580
49 561
6 688
'5#2 629
-.‘58.2
7,566
4,585

149,456

124,920
2.@8:1

: 1 5oh
- & 556
Ay 161
1,212

3.0
15
o1
o7
30,7
A15-5

59.8

20,500
-1 +3/16
900
282,600
34,358
6,840
525 1798
58 2
11,931
6,50%

99,585
25l
6

1,270
._14521

L HO

Lo o ELUG

A

g\OPJ¥?0

ks

i

86,913 |

) 479!_
1,250 |

18,000
-1 +§/16.
760
2kg,280
42,170,
1l,)2h
DOQ’TTht
Slt.2 |
?585

l 6 982

| 86,750;

{
71,406
| 2.5041 i
65

560

1 1387
1,510

1,323

1.8
1 |
136

|
5T
|

18,000
-1 45/32
1,280
216,520
k1,310
19,072
276,702
50.1
9,018
7,169

77,194

60,349
2yhzl

1,625
1,k12

1,333
1,340

25,000
-1 .45/32
1,500
270,000
65,0h5
22,350
555,595
50.1
el oy
9,807

72,577

55,063
2.49:1

g

1,447
Loy Rl
P -
. 1,337

2,0

g

-1 45/32
1,180
eho , 405
72,033
17,582
330,020
50,1
12,525

'65J795

47,928
2,50:1

1,527
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N3
i

B oooT

© 10,032

1,hhd |
1,360 |

25,000
-1 45/32
915
298,350
45,132
14,528
358,010
50.1
12,525
9,857

.72;6ﬁ1

60,535
2esl

A B8R
1,266

5 8

2503

130

25,000
=1 +5/32
=1,330
206 150
hl 880
54,580
282,610
50.1
12,525
9,782

Yoy 10e

- h2,149
2.52%}

1,650
1,k21
1,354
1 h63

i
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Longview, Tex. (Cont'd.)

-,TABLE,5,.r_Summary of data on tests for production of sponge iron at

TR Ran o Run 6 ‘!Run 8 ‘{Run 9 Run 12 | Run 13 | Run 15 | Run 16

Sponge. product, percent o

Total, 1XON wesesssssesseansssssinesssiles 7.8 67.0 69.3 7%.6 73.6 72.3 76 .7 75.3

Metallic iron ceessensiaiiaiesiiadiienn hi.1 26,5 49.7 585 57.6 579, 604 58.8

Reductlon sesssnsenne ll.....ll.i.....l.. 60 6 5)4‘.5 71.7 79-5 78.5 80.1 78-7 78 l

InSOIUPLE «eseissvaenssaneivasdaeiisioniiee 17.6 17.4 18.2 18.4 18.3 18.Q 16.9 15.8

PhOSPHOYUS sseseseessnscacsaivasassiveas .08 .09 - ¥

Run 17 jRun 18 {Run 19 [Run 20 | Run 21 | Run 22 | Run 25 | Run 26

Chal"ge, Pounds --uuoocu--uoauouu-.occc-o-- 25’000 53 500! 2),000 25’000 25,000 25,000 25,000 25,000
Size, inches .;.....................;.....--1 ¥5/32 |-1/245/38F1 +5/32 |1 +5/32 |-1 +5/32 |-1 45/32| -1 +5/32] =1 +5/%2
Time of reduction, mimtes «oieaiede 1,530 1,570 1,530 1,330 1,680 1,330 960 960
Nat. gas to generators, Cu. ft. J...o000.. 212,800 220,780 210,1ho 211,470 25h 600| 210,930 154,460 157,440
Nat. gas to preheaters, cu. ft. seseeeesso| 41,074 | 42,899 | 40,705 | "39,378| b, 745| 39,571! 23,922| 28,025
Nat. gas to surge-tank burner, cu. ft.'... 37,7721 26,600 | 37,772 | 29,260 hi 680| 35,2451 34,560| 48,768
Total nat. gas used, cu. ft. .Ji.iiieiic..| 291,646 | 290,279 | 288,617 | 280,108 | 343,025 | 285,746 | 212,942| 234,233
Total iron in charge, percent ’ .........;.; $5054 60.5 50.1 50.1 S 50,1 S0E 50 L
Totel drowin whange, PouNde wasvavsdicanels 18,885 | 20,8671 12,5251 12,525 12,525( 12,525! 12,525 12,525
Metallic iron in sponge product, 'pounds ..f 9,231 | 13,214 | 10,220 g,k06| 10,220| 10,358 9,757 10,020
Total nat., gas used a ton of met. iron A s '

produced, ol Tl sesvsisvesannveovannssf 63,1881 43,955 | 56,481 | 59,559 | 67,128 55,178| 435,889 46,755
Nat. gas to generators a ton of met:” ron .

produced, Cus Tt cosscevesuracanianiiil 46,106 | 33,416 | 41,123 | 44,965 49,82k | L4o,728| 31,661| 31,425
Air:gas ratio to generstors . .....“.;’.“ = 2.0k 2,480 2.50:1 ) 2.48:3F 2:50:1] 2.50:11 2.50:21 2.50:%
Gas pulsations a minute to reducer deieaatas 3 5 5 5 ) 3 3 3
Temperature, °F.: : j

Surge-tank outlet ...............;......' 1,643 1,636 1,711 1,595 »719 1,800 1,499 1,658

Bottom zone ............................ 1,418 1,440 1,k920 1,h17 1,442 1,h37 1,375 1,505

Middle ZON€ e.sesesnsesrnnsrassiondiaat) - 1,339 o "116 1,430 1,k29 1,438 . 1,546 1,578 1,494

Top ‘Z0ne wivde s vddss sesdvevdidddifesdavi 1,423 1,h6ll 1:562 _.1.368 1,394 | 1,485 1,343 1,499
1069 - 28 -
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TABLE 3. -
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As long as the percentagc of carbon dioxide in the spent gas was sub=-
stantially greater than that in the reducing gas ; reduction was taking
place. The difference between these two bercentages decrcased as the rate
of rcduction decreased, and when they were substantially the same the re-
duction had gone as far as was possible under the existing conditions,

The highest temperature reached in the reducer during the reduction was
l,’+50° F, in the bottom zcne. The Pressure at the cutlet of the reducer .
pulsated six times a minute from 4 to 30 pounds a square inch,

Screen and chemical analyses of the reduced ore from test 4 are as
follows:

Size Weight, percent Reduction, percent
-3/% 4+3/8 inch | 49.7
~3/8 inch +5 mesh 59 .4
~5 410 mesh BT
-10 420 mesh e T
=20 +65 mesh . i 6505_
-65 mesh 5243

Run 5, This run was only partly completed when the gas from the gen-
erators became so poor that it wes necessary to gtop operations,

Run 6., This run differcd from run %4 mainly in tho amount of ore
charged. During previous preliminary reduction tests when both gas gener=
ators were in operation, the velocity of gas admitted to the reducer with
cach pulsation was so great that the ore was alternately lifted and dropped
in the chamber. This pulverized the ore to some extent » and an appreciable
amount of the fine material was blown out through the stack., A larger guan=
tity of orc was placed in the reducer to prevent 1lifting of the orc.

The reduction was somcwhat lower than in previous tests, which fact is
¢xplained by the larger quantity of orc charged to the reducor.

The screen and chemical analyscs for this test wore as follows: )

Sizc Weight, pecrcent Reduction, percent
-3/4 +5/8 inch : 5.9
-3/8 inch +5 mesh B 3.1
=5 410 mesh L. 6L
-10 +20 mesh : .+ . B2k
=20 +30 mosh . ¢ ¥ = 000
~30 +60 mesh . @46, L6550
~60 mesh g L2752 608!

¥ -

The rcsults show that reduction of the finc sizos ‘was g::".ea',‘ter then
that of the coarsc sizos on sintered oxc: - : L B

1069 3 5019-
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To increase reduction it was decided to crush the raw ore and size on a
3/16~inch screen, The minus 3/16-inch material was sintered and mixed with
the minus 3/4-inch plus 3.16-inch size, The sintered fine ore had high
porosity 'and so little strength that it could not support the veight of the
charge without some crumbling. It was necessary to charge the reducer care-
fully in order to prevent plugglng of the gas inlet by an accumulation of
Tine material,

Run 7. Data obtained had no value because the sponge reoxidized and
fused before it could be removed from the reducer.

Run o, 8. Sintered and raw ore werc mixed in equal guantities. Although
both gas gas re~formers were used, lifting of the charge was prevented by
placing fire brick and large lumps of ore in the inlet area, so that there
was little resistance to the flow of the gas in the smaller area,

The capacity of the surge tank burner was increased and & higher pre-
heat of the ore was obtaired then in preceding runs. The temperature of
the ore just before admitting the reducing gascs was: i :

L °F
Bottom zone l 850
Middle zone l s 10
Top zone ,500

The avcrage temperatures during tho re&uction are shown in table 5.

A portion of the samplc from this test was hand-picked to determine
the difference in reduction betweon sintered and unsintered ore. The re-
duction of the sintered orc was 6540 percent, and that of the unsinterecd
orc wad 75.8 porcont. Although the porosity of the sintered orc was
higher than that of the unsintored orc, the dcnsity of the surface of the
Tormor was 8o great that it retarded theo rate of reduction as compared to
‘that of the raw orc.  When tho unsinterced ore is heated to reduction tom-
poraturc and thc natural water and watcr of crystallization arc driven
off, thc structurc becomes porous and cracks arc formed, with the result
that morc surfacc is cxposcd to the action of the reducing gases,

Although this tcst was informative in rogard to tht type of matcrial
that should bo charged to the reducer, the reduction was not satisfactory
bocause the temperaturc had boen too low.

Run 9. Again tho capacity of the surge~tank burncr was incroased to
obtain highcr tcemporeturc of the rcducing gascs at a possible sacrifice
irr quality,

When run 9 was sterted, only onc ges ganorator functioned proporly,
and the reduction period had to be lengthened beocausc of the smallor supply
of gos; however, it was not nccessery to double this time, In this and in
il subsoquont runs, material finer than 5/32 inch was rcmoved from the
chargc. !
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Comparison of the results of this test with those of previous tests
show the beneficial effect of increased temperature on the consumption. of
reduc,ng gas in relation to the quan+ity of metallic iron produced,

Figure 15 shows the reaction temperature, gas temperature, and utlli-
zation of carbon monoxide during reduction, Normally the percentage of
carbon dioxide in the spent gas would diminish until it approached that in
the reducing ges. In other words, when complete reduction was achieved
there would be no further reaction, and the spent gas would have the same
composition as the reducing gas., The difference is attributed to the fact
that the temperztures in the reducer were favorable for the decomposition
of carbon monoxide, 2 CO~—=>C + COs, - :

- The occurence of this decomposition can be fairly well substantiated
by snalysis of the spongo product, which often contained as much as 1.5
percent carbon. Another source of carbon is the decomposition of methane
according to the reaction, CHy—=C + 2H,. Both of the above reactions are
catalyzed by the pressure of iron, cspecially finely divided iron.

Screen and chemical analyses of test 9, percent

(Sponge-iron—ore reduction)

Size t Welg 'Mbtalllc iron} Total iron ! Reduction
-.l +5/8 1n0hopc-'uop. 1 bg 6 l T)'I' 3 # l 802
~5/8"45 moshly Jy vikh 4 60.8 A ot 80,6
B5 AAEO ek Caal e 2060 58,3 i 7349 78.9
I
I

-10 +20 meiihe sosresen ! 59'2 ?5.8 78'1
=20 +30 m95ﬂﬁ........: SOt i Thk,2
=30 +60 MOSK. ¢.0suves | borer, s 63y0 e 1o 12,2
=60 Moy, oty ekl By 8 S 2 8 ! 5l 2 A 4

In this test the best reduction was in the coarser sizes,

Runs 10 and 11. Date from these runs were discarded because of unsatis-
factory operation of the generators and plugging at the reducor inlct,
Moreover, the ore in the roducer lifted with each pulsation aftcr about 3
hours reduction time.

It was then decided that at lcast 25,000 pounds of orc should be uscd
in all future tests to climinate 1ifting of the charge. Heat requirements
would be greator for the largor charge, but it was considered probablc that
better utilization of the reducing gas might be achicved if the nccessary
heat could be supplied. The rcesults of later tests confirmed this belief,

Run 12. Onc generator was uscd for the first 22 hours and two gener-
aﬁors during the last 3 hours in an offort to incrcasc the rate of roduction
at the cnd of the test, but no improvement rosultcd.

The duration of tho test was increascd because of the larger charge
and with the expectation of cffecting higher roduction. Higher reduction
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was not attained, but the ore was uniformly reduced. In view of the quality
of the ges and the temperature, the duration of the test probably was longer
than was necesgsary.

Run 13. The object of run 13, as of run 12, was to determine if the
rate of reduction could be increased by operation of both gas generators
during part of the run, thus reducing the total time required. Both gas gen-
erators were used during the first 6 hours and only one during the remaining
13.6 hours. The percentage reduction obtained was slightly higher, but the
gas was of slightly better quality and the temperature in the reducer was a
few degrees higher. Toward the cnd of the first 6 hours, the pressure at ]
the reducer inlet increased, apparently because some fine material nad accu~
mulated at the gas inlet and had cemented together.

Removal of the sponge at the conclusion of the test was very dlfficult
because picces of the sponge had stuck together and to the walls.

Prevention of sticking of the sponge in the reducer was difficult.
Placing several cubic feet of broken fire brick mixed with lumps of ore
gbout 4 inches in diameter in the reducer bottom.and gas—inlet area only
partly solved the problem,

Run 1k, Dense sintered ore was placed in the bottom of the reducer,
which is the hottest part of the chamber, No data of value were obtained.

Two of the important facts that had been established by oporations up
to this point were: (1) The reducer should be charged full of orc to pre-
vent altcrnate 1lifting and dropping of the charge by the pulsating blast,
which caused disintegration of the ore and resulted in much’ of the powdered
material being blown through the upper reduccr and out through tho stack,
(2) When a full charge of 25,000 pounds of raw orc was used, it was almost
impossible to usc all of the roducing gas from both guncrqtors during an
cntirc test, cven though the mintis 5/52-1nch material was scrcencd out,

This was duo to plugging of the gas inlet in the rcducer bottom, which was
causcd in part by the high velocity of the blast of hot gascd in the bottom
of thc reducer, which tended to pulverize the spongy ore, and in part by
compaction of the woek ‘sponge by the burden of the overlying orc,

Run 15, It was thought that the two, generators could be uscd if pul~
setion wore climinated by throwing the pulsating valves out of oporation,
sincc the cffcct of the blast would be removed. Run 15 was madec to dctor-
ninc this,. d

The pressurc in the reducer inlet whon two generators werce used was 30
pounds a squarc inch, and the outlct pressurc was 4 pounds. The rcsistance
of the charge was 26 pounds, Unfortunatcly the cherge stuck in the rcducer
and had to be taken out by hend after it was sufficiontly cool. A few hand-
picked samples from the bottom of the reducer showed 95.7-percont reduction., |
These specimens werc roecognized as reduced gocthitc. An average of the
wholc charge showed only 78.7-porcent reduction. ‘It is reasonablc to assumec
that rcduction at the gas 1nlot would bo greetest becausc this is the zone
of highest tcmporature.
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No evidence of channeling was observed, and gas had apparently permeated
the charge uniformly.

Temperatures were much too low for rapid reduction. In an attempt to
increase the temperature further, alterations were made to allow the burning
of more gas in the surge tank at further sacrifice of the guality of the
reducing gas.

The results of this test indicate that the value of pulsations of the
reducing gas.is doubtful. Additional inveatigation is desirable.

Run 16, Only one generator was used., The top pulsating valve was
kept open only wide enough to maintain the pressure at 38 pounds a square
inch. The inlet gas pressure was maintained at 46 pounds, giving a 10-pound
differential through the ore bed.

Unfortunately all gas samples from this test were‘lOSu, but if may be
assumed that the average composition of the reducing gas was quite similar
to that of run l'?o

In this test the rate of consumption of gas in the surge-tank burner
was approximetely 175 percent of that in the preceding test. - The effect of
this additional heat is shown by the increase of temperature of the reducing
gas from 1,368° F. at the entrance to the surge tenk to 1 690 3¢ ab the

exitiy

Although the reduction time was longer than in all but one of the.pre-
ceding tests, the vclume of reducing gas used wes less than in any other.. .

The percanfage of reduction in tests 15 and 16 was practically identical.

Again no evidence of pronounced channellng of the reducing gas was. found
in the orc bed.

Run 17. For comparative purposes, run 17 was made with conditions as
ncarly as possible the same as those of run 16, oxcept that the rate of pul-
sation was decreased from six pulsations a manute, which had been uscd in
carlier tosts, to three pulsations a minute because it was thought that
this might result in greater utilizetion of the reducing gases. The rcduc-
tion obtained in run 17 was only 73.7 percent. Although two tests do not
justify a dofinite conclusion, the rcsults indicate little difforence in
reductions duc to pulsating gas strecams. :

Run 18. This run was made to detcrminc the cfficiency of the utiliza~
tion of gas on a closely sized calcined orc, An orc that had beocn given a
semimagnetic roast and sizod to minus 1/2-inch plus 5/32-inch was tricd.
The results are shown in table s :

Although a somcwhat lower reduction was obtaincd in run 18, lecss natural
gas was uscd to a ton of metallic iron produccd. This 1ndlcates more cffi-
cicnt utilization of gas. The over~all timc was the samc as in the provious
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rn. Average temperatures vere a few d.egrees higher, but hardly sufficient
to ‘explain the increased efficiency. More time and gas may have been needed
for greater reduction, since more ore was charged because ca.lcined ore
welghed more a cubic foot than the raw ore, :

Tt may not be safe to draw definite conclusions from run 18 since two
conditions were changed. The ore was closely sized and had been given a
semimagnetic roast. The roast had resulted in partial conversion of Fe205
to FeZ,Ou, with consequent decrease of the volume of gas necessary for con=~
version of the oxide to metallic iron. :

"Runs 19 and 20, These runs werc designed to show directly the effect
of temperature by comparing a high-temperature, low-quality ges with a
lower-temperature, better-guality gas, all other conditions being held as
nearly the same as possible, The gas produced in the generators ) however .
was not of exactly equal quality in the two tests, !

' An{a._lhysvis of red.ucing» gases during t.eﬁta 19 and 20, percent

- - r

Run 19 Run 20
| Surge=tank Surge~tank
< Gas ___Generator | out _| Generator out
HQOQ ,H.lqo:‘q_ou 2.1 _“11:;8 l{-,?
COE'QQoo--Qng : lal ] 20,4’
mma eppogeq .l . £
02.'!9000-0:.- D

HQ.....--.;.-‘ 55,7 ) 28
co.-o;.o'oo-.o 17-5 ok - 7, : l)'!'
g%lH{-6..."._..'. 5"9 5
Hg.---,:...-.: 59-3 ; | ,'51"

Temperature, 1,231° F,  1,711° F. G O B0l
" Gas burned in surge tank - _
‘a minute 28, 11- o A 7 R S ey T he

Data from these tests show the effect of rate of the burning of gas in
the surge tank burner on the quality and temperaturc of the gas scnt to the
roducer, ‘The higher Lemperature gave grcater reduction although the guality
of the gas was slightly pooror. .

Ruan, 2EE 1o doteminc the effcet of increased rcduction time on the
cxtent of reduction, run 21 was continucd through 28 hours s other conditioars
being held constant. -

Comparison of rcsults of runhs 19 ‘and 21 shows that the extent of reduo-
tion was the same in both and that the longer duration of run 21 was without
cffect, Apparcntly an equilibrium for the existing temporature and gquality
of gas had becn rcached at a recduction of approximately 82 percent,
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To determine the efficacy of the process in the treatment of ore in
larger sizes, approximately 1,500 pounds of lump ore sized from minus 7 to
plus 3 inches was placed on top of the charge for run 21. The reduction
was more than 80 percent in all lumps. The photograph in figure 16 shows
that a lump of ore was practicelly the same shape after it had been reduced.
The cracks and checks that developed during reduction permitted easy access
of the reducing gas to all parts of the lump, and it can be considered that
the reduction was practically the same for the lump ore. as for the finer
sizes,

The treatment of this ore in larger sizes would have the following
advantages: Part of the crushing could be eliminated, and the quantity of
fine ore to be pelletized or sintered would be smaller; less fine material
would be lost through the stack; tho resistance of the charge would be re-
duced, and it might be possible to operate both generators and both reducers,
thus increasing the capacity of the plant. The length of time allotted to
the program unfortunately did not perm..t a thorough investigation of the
treatment of lmp OrC.,- . . . 2

Run 22, This run was made to detemine the minimm time reéquired to
obtain 80~ to 85-percent red.uct:.on. This was accomplished in 22 hours 10
minutes. : ;

The generator operated at a slightly higher tcméei‘a'f:ﬁré during this

run, and consequently more heat was a.vaila?ole throughout_ the Whole system.

During the last 1& hours of ’ehis run, a.bad L 1;1 an expansion cou-
pling connecting the surge tank with the reducer cauged the loss of approx-
imately 25 percent of the reducing gas. Sinec 82.7=-percent reduction was
obtained, it was safely assumed that the ore was at that time already re-
duced to its ultimate state. ; "

Runs 23 a.nd. 2Lk, These runs failed becausc of mechanical difficultics.

A program was then outlined to test the effect of passing the reducing
gascs through a bed of incandescent coke to convert the watcr vapor and
carbon dioxidc to hydrogen and carbon monoxide according to the following
water ges and carbon dioxide reduction recactions, .

(1) H0 +¢C 0 + Hp ~75,540%/ B.t.u. a 1b. mol. at 60° F.
(2) COp +C 200 -7k, 72512/ B.t.u. a 1b. mol, at 60° F.

Both of thesec reactions are cndothermic and a proportional amount of
heat must be added to sustain the rcaction.

; The design of the surge tank was such the,t the inlct reducing gascs
had to be mixed with thc combust‘!on gases and then passcd through a bed

11/ Work cited in footnoto 5, p. 174,
12/ Work cited in footnote 5, p. 102.
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of coke. Materials to withstand the temperature in the surge tank for this
method were. not aveilable, Iron pipe was used, but it lost its strength
and parted at connections, causing leakage and failure of passage of the
- gas through the coke, Refractory materials- were difficult to comstruct in
odd- shapes, tended to check and crack, and failed because of leakage.

To determine the effectiveness of the use of coke, the combustion gases
Trom the surge-tank burner must be compared with the same gases after passe-
ing through coke., “Table 4 shows the composition of the gas when various
volumes of air and gas were burned.

‘TABIE 4. - Gas from combustion of several air - natural-gas mixtures,
percent (dry basis) ‘

i o ; ' i | e Surge~tark
Quantity of air ! outle’g
and gas burned COy Op; Hp | €O [CoHg CHy| Np |temp., °F.

200 cWlem, alr, 35 c.fim.| | - ; £ ‘

gl S R I - 11.8] 8.2] 0.7/ 0.0{72.8] 1,675

" 200 ‘el aip) 36 ¢, m. ; :
nat,. BB ee00cccsccosnce 5-2 15.2 9.9 .6 pe] 69..1

300 co.f.n. air, 50 c.f.m. i ' ' '

net. @Sevssensavunesin| 5ok o0 1 JB|15.8] 8211000 Woltiis) 1,875

300 c.fum. air, 54 c.f.m, ;
nat. gasoocol'nno.o-.co )'1’.7 -5[16.6 10.8 0006 66.5
300 c,f.m, air, 60 c.f.m. g f L
not. ERBiceseblsdtnanesi 4a3 1 - .1-"19.3110 b ! ,5.1 6:6%,%

Table 5 shows the resv.lt of passing the products of combustion through
the bed of coke. By passing these gases through the coke, the carbon di=-
oxide was decreased while the hydrogen and carbon monoxide were increased,
These reactions, however, were accompanied by a decrease in tamperature

TABLE 5« = Gas obtained after passing combustion. ﬁa.ses through
incandescent coke, percent (dry basis)

o) 5 Nk W S Surge-tank
 Quentity of air Vg by | i | outlet
j and gas burned COp| Ol Hp | CO |CoHg!CHY| Np |temp., °F.
200 c,f.m, air, 35 C.f.m. ¥ o It o
nat. gaSeessesseesvesss | 4.0 0,0 ..10,0027.8 24,9 | 1,1]0.0(62.2| 1,600
D00 8Lt . Al 50 c.f.m. : ] BN g Al f e,
] nat. E&S.u"....u..-- 3.7 qo = O 20, O}lll' 6 105 .0 ' - 11550 .
100 ¢,fome air, 17 c.fom, ; - i A o S e
net. PBSe.sesssrssenese ! %a6l L0 .1,16 7 .1h 1+' 29! .0163.31 1,560

Table 6-shows the effect of paasing generator gas mixed with combustion
gas through the bed of coke.
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TABLE 6, - Gas obtained after passing both generator gas and combustion gas
through incandescent coke, percent (dry basis)

. i Surge=-tank
; | ; Outleg
£op Op| Hp | CO [CoHg(CHy | Np 'temp., °F.
(a) i | i
Generator gas before reaching | F
Goke bed-.:...-onoonoono.s ILQB 0.0 Ool 5201 ;1606 002 702 h‘205t
Mixture of cambustion gas | | i ; |
and generator gas after ' i i ;
pessing through coke bed.. 1.7! .1 ! ,129.616,5! .7:6.245,1 1,550
Hote: Combustion gas was produced by burning 100 c.f.m, of air with 17 c.f.m.
of natural gas. Generator zas, approximately 750 co.fo.m. of the compo-
sition shown above. ; . i | | i
&
|
I
!

l i $
(v) | WA i
Generator gas before reaching ! ! -
COke bed.'........l.l.'ll. J—.e Oily ll6 l 0177428
lixture of generator gas and ' g i
combustion gas after pass- . ‘ ' i
ing through coke bed...e.e 2.2! .0 1 JA'29, 0-15 2 8/5.5 h6.9 1,525
Note: Combustion gas produced by burning 200 c.f.m, of air with 35 c.f.m. of
natural gas. Generator gas approximately 750 c.f.m. of the compo-~
sition shown above. [ i ¥ | e i |

(c) A | g . i

{

|
Generator gas before reachlné | ‘ : Lo . !
coke bedoncontaboo-lanaoac i gl an 0.0 31.6 ,-]-6.8 00?17'; |I|'2.5|
Mixture of generator gas and | ! ' ;
combustion gas after pass=- | | t E
ing. through Coke bed.eeeee 2e5: o1 | ,0126.8116.8! .6i5.647.61 1,540
Note: Combustion gas produced by burning 300 c.f.m. of air with 50 c¢.f.m. of
natural gas. Generator gas, approximately 750 c.f.m. of the compo-
sition shown above,

Table 7 shows tho comparison of gas composition when generator gas was
mixed vith combustion gas not passed through coke, and with combustion gas
passed through coke.

TABLE 7. - Comparison of gas mixbure not pass through coke and
same gas mixbture passed through coke

Analysis, percent (dry basis)
COp | Tllum. | 02! Hp | 00 Colig cah; N,

2 o
H
i

Generator L/ before reachin : : .
COI'-O bed??‘?-QQQUQUUOQU.0.-..?..0.-... lh' 0.0 01'32 16 3' 0080,1‘107
Mized gas2/ not passed through coke....i2.1! .1 -|-:1!28, 6115 T «9i5.1 b7
Mixed pas2/ passed through COKCsessssss 201 " 3 .1129.7' 165 6511~L .9
1/ Gencrator gas approximately 750 c.f.m. of thc composition shown above.
2/ Generator gas mixed with products of combustion resulting from burning a
mixture of 36 cu. ft. of nat. gas and 200 cu. ft. of air.
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A series of experiments was made to determine the gas comyésition
obtainable if generator gas and combustion gas were mixed and not passed
through coke. Results are shown in table 8,

TABLE 8, - Effect of mixing generator ges with combustion gas and.
not passing through incandescent coke

' analysis _percent (dry basis)

) IC02 Illum. { Op | B, | CO [CgHp | CHY | Np
deengapd . o Ll e T R R e S e 6.5 0.2 8.5 L6
Mixed gas_/ ssssssssccscssnete :201 oo ik 2609 1501} 1'5 ll"l 50'1
Generator sl/.............. 1145 .0 X{31.8.126.8 S| Te9 i ML
I'ﬁxed g‘asfoco'no_10¢locooolo %2.7 i 00 _.l 2907 lh"3 08 }+°5 11'7'9
Genorbey oull/ < sikiissenie 31 1 7 S 331 W9 1H7.6 1 1.3 1 Te0 | B
Mized el av.ebiisusiasvie Badod w0l 450 128:0h36:0: 11,0 Lkt | 185

;/ Generator gas approximately 750 c.{.m. of the compositions shown above
in each case,
g/ Genérator gas mixed with products of combustion resulting from burning
a misture of 54 c.f.m. of nat. gas and 300 c.f.m. of air.
Generator gas mixed with products of combustion resulting from burninga
mixture of 60 c.f,m. of nat, gas and 300 c¢.f.m. of air,
&/ Generator gas mixed with products of combustion resulting from burning a
mixture of 33 c.f.m. of nat. gas end 200 c.f.m, of air.

Use of Coke for Impreving Quality of the Gas

Petroleum coke sized to minus Z2-inch plus 3/4=-inch wes used. In each

ce the bed of coke was 6 feet in depth at the beginning of the experiment.
The volume diminished during the conversion, leaving progressively smeller
anounts of effective reducing material. Time of contact of the gases with
the cokc varied according to the specific test; the greater the volume of
combustion gases used, thc shorter the contact period. Temperature of the
coke and gas at the time of contact is more important than timc in the con-
vorsion of water and carbon dioxide into hydrogen and carbon monoxide if
the contact is efficient. The tomperature in the bed during the tests was
approximately 1,850° F, Higher temperature would have beon desirable for
greater conversion, but the followling factors werc belicved to set practical
limits: :

1. It was doubtful that the cquipment avallable could wlthstand
localized extreme tomporaturos. !

2, A higher tempcraturc required introduction of ﬁoro combustion gascs
and hence morc nitrogen, which decrecascd the total percentage of rceducing
ascs by dilution. ,

3. Too great a velocity of combined combustion gaabs and gcnérator
gases entering the coke bed might cause the light particles of coke to be
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sugpended in the gas.  This would tend to pulverize the coke and cause it to
Tlow with the gas, with possible »nlugging of the gas line at any of various
PGy ' ' .

L, Excess volumes of gas flowing through the coke tended to channel
end. prevent the desirable gas-coke contact. '

9. The greater the gas conversion necessery, as brought about by
using more combustion gas, the greater the volume of heat reguired to sus=
tain the reaction. .

A compromise of the desirable and undesirable factors therefore had to
be made., After a study of the foregoing tables and a resume of the operating
conditions, it was decided that optimum conditions would prevail when the
products of combustion from 200 c.f.m, of air and 36 c.f.m, of natural gas
were passed through the coke and then mixed with the generator gas.

Bun 25. After over=-all consideration of these resultg, run 25 was
made with the surge-tank burner set at a rate of 200 cubic feet of air and
56 cubic feet of natural gas e minute and an air:gas ratio of 5.5 to 1,

The products of combustion were passed through coke,

Run 26, This run was almost a duplicate of run 25. The reduction vas
practically the seme, but the volume of gas sent to the generator in pro-
portion to the welght' of metallic iron produced was slightly lower in run
26 than in run 25. The temperature was slightly higher in run 26 because
more gas was burned ih the subge tank.

In both runs 25 and 26, the ccmbustion gases and reducer gases were
passed through the coke.

Run 27. Bun 27 was started with the intention of passing only the com~
bustion gases through the coke., After 7 hours 35 minutes of operation,
shutting down was necessary because of mechanical troubles with the air
compressor., Analysis of the sponge showed 79.%-porcent reduction in the
reducer bottom and 37.2-percent at the top of the charge. Samples taken at
intermcdiate points were reduced in proportion to their relative position
in the chamber. B

Run 28, This run failed because the coke was blown into the line
- leading from the surge tenk to the reducer and shut off the flow of gas.

Run_29, Catalyst instead of coke was used in the surge tank. Tho ore
wes heated with e reducing gase. The tcemperatvres in the surge tank kept
incroasing until it was fcared that the thermocouples would burn out.

It was thought that increasing the volumc of gas might cause cxccss
carbon deposition on tho catalyst and ore and that diminishing both air and
gas would lower the heat input to the point where no hecat transfer to the
orc could be cffected, Finally a large excess of alr was uscd, and this
also resulted in continued risc of temporaturc, The original air:gas ratio.
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was set at 6 : 1, and heating was continued until the ore temperature
reached 1,900° F. Meanwhile the bottom-zone thermocouple in the reducer
had broken because of the high temperature and the burden of the ore charge.
Although the reduction proceeded without apparent trouble and high reduction
temperatures were maintained, it was later found that the ore had fused in
the reducer bottom when the oxcess air was used to cool the surge tank,
leaving only a small chamnel through the center. Consequently, the data
were not informative, o '

Run 30, The final run 30 was made on beneficiated Minnesota ore which
had been converted into nodules of minus 2-inch plus. 1/4-inch size. The
ore was heated to nearly 2,000° F. before the reducing gas was introduced
into the reducer. Again the generators failed to function properly., In an
cffort to obtain some data of value, the surge-tenk burner was adjusted to
a 2,50 : 1 air:gas ratio and used as a generator -without the bonefit of pre-
heated air and gas. G L

Average reducing-ges enalysis during run 30

Gas Percent by volume
Hx0 : b,
002 i %2
I1lum,
2

H
gy
CoHg
CH),

Ilo -

bt
o
OO FO= 3 0O

353

Average t@pera.ture. during run 30, °F,

Surge-tank outlete... 1,806

Bobliom Zone. s e e 133611'

Middle zone.....".'.'.u l,h'oe

TOD 2B snnsissonsi 1;380

The duration of the test was 15.5 houtrs, -Removal of the ore was very

difficult as it had to be removed manually by hoisting out through the top
of the reducer. Particles on the top of “the charge showed virtually no
reduction but the reduction increased to°'82.7 percent in the bottom.
Sticking was caused by the high preheat tempcrature bofore reduction,

- Reduction Reactions
Calculations for reduction réactiona can be made only if several
assumptions arc accepted. }

The tomperaturc of the reducinggas was' khown . to.be. higher than the
temperature of the ore. The temperature of tl;re ore was highost in the
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bottom zone followed by the middle zone. The temperature of the top of the
ore was not known with accuracy since the ore generally shrank during re-
duction and the top of the charge dropped to about 6 feet below its original
level, thus leaving the top thermocouple above the ore.

A close approximatlon of the trua ore temperature may be calculated
from the average of:

1., Surge-tank outlet
2. Reducer bottom ione
5, Réd.ucei- middle zone
1}._' Red.ucer top zone
Another assumption is that the temperature of any given zone can be
averaged over the length of a run, Since the ore temperature was alweys
higher at the beginning of a test than at ‘any subseguent time, the assump-

tion that an average can be taken is conservative.

Finally the assumption that the quality of the reducing gas remained
constant throughout the test -must be made,

Therefore the temperature of the ore and the analysis of the gas used
in the following calculations arc the averages obtained from periodical
observations during run 26, which_ are sumarized as follows:

Calculations concerning total time required to reduce
iron vxide to metallic iron

(Gas analysis and temperature taken from run 26)

Reducing gas Percent ‘ny volume
HQO'....‘.‘;:.
002.........'..

02.--0-.".;.0.
HQ‘.O.I.'.‘.I..

CO...-..'..'..._

cHu.‘..l.....'. ;

Naaoooano”ooto'

' Hotaliysss o .

Ore, 25,000 1b.

Iron content, 50 porcont = 12,500 1he Areon

Re-formed gas, 784 cu. ft, a minute

Re-forming conditions, 160 cu. ft. natural gas and
400 cu. ft. air a minute

Volume of re-formed ges, 1.4 ¢ombined volumes of .

. natural gas and air iae

Duration of run, 960 minutes (16 hours)

Average temperature, 1560° F.

P T




Data from:
American Gas Association, Combustion: New York, 1932,

208 pp.

Emmett, P. H., and Shultz, J. F., Influence of Gaseous
Thermal Diffusion on Equilibrium Measurements of the Fe-O-H
System: Jour. Am. Chem. Soc., vol. 54, 1932, pp. 3780-3781.

Eastman, E. C., and Evens, R. M., Equilibria Involving
Oxides of Iron: Jour. Am. Chem. Soc., vol. 46, 1924, pp.
888-903,
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FIGURE 17.- Hydrogen and carbon monoxide equilibria with iron and iron
oxides.




—2 (Fe50¢-Fe0): See Eastman, E. C., and Evans, R. M., Equilibria Involv-

(Fe0-Fe): See American Gas Association, Combustion: New York, 1932,
208 pp.

(Fe0-Fe): See above reference.

(Feao‘-FeO): See Emmett, P. H., and Shultz, J. F., Influence of Gas-
eous Thermal Diffusion on Equilibrium Measurements of
the Fe-0-H System: Jour. Am. Chem. Soc., vol. 54, 1932,
pp. 3780-378l.

ing Oxides of Iron: Jour. Am. Chem. Soc., vol. ug, 1924,

pp. 888-903.
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' Calculations are based on reduction in two stages:

The curves of eguilibrium in Iigures 17 and 18 show that the ratios of
Hp0 to Hy and COp to CO in gas in contact with iron oxide will be respec=
tively 3 end 2.k, .
(Fe3ou - Fe0), K5 = Hy0 = 3,00, K = COp = 2.4 ik
Ho co
The gas from the generator already contains these constituents and it
will be chenged in its passage through the ore, by decrease of Ho and in~

crease of HoO and decrease of CO and increase of COp, to such extent that
these constituents will be present in the ratios given above.

For K3 Eg'g f i 3,0, X =19.0

= 5.0

For Ku

T g A 2.4
15.6 = 0.4 .« 52

At‘equilibrium.the camposition of the gas will be theoretically:

Percent
Ho0 2000
COQ i £290
675) o2

Ho il % 1
co S
CHY 7.1
Ny 44 .9
0 200.0

Theoretically, this composition would prevail if the ore was reduced
wniformly., This is not the case, however, since the ore in the bottom of
the reducer is probably partly reduced to metallic iron, while Fez0) and
FeO in some proportion may still exist in the upper part of the reducer.
Since all the Fez0y must first go through the FelO state at some period
during the reduction, the above calculations are probably correct for the
first few minutes of the reduction, . As the reduction proceeds into the FeO
to Fe stage, part of thc first gas reactions will not have been completed
and will lag into the second reaction, Thus the over-all averagc will com~
pensate and two-phase calculations are justified:
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Fez04 = 27.6 percent oxygen = 72.4 percent irem

- FeO ='22,2 percent oxygen 77.8 percent iron
100 1b. i-‘e 1é equivalent to (100 % 0.724) = 138 1bs Fez0y
100 1b. Fe is eguivalent to (100 % 0.778) = 129 1b, FeO
Considering 100 1b. of iron:

138-- 129 = G 1v. oxygen‘nmﬁt be removed in the Fez0) to FeO conversion,
The total amount of oxygen to be removed to convert the entire charge from
Fez0) to FeO is:

12,500 x 9 = 1,125 1b. The volume of 1 pound of dry oxygen &t 60° 7.
100 ) :
and 30 inches mercury pressure is 11.82 cu. £t.13/

1,125 x 11.82 = 13,297 cu. £t, of: oxygem to be removed.

The calculation of equilibrium shows that 19 percent of the gas was
effective in the reduction in the form of hydrogen and 10.4 percent in the
form of carbon monoxide or a total of 29.% cu, ft. out of every 100 cu., ft.
of reducing gas is completely utilized.

Hence the ges utilized is 78% x 29,4 = 230 cu, ft. a minute, The
. i 100 . '
reections (Hy + 1/2 Op = Hy0, and €O + 1/2 Op = COp) show that each cubic
foot of reducing ges utilized removes 1/2 cu. ft. of oxygen. Therefore
230 cu. ft. of reducing gas rcmoves 115 cu., ft. of oxygen. The time re-
quired for the removal of oxygen in the reduction of Fe50h to FelO will Dbe:

13,297 = 116 minutes = 1 hour 56 minutes
105

The curves of equilbrium show that the ratios of HpO to Hp and of COp
to CO for reduction of FeO to Fe will be:

K] = H0 = 0.5
i

Kp = C0z = 0.5
co

For K3, 3.6 + x = 0.5, x'= 6.4
26.5 Ci e &

13/ Work cited in footmote 5, p. 100,
1069 we L




Por Koy 2l X = 0.5, 2= 3.8
15.

201 + 2.8 = o7
15. i 3. E llo
At equilibrium the composition of the gas will be theoretically :

Percent
HQO i L2 0

COo 5.9
02 5 .2

H8 20,1
c 11.8
CHL Tk
NQ 11',4‘09

The total vollme of oxygen to be removed in the red,uct:.on of FeO to
Fe isa;: ) !

12,500 x 29 x 11 82 g 1;2 847 cu. ft.
Wi el e

- Of each 100 cu. ft. of gas, 6.4 4+ 3.8 = 10 2 cu. ft.. is utilized. in the
reaction. f[he volume of’ gas utilized. a minute is:

1____1102:80011. ft.
A N

‘Each cul':vlc foot of gas utilized removes 1/2 cu. ft. of oxygen, there~

fore the time regquired for complete red.uction of the ore “r assuming this to
be possible, ag: ; Agng ;

P

z 1}25811-:.[- g ,07'.0‘ vminutss‘!.:a 17 hours 51 minutes -

Total time i'équired is:

- FeO) 1 hour 56 minutes
eg - Fe 17 hours 51 minutes -
19 hours L7 minutes

Smce 19, 8 hours was theore‘tically required. for complete reduct;l.on,
16 hours snould. ‘show 16 = 81 pcrcent reﬁ.uc’cion. This extent of reduction
T :

. was very.nearly attained as anal;sis of the reduced ore. from this particular
test showed 80.0 percent reduction, This assumes that time is directly
proportional to reduction which is not exactly the case. Since the calcu=
lations have been based on both stages of the rea.ctions procoeding at the
samc timc, this calculatio:;; is pomissa.ble.

Under the conditions-discussed above, run 26 should have required
30,341 cu, ft. of natural gss for reduction of cach ton of metallic iron
produced, as follows: Ay ;
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12,500 = 6,25 tons of Fe in charge ”
2,000

160 x 960 = 153,600 cu, ft, of natural gas used.
Reduction of iron oxides to metallic iron = 81 percent
6.25 x 0.8l = 5,0625 tons of iron produced in metallic form.

153,600 = 30,341 cu. ft. of natural gae used a ton of iron produced.
5.0625 =

The actual amount of gas used a ton of metallic iron, not including
that used in the surge ta.rﬂc burner, was 31,425 cu. ft.

Up to this point (16 hours reo.uction time) the actual results corre=-
spond fairly closely with the theoretical calculations., Beyond this time,
with the reduction temperature and low quality gas available, it is be-
lieved that the rate of reaction becomés so small that an impracticable
length of time would be required to complete the reduction.

Equilibrium curves are 1}101: é,evélope_d'using time as a:factor, and equi-
1librium may not be established during the latter part of the reduction.
Actual gas analyses support this supposition.

_ The rate of reaction during run 26 is shown in figure 19. Also shown
are reaction rate curves (figs. 20, 21, and 22) for other tests with
various degrees of reduction, Percentages of carbon dioxide and water
vapor are shown at any given instant during the test. The reacted gas is
the percentage in the spent gas minus the percentage in the make gas.
Extensions of these curves indicated by the broken lines are rates pro=~
Jected to satisfy the foregoing calculations., The curves probably become
asymptotic after 16 hours, As mentioned previously, carbon monoxide
tonded to decompose toward the end of the test, and the formation of carbon
dioxide rectardcd the reaction ratcs considcrably.

The total heat of rcaction in carly tests was endothermic, while in
the later tests conditions were sufficiently’ ckothermic to maintain a
feirly stecady tomperature despite radiation losscs, Although calculations
for a thermal reaction balancc arc not justificd by the conditions of the
test, the following ore-gas thermel balance is calculated from data of run
26 for the sake of completencss and theory.

The gascs ontcrmg into the cquilibrium have the following partial
percentage analysis:
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At 1,560° F. and. under equilibrium conditions, 75 percent of the
hydrogen and Tl percent of the carbon monoxide will have been consumed to
produce additional water and carbon_ dioxide, respectively, The partial
percentage analysis 6f the gases at equili'brium will 5 S R il

HoO  23.475
COo 13,176
Ho 6,625
co k524

The heats of reaction (figs. 23 and 2h) at 1, 560 F. are =120 B,t.u.
a pound of FeQ for the hydrogen reduction and ~35 B.t.u. a pound of FeO
for the carbon monoxide reduction.

The above tabulated analyses show that 19,875 pereentage units of
hydrogen and 11,076 percentage units of carbon monoxide are consumed by
reduction of Fe»0) to FeO., Hydrogen therefore will pérform 64.21 percent
of the reduction and carbon monoxide will perform the other 35679 percent '
of” the reductlon.

The heat consumption: incurred when producing 1 pound of FeQ by re-
duction with the gas mixture will be:

T 06421 x 7120-= =77.05

Q43075 x5 =12453
Totad 9 58 Be t.u. a pound. of FeC

-

Obviously, the first stagos o:f‘ reduction are strongly end.othemic. ;

, Similar ca.lculations may be made For the second phase of the reduction.
From the heat-of-reaction graphs it is seen that the Fe0 to Fe reaction
with hydrogen is exothermic to the extent of 25 B.t.u, a pound of iron pro-
duced., The carbon monoxide reaction is exothermic at 1 560° F. and 295
Beteu, a pound of iron are developed. The equilibria d.iagram indicates
that 65 percent of the hydrogen and 67 percent of ‘bho carbon monoxide
available will be in the spent gas. :

It may bo assmn,cd. that tho two recactions, (a) Fo50h-= 3 FeO + O and
(b) FeO = Fe + 0, arc progrossing at the same time, afd-that the sccond
rcaction may be considered undecr the samc cqulll‘brlum cond.itions as the
first,

The . partial percentago ranglysis of the gascs at equilibrium for the
second reaction thorefore will be;

HO  12.875.
.C0p  T.248

- _1;7_ =
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Comparison of the above tabulation with the partial analysis of gases
entering into equilibrium shows that 9.275 percentage units of hydrogen and
5.148 percentage units of carbon monoxide are consumed by reduction of FeO
to Fe. Hydrogen therefore will perform 64.3 percent of the reduction and
carbon monoxide will perform the other 35.7 percent of the reduction.

The heat generated when producing 1 pound of iron by reductlon of Feo
with the gas mixture will be:

0,643 x 25 = 16 075

0.357 x 295 = 105,515 -
Total 121,39 B.t.u. & pound of Fe

The exothermic heat produced by this se¢dhd reaction is for 1 pound of
iron and is equivalent to 94,41 B.t.u. 2 pound of FeO

The over-all heat effect of reducing Fe;0), to Fe is exothermic, and its
value is found to be 4.83 B.t.u. 2 pound of Eeo or 6,21 B.t.u. a pound of
iron (by algebraic addition of the heat effects for the two reactlons) '

SIGNIFICANCE OF DATA AND QBSERVATIOV WITH RJSPECT TO ESTABLISHED EACTS

The production of reducing gas was not entirely successful in that the
water vapor and carbon dioxide contents were too high for. good reduction.
Continuous operation of the generators was not accomplished, The temperature
of the reducing gas was too low for direct use in the reduction system. -
Unless more time can be spent on the development of gas re-~forming, some
commercial type of generator with well-establldhed characteristics will be
needed. The presence of approximately 50 percent incrt nitrogen in the gas
increased the length of time necessary to obtain adequate reduction of the
e A ,

The loss of heat by radiation was very great. Tho. replacement of lost
heat by burning natural gas directly into the reducing gas did not solve the
problem but provided cnough heat to obtain 80 percent rcduction before the
generators would fail, The plant had not becn designed with heat conserva-
tion in mind, and the hoat losses were still cxcessive after a considerable
amount of additional insulation was instelled. In the design of a large
plant, extreme cmphasis must be placed on hekt conscrvation. 2

Precheating of thec ore to above 1,9000 F., beforec reduction gonerally
caused sticking of the charge in the reducer and discharging was difficult.
The design of the ore recduccr should be such that the insidc would have a
smallor diamcter at the top than at the bottom. This would nccessitate the
installation of a specially designed prossurc valve with an opcning equal
to that of the bottom of the reducecr, .

A neutral or reducing atmosphcre must be availablo to protect thc hot
sponge. Cooling systoms must be designed to cool the sponge and, unless it
can be disposed of immediately, a very dry storage system must bc provided.,
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A pile about 4 feet in diameter and 2 feet in thickness had been set to
one side of the ground., This material was about 75 percent reduced and was
about 2 weeks 0ld when a fine misty rain fell., When a dense vapor was
noticed rising from the pile, some heat mﬁasurements were made in holes of
different depths, Alr temperature was 41° F,

Depth below

Hole No., surface, inches Temperature, °F.,
ll..'.l.. 2.75 i 160
ln.atoonu 5,50 169
2.--'0... 2-75 ; 165 "
5o.¢000-..‘ 2.75 - ~195
3-’.-..--.' 3-50 ‘205

50 ssecese t 1“-25 20)“'
'5--.-4-0- . 5.0-0 i 201
500---'..0 i 5'?5 ' 191‘-

Two gas generators at Longview produced a total of 1,570 cubic feet of
reducing gas a minute expressed at standard conditions., With the addition
of the combustion gases of the surge-tank burner, about 2,000 cubic feet a
. rminute was actually available.

When using one gas generator and pulsathns at the rate of three a
minute, 333 cubic feet-of gas would be admitted to the ore with each blast.
As soon as the outlet valve wes opened the pressure was relieved and the gas
cxpanded. Enough ges wes admitted under these conditions to cause lifting
of the ore if less than 20,000 pounds was originally charged. The lifting
cffect was not noticed when the pulsating valves were not used. Any future
plant design should proviﬁe for elimination of this factor. i

Removal of the flne sizes from the ore charge is importent because of
the possibility of plugging of the ges inlet.

When ore sized to minus l-inch piuswﬁ/ie-inch was usced and both lower
and upper reducers were charged, the resistance was too great for satis-
factory circulation of gas with the cquipment availeble.

The temperaturc of the gas leaving the lower roducer was not high
cnough to prchcat a chargc in the upper rcducer. Provisions for burning the
spent gas, which had considersble combustible content, in thc upper reducer
would have to bc mado to obtain a tomperaturc high anough for immcdiato re-
duction after the “lower uhargo was complcted.

Sincc the orc was not removed:as it was - reduced, the most cfficicnt
utilization of thc rcducing gas was not possible. Reduction in the bottom
of the rcduccr would be complcted beforc reduction in the top was morc .
then about 50 percent complcte. The ges in the upper. reduccr should be
uscd for cconomy, il
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Before the sponge iron was discharged, the system had to be purged with
nevtral gas to eliminate danger of explosion. Ordinarily the sponge iron
was left in the reducer at the end of a test, and natural gas was passed
through it wntil it was cool enovgh to discharge, or below Loo° F. Deaspite

these precautions, the very fine materxal dischargeg often heatea gpontan=
eocusly, :

The tests definitely showed that ore sintered with coke and water at a
high temperature-was .inferior for reduction purposes because of the dense,
glazed surface of the'sinter. : '

- P TR

The operating time required to produce sponge 1r0n 80 percent reduced
soemed to be about 13 hours, The actual time of oneraulon depends partly on
the gquantity of ore charged. If 25,000 pounds of ore: contalnlng 12,500
pounds of available iron was charged and.the rcdactlon was 80 percent 1 ton
of metallic iron was produced in 2,6 houxs. The average ‘amount of natural
gas used in 13 hours was 190,31k cubic feet or 38,06~ cubic feet a ton of
motellic iron., The amount of gas actually used in the reduction reaction
would be a smaller figure, perhaps approximetely 25,000 cubic feet,

" In the gas-re-forming oporation sbout 160 cubic fect of natural gas a
ninuto was used. After mixture with air, and allowing for an increase of
volume to 1.4 times the sum of tho volumcs of air and gas, epproximetely T84
cubic foet of reducing gas was produced cach minute, Thercforc 25,000 cubic
feet of natural gas produces 125,000 cubic feet of re-formed gas, About 55
percent of this gas is not of a reducing nature, so 5€ 250 cubic-feet of
combined carbon monoxidc end hydrogen was roguired in the reduction reaction
for each ton of motallic iron produced. Natural gas in Longvicw was sup-
plied for 5 cents a thousanu cubic fect., The cosl for gas actually entering
the roduction was gbout $1.20 a ton of metallic iron oroduced, Addition of
tho cost of gas uscd for preheating and for the surge tank burner mekes the
total cost for gas approximately $1.90.

FACTORS AFFECTING OPERATION NOT DEFINITLLY EVALUATED

More data on rcduction would have been available if a reducing gas of
botter quality had becn obtaincd. Passing the gas through incandoscent
coke did not improve it sulflciontly to give satisfactory data.

The actual tcmpcrgture can be aopro ximated Dby computation firom known
conditlons,iﬁf and in onc instancoc in which this mcthod was applied it was
found that the recordcd tomporaturc was 92 cdegroes lower than the computed
tomperature. The truc gas temperature may not be rocorded vwhen the temper-
oture of tho wells of the duct through which the gas flows is not the same
es that of the gas. Sincc no cztornal heat is applied, the wall tcemperaturc
is undoubtedly lower then the gas tompoeraturc. On the whole, it is belicved
that the temperaturcs recorded worce 500 to 100° lowcr than the actual tomper-
oturcs., The tomperaturcs given in this report, hovover, are thosc reg;stered
by the instruments.

1/ Vork cited in footnoto 5, Pe 560,
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Much controversy has arisen concerning the value of pressure in a
system of ges and solids, This effect was not truly evaluated during the.
DIrogram,. "Hemrpahiady | Sl : {

Two rediuction tests, one with only enough pressure -to overcome the
resistance of the ore and the other with pressure maintained by ad justment
of the spent-gas outlet valve, produced approximately the same quality of
sponge. The pulsating mechenism was not ‘used in these tests, In a third
test in which the pulsating valves were used, no appreciable benefit' was
found on either the rate or the extent of reduction. Results of two or
three tests are not conclusive, and further investigation should be made.
The first cost of a plant operated under pressure will be high. Actusl
operating problems will be increased &nd plant flexibility limited.

The time required for complete reduction was not determined. Techni~-
cally this time should be known, but actually in commercial operation its
determination not be justified. Enough carbon is deposited on the sponge
during the reduction to complete the recduction of residual oxides if the
product is ultimately to be melted. o 4

Oros from different regions and of different types may have special
charactoristice. East Texas ore was used in ell cases except one. Tho
onc test on Minnesota nodules was medc under adverse conditions and could
not be properly cvaluated., ‘Sintered ore may rcact similarly to some of the
more dense magnetites which are known to be reduced slowly.

~ In tho carlier reduction teosts, the not heat of rcaction was known to
. be endothermic, since the orc temperatures diminished gradvally wntil too
low for eny practical reduction. Later tosts showed cxothcrmic reaction

~ after conversion of the ore from the Fes0) to the FeO stage, as the temper-
ature during the FcO reduction stage was well=maintained. ' i

CHANGES IN PLANT DESIGN TO ALLOW COMMERCIAL OR SEI{ICOMMERCIAL OPERATION

The cost of operation was not dectermincd in the tosting program. Much
timc was spent in redesigning and altoring verious parts of thc plant, and
the actual coste would not heve indicated the cost of a commorcisl operation.
Tt is believed alsc that chenges in dcsign would have been desirable to
obtain morc satisfactory opcration. - i W

To dotcrminc the changes nccessery and tho cost of operation allowable,
an outlct for the product at a fairly dcfinite ‘price should be cgtablished.
Becausc of the high phosphorus content of the matérial, usc in an elcctric
furnace docs not scom practical, and no other merket is known, For thesc
rcasons the following discussion is based on congidcration of the factors
that will assurc satisfactory oporation rathor than on - thosec that will -
permit production for a known markctu at & dofinite prico. ‘ i

Assuming the reotention of twé of the principal fca‘ﬁurcs of thc Medaras
process - usc of rcducing gas under Pressurc end pulsating fced of the gas -
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certain changes in operation will be necessary. The gquality of the reducing
gas must be improved. 5

In the process thet has been tested, natural gas is partly burned with
air to produce carbon monoxide and hydrogen, This reaction is exothermic
but not highly so. The quality of the reducing gas is impaired by the
large volume of nitrogen added with the air, It is believed that better
results will be attained by a reaction.between natural gas and steam to pro-
duce carbon monoxide and hydrogen. The carbon dioxide produced and a large
part of the unreacted water vapor can be removed and a reducing gas pre-
pared that will consist essentially of the desirable gases, carbon monoxide
and hydrogen. Although oxidation of natural ges with steam is a strongly
endothermic reaction, the low price of natruesl gas as a source of heat may
meke the process practical.

Another chenge of importance would be redesigning of the discharge
system of the reducer. A means would also have to be provided to cocl
large quantities or reduced iron quickly after discharging.

A schematic diagram for a more suitable operation is shown in figure 25.

Natural gas and steam are mived and delivered to a generator, which
produces hydrogen and carbon monoxide in volumetric ratio of 3 : 1, respec-
tively., Residual water and carbon dioxide are removed in cooling and
scrubbing towers, and the gas passes ‘to a receiver, After compression, tho
gas is stored in a large gas holder. If the pulsating valves are to be
used, one of them will be placed on the outlet side of the gas holder. In
the orlginal Plant dosign, the pulsating velve was in the hot-gas linc and
had to be watcr=cooled with resultant loss of hecat. Two heat-resisting
alloy coils are provided to prcheat the gas to reduction temperature., The
gas may be preheated in both coils et once or in only onc at a time., Dupli-
catc coils should be usecd to ellow for repairs to cither. The gas is admitted
to the reducer bottom through woll-insulated pipc. The other pulsating
valve is installcd on the outlet side of the roduccr, Either before or after
reaching the valve, the linc is tepped to withdraw pert of the spent gases,
which havc an apprecizble emount of unused combustible gascs aftor the re-
duction passcs the Fc,501+ to FeO stage. This gas moy be used in scoveral
'places. If ncccssary, it can bo cnriched with natural gos for usc at the
boiler or gas~prcheating coils unit., A part of the spent gas may be di-
roctod to the cooling and scrubbing towers and reuscd, The remeining part
could bec burncd with air in the upper reduccr to prcheat the next ore charge.

~ Shown bclow the reduccr arc the cars for receiving the finished sponge }\
iron. Rocoiving cars moy be dosigned so that the ore may bc cooled with =
natural gas. In turn, gos loaving the cars should be stored for rousc of

enriched with natural gas and burncd at 't'.he boiler,
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FIGURE 25.- Schematic diagram for rebuilt Longview plant.
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Estimate of Capital and Operating Costs for Small Commercial Plant
(Capacity, 100 tons a day) :

Adequate data for the cloge estimation of cost of production of -sponge
iron by a modification of the process described in this report are not
available, The following estimates are based upon such data as can be
obtained; they are not, proposed as definite figures but only as an indica-
tion of the order of magnitude of the costs, The investment cost is based
upon the use of equivment already available at the Madaras plent as far as
this adaptable tc trec rroposed process, For example, crushing and storage
equipment is available. . i e it ; : ;

Esgtimated Ges~Plant Investment Sumary

Estimated cost of gas plant to nroduce approximately 5,000 000 -cubic
feet .of reducing gas a day.

2 generators ‘rated at 90,000 cu. ft. an hr, $55,ooo eaChsessss $ 70,000
2 blowers and motor drives, 10500 feet at 60 inchcS.ecesseess 7,500
Control instrumentSesssaescecesscssossescocsossasssessnssnans 1,200
2 'bOilL.rs, 150 i 9 51 eac}lo-onoooonoco.coottol.odl'l.ocnlt!‘.a;- 19;000
- Cooling and copdensing SyStCllesesesssasosonsscsssssssssssees 10,000
Rellef hplder, lOO OOO Cuo ft Canacltye..“..c....-u.-.... : 25,000
WL&Sh gar_v Piplngﬂ.l'.'..l..&..'.".'....'...'...‘............_.. ?,500
: Elec‘trlp POWQI' &'ﬂd. llght'.'e'-.u-'uuoono-o-oo.oolooeacoaoooo-b 10,000
' 12,000
4,000
8,000
- 8,000

182 200
~ Contingencies at 10 percent "of dbove...................... 18 220

200 420

Enginecrlng c0nstruct10n and overhezd &t 15 DOTCCNTessesss Q0,06§
$230,

Estimated Operating Cost for Proéﬁctian of 1,000 Cubic Fecct of Reducing.Gas_'

& l,OOO Cu. ftc o.nal.oo.o-uoocoaola.c-oonoacoccacno--‘t.co.l 00150
DtOfml, 18 lb. ot $O 20 & l 000 1b, #esosso0ssscuecesacenenesne 0056
Power, waxgr, labor, mplnton_ncc, and mlsccllanooud........... ,»0700

$ 102

gos. Also, lf ‘the blant 15 to bo'dﬁéfatcd'as 2 pressure syptam, further
additionol investment is ‘requircd, ~ THESS "ddaitiondl) costs -of o .complete
plant to produce gos virtually frec from watcr vopor and carbon dioxide are
listed below:
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Accessory Equipment £or Gas Purification

o

Carbon dioxide removal unit, including erectitNeecssscssscssss $ 75,000
Gas recirculating and cooling equipmentecscescsscsessssesesse 8;000
Piping, pumps, and water circulating SysteMecssessssscscceses T,500
CQmpreSSOT, 1nclud1ng AR LAl RO s o sl a e sia e a die weiele e R s e in e 55,000
Gas holdeXeeesssssesesessscssssssssacsssssansasancsspsssonseses 121000
Total equipmﬁnt 23 i v sieat et iien GOt e ayie e e aalie e sty ale $140,5OO
Engineering end contingencies, at 15 percentsscscecssscessses 21,075

TOta'J'.......'............‘..'..‘...-....................‘..' $l6l,575

Operating Expenses a Ton of Iron, Gas Plant Only i .
Reducing gas, including recirculation benefits, 30,000 cu. Tt
ait $O lOEualOOO cu. ft. LIS B BB B B BU A BN B O R NN A N R R A
PumPlng expenSeS..........-..--.....-.-..¢--..--.a..--.......
0o serubbing at $0,03 a 1,000 cu. Tt. recirculated..eeecssas
Investment at 15 percent 365-day JCBreoevovsvssnsssessncsnons
Total exclusive of reduCing Planto-oclocoo-tooaons-ctcooooo

Estimated Reduction-Plant Investment Summary

e Ore-rEQuCtlon Chambers at $20 000 e&Chco-0-.--.--4--:-0:.1. $ ho 000
2 alloy preheating coils at $5,000 BEEHLY & oa it ot ao m s RTRD, 10 000
Ore hﬁndllng and Chﬂrglng EBChanism¢...........-.....-.-...-. ;- 20 000
Insulating G Cr Lo S v et fet e f s Rl o o i aritin e & i S B aiie 10’000
Ore"coolin.g SYStmo.-.00010-.0-0.."-o.o...ol-olllboo'l.lcnococco' lO’OOO
Valves and pipe rittingspntnjoo-o-;oooa-;ooaooaooo-c-co-w-oo- 15,000
piracturel meterl Bl sns ot s olets s s ik s il snnie s dninsdinsson e 603000
Control instrumentg and buildingeessssspssssssesssesessnsssse 3,500
Office and l&boratory........................g...............“ zzooo

$173,500
Engineering and contingencies at 15 percent.ecessscscecssscass 26,025

$l99;525

Operating Expcnsc a Ton of Iron, Reducing Pkent Only

Iron ore, 50 percent Fe natural at $4.50.a k7o) g W o M el 010 L INESBE
Crushing and SiZiHGQQ.n-gop--gqoaouc--n.oooooooo-oooorc-dvoto“i
POWGI‘..I....O.IO....Cl...'C..l..l'.ll..l...lll...l.l‘....ll.t'

Maintenﬂnce....-.....-q...........-.-.........-.....--......q'

Personnel: ; :
Superlntendent and office EHENECET AT viare dtais on o ain iiaiaidie o uia aseme)
3 foremcncQnoo--oo-o-----gcooqoooo--o-oooou----q.ooaooaroof
6 Dperatorso'.ocoanoo-o-oaao-ov--oo-oo-cc'ooo.oo.cooooooous
6 1&b0rer5..--ouon-acon.aoo--.coood-;-ogo'.tooo-ioonaoccoo}
l analyst..'.'..'....'..............‘.'......'....”........"

Investment at 15 Percenbysisnssonsenesssssavissainessasesss

TOtal.l.ll..!‘t.0..'..0.......'....OIQ.‘.CCU....OOOUCOCOD‘I
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The final analysis then shows the entire plant investment as:

Gas Pl_-ant.‘.......0........... $250,)+85
Vapor and COp removalssesesses - 161,575
Ore=reduoticn PYBRGL vessrrtns | 2 2

TOtalcooooco.oa-cncoto-oo--o $59l 5

..Operating costs on a lOO-ton-a-day agqo,:t;tiz.ed. .nvestment basis show
that tue cost a ten of me.tallic iron produc,ed. would. be
-Plan't operatim...-..;;;- . '$ 5.85 :
Ore reduction, including org,.. . _1l.12 .
Cost g ton Of iI‘On...-...... $ 5095
ro v f’* '

Equipment cost is estimated for new material. At present it would be
necessary to use reconditioned equipment to obtain-any reasonable deliveries,
Plant investment may be reduced somewhet by adopting used equipment Wherever
poss:.ble. !

ELECTRIC~FURNACE MELTING OF SPONGE IRON

-The behavior of the gponge iron in an electric furnace was investigated
by melting material of the followﬂng quality in a stand.ard 1—1/2 ‘con acld-
lined furnace. i o

‘Iron, tbt&loooo.-ouuc'qoocc
II'OD., meballic e sves s es

InsOlublesa-.'..'..._....... ]

Se
3e
Percent reﬁ.ucjbion......'.. 3
#
carbon, le’e'eoioaootlvor'o"o' A

Attention ahould be given to the carbon content of the charge. Eéch
charge of 2,000 pounds contained 30.6 pounds of carbon. Other carbon was
added in heats l and 3. :

A 1og of the heatp is shown below, followed. by a discussion of the
experiments.

‘Heat 1 Heat 2 |Heat 3 Heat 4

To’i;a,l power usod. kw, -hr. e v 910. - 1070 1000

Time, mlnu'bGS..........u- 150 90 130 - 400

‘Charge, pounds ' : |
,SCI'GLP, pound_s.'.‘...._-.-.. 582 - ! i i
Sponge, PoUndS.eecscsces 2000 -~ 2000 2000 2000
Carbon,_pounds‘...-..u'-. 100 i 5 ! -
OI‘G, Pomd-SODUIDOI..'..C T . 95 i
Mill scalo, poundS,es... g L 5 A e e
Sand. pOundB..u.--nul I s i b : =
LimcAteno s e e ¢ § B a1
Forromanganesc, pounds.. e AT R

. Silicomangencse, pounds. - B :
Pouring tamperaturc, OF. . 3200 i
Mctal yiold, poundSeseecees 1528 . 1433
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Heat 1 Heat 2 « Heat 3 [Heat 4

Product analysis: : -
Carbon, DErGEREstnvsssvin«slull 0G0 = - Lyl . 0,19
Manganese, perceNteseees - 0s77 0.59 0.98 0,38

" Phosphorus, percent.ee.s Gal13g 0.156 0,159 03350
Sulfur, percemtbliti«gu: 003058 0,018 0.027 0,022
S1licon, percent.sessses - lol5 .75 0.68 0.05

Metallic iron recovery; g
I"ercen‘t..-u.~-._....,......... 80-15 i lO0.0 lO0.0 lO0.0

Total iron recovery, * .
percentcill.l-l.l.lll.l.n.. 690)‘1’ 9109 h 9001 88!5

Heat 1

Scrap steel and carbon were added to the sponge charge before melting
to help prevent any possible damage to the furnace by the action of iron
oxides on the acid lining., This proved to be unnecessary as there was not
the least indication of abnormal reaction with the lining. The time con-
sumed in making the heat was longer than necessary since excess carbon was
worked out with additions of ore and miil scale, In all teste the ore was
sacked in 100=-pound burlap bags and pushed. into the furnace, the temper-
ature of which waa approximately 2, 000° F. At the cnd of the charging
period, which was ordinarily 5 to lO minutes, the charge had begun to get
sticky. The sponge conducted enough electricity to strike an arc but not
enough to start the mel‘b bflicientiy. An iron bar about 1-1/2-1nchos in

A small molten puddle in the
middle of the furmecc sufficed to maintein an arc.  After a puddle about
15 inches in diametor wes obtained, the ore was worked from the sides to
the middle and so on until the en'blre chargc was melted. ‘Ther¢ was mch
shrinkage during fusion. !

A31 toéts were similar to the proccdure for mel‘ting iron turnings.

Low recovery of total iron and metallic iron was caused by lack of
experience in slagging the melt rather than poor metellurgical reactions.

When the entire charge was melted, visuael examinatiocn of test speci=
mens indicated that more then 2 percent carbon was dissolved in the iron,
The carbon content was reduced to 1.35 percent b,y' addltlon of ore and
mill scale,

Heat 2
Since no corrosion of the furnace l:unng had ‘occurred in the first
heat, it was decided to charge the next heat without gcrap or carbon other

than the 1,53 percent carbon in the sponge. High carbon persisted, and 25
pounds of ore was added to lower it. ‘ 4
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The pliosphorus coantent of the resulting metal was higher than in the
previous test because it had nat been reduced by diluting with low~phos~
phorus scrap. Practically no phosphorus entered the slag, which is to be
expected in normal acid-melting processes.

Heat 5

The sponge became sticky before complete fluldity was reached, and 20
pounds of sand was added to heat 3 to determine if additional silica would
Tacilitate melting. No great improvement was found,

The 95 pounds of iron ore added to this heat eliminated nearly all of
the carbon in the charge and 5 pounds of coke was added to bring the carbon
content to 0.34% percent. The desired analysis was carbon, 0.35 percent
.(final, 0.%4); manganese, 1,00 percent (final, 0.98); silicon, 0.75 percent
(finel, C.68). This test demonstrated the casc of controlling the alloying
clements except phosvhorus. : v

Heat 4

In heat 4 an attempt was made to remove a portion of the phosphorus -
by faorming a large volume of slag, For this purpose, 200 pounds of sand
and 11 pounds of limecstonc were added. More limestone would have been
desirable, but it was fearcd that the acid lining of the furnace would be
demaged if more worc addeds The orc was slagged as carly as possible after
semimolten conditions oxisteds In this wey three slags werc drawn as carly
a3 possible, The final enelysis showed that very littlc phosphorus had
been romoved and the small gquantity of limestone added was provably more
responsible For the differonce than -+tho method of slagging. :

Surmary of Mclting Tests

With experience ond practice, the total power consumption probably
would be 800 kw,=hr. a ton of motal produccd.

Aftor 2,000 pounds, or slightly less, of the original charge was
melted, additional sponge could be added, thereby incroasing the capacity
and output a kilowatt=hour.

In theosc tests the phosphorus was not removed effectively,

Carbon, mengencsc, silicon, and sulfur prosonted no operating problen,

The foaming and boiling of the molten metal ordinarily causcd by the
prosence of basc-metal oxides were not provalonts On the wholc, the bath

was guict, and the composition and viscogity of the slag were normal,

The two greatest difficultics during the melt werc the bulkiness of
the charge and the stickincss when scmimclted,
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Castings poured were normal, Pictures of some of the ingots and a
casting are shown in flgure 26 (fol. Do, 36)s ; ;

Corrosion of furnace llning and ladle was not ev1dent.f

" CONCLUSIONS

1. A 25,000-pound charge of ore was reduced to about 80 percant‘in

25 Higher degrees of reductlon were not obtained because (a) carbon
dioxide and water vapor were contained in the reducing gas in amounts “suffi-
cient to retard the rate and extent of reductlon and (b) proper temperatures
necessary Tor repid and efficient reduction of the ore could not pe main-
“tained., The first stage of the reduction reaction is strongly endothermic.
- The heat requirements. of this reaction, together with the radiation loss,
is responsible for the decrecase in temperature at the beginnlpg of each test.

3., Sintered ore did not reduce as rapidly as unsintered orc. Bach orc
has a slightly differont reduction characteristic, thercfore, data cobtained
in this investigation may not hold truc for all orcs but rather may be an
indication of the gencral trend of reactions under various conditions,

k, The valuc of yulsatlng the redncing gas through the orc chargc was
not determincd definitely. The tests made for comperative purposes did not
show any distinct adventage. : : i 05 e

5. Discharging thc'paftly féduced orc was difficult, Sqﬁe means of
preventing the orc from sticking and e rapid, casy, discharge mothod would
have to be developed in any cammercial opcration.

6. Sponge iron, about 60 porcont reduced is casily melted in an
electric furnacc.

@
'}‘_







A=275 October 13, 1930

¥r, C, V, Drew, Vice~President,
Cerrec Te Paseo Copper Corp.
44 Vall Street, Wew York City,

Dear Mr, Drew: SPONGE IRON

‘I record the views expressed to you and Mr., Veave
on Thursday to the effect that we should smend the Deppé-Nusso
agreement %o an pption to license and to include future ine
ventions by Deppé as well as Musso,

By the present agreement you place the Coroporation
in the position of withdrawing opposition in Peru by practically
confiseating the patent. You for $200 take an option to purchase
good for the 1ife of the patent and forbid the inventor to license
anyone elso to use it, Ineidentally, if Deppé states facts, the
United States has already allowed the u;ﬁt:lal claim and you have
no just ground for éppeaing his Peruvian uppueutieﬁ if reason-
ably worded,

There is something fishy about this whole thing, I
cannot see why Deppé would consider the agreement you have drawn

up and he has not to date produced the U, 7, papers, If you
make the changes I suggest you will get all you will ever want and
be in a much better position should we discover m"’uumectaa
motive, 4

7317 truly purs,




e NG | Hovember 20,1930

¥r, C, ¥, Drew, Vice-Pres,,
Cerrn de Pasco Copper CorDes
44 Tall Burecet, New York Gity,

Dear Ky, Drew: : BPONCE IRON
; ' I return herewith the November 17th revision

of mnm‘ agreement, I have no further suggestions %o
meke beyond the possible insertion of "now or hereafter”
pefore *made® on the last line ofthe first psge.

. Very tmly yours, :

(o




A=897 ~ cetober 30, 19830

m-t cj- V-. "mm V.‘I.Wf’m.l
gwryo dePasco Copper CoYies
44 Walil Otreets Few York City.
Dear Mr, Drew: _ ~ SPONGE IROK
| 1 return herewith the last draft of the Deppé
agreement, The equities seem alli right, I have only two

suggestiohs,

In line 4 of pﬂw “3% it would seem ne=-

gensarh to inserd “or 1Ma thereon® after "Exhibit A%,
_ some of the tenses in "1" do not strike my

ear a3 in accordance with our meaning although I confess that

14 is mot sasy to grasp these two-hundred-word samtences viihe
out conming up for air, Vhere we S&ay "applications for pa-
tents have ox ghall have been filed", do we not mean "have
been or shall be filed"?  Thefirxst construction seems to im=
ply cem}éﬂﬁ fime linits.

! o Very truly yourss

1
1




A-l82,
51 Maiden Lane,
New York, N, Y., Nov. 13, 1928,
¥r, Co V. Drew,
Vice Pres., Cerro de Pasco Copper Corp.,
44 Wall S%., New York, ¥, Y.
Dear Mr, Drevw:
Sponge Iron:
I was much interested in what Mr. Anderson had to
show regarding his sponge iron process.
I do not see that you can count on any great
amount of waste heat for heating the solution. Apparently
the roasting gases are used for preheating the air to the eil
burners and the only waste heat is the sensible heat of the
product.
Assume a specific heat of 0.17 for the product and
a temperature drop of 2000 deg. P. and there will de available
only 340 3,T.U. per 1b. of sponge iron. As 120,000 B.T.U.
are required to heat a tom of liquor from 60 deg. to 100 deg.
F., you would require 340 lbs. of sponge iron to heat it.

On the other hand it may be not only a cheap but a

. chemically active source of iron vhich may work in cold

solutions, and possibly afford a cleaner precipitate.
I recommend that a trial lot of crushed pyrite
calcine be sent to Perth Amboy for test, that experiments be




Mr, C. V. Drew, - - Sheet #2, - A-162, - Nov, 13, 1928,

made as to what sort of a flotation concentrate could be made
before roasting to see whether the lower furnace costs would
pay the value losses. Also that tests be run on the sponge
products as to their activity in solutions of various

Yours very truly,
g, .




