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SUBJECT

The subject of this Thesis

is " A Study of Conversion in

-

the manufacture of Contact Sulfurie
Acid " &t the Merrimac Chemical

Company, South Wilmington, Mass -

achusetts, uay 1927 .
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OBJECT

This invéstigatien ﬁas mede to
aeﬁermine the ;ause of the low overall
conversion (éé%) of sulphar to E_ 30, in
the " P gset " iﬁ the eénzaet plan;ﬁéf the
Ebrriﬁaé Chemical Co, South Wilmington ,
Maés.-‘ It was alsé dééired,£o determine
the optimum éﬁnﬂitiens foi the mcét complete
conversion, and to find the maximum theoretical
conversion possible with the present apparatus
and acid préﬁuction, Conversion, the effects
of different veriables upon conversion, snd the
validity of various eéuations for rates of ra;
action snd equilibrium of 30,, 0,, and 504

were to be studied.
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ABSTRACT

_By gas anslyses at various points in
the conversion system it was found that the

diserepancy betwsen the conversion calculated
from stack analyses and that from production

figures was due io errors in the former.

By calculation from the rate of reaction
1t was found that the present operating conditiaems
give the optimum conversion end that the hest way
to obtain higher conversions would be by revive-

£ying the platinum.,




INTRODUCTION .

Ehis piobiem was suggested bﬁ’the
piant superintendant,.carl Bean; &s the
resuit of a desérepancy between an oversll
conversion of és% ; caiculatea fraﬁ a sulphur
balesnce on production figures, and & ealeﬁlated
conversion of 90% from gas analyses before the
converters snd at the stack . The value of

86 is acourate to within 1%. This follows from

the fset that production figures vary but little

from month 4o month., The hourly fluctuations are

effectively wiped out in long-periods of time .

ILogsses that might account for this descrepancy of
conversions sre sulphur losses from trucks, excess
¢ of sulphur in the acid sold, gas 1e§ks and stack

lossesS.
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(INTRODUCTION CONT.)

Phe converters and the heat interchanger in the
"P get " have been installed less than & year., There are
two cenferters, No.l end No.2, in series. There is no bypess
arrengement between the converters, all the gases leaving con~=
vertér ¥o.1l must go through converter No.2., The hot gases
leaving the converters preheat the S0, enieriﬁg the first con-
verter. There sre two divisions of the heat interchanger, each
of which may be hy-passea by the SOz. The details of arrange-
ment are shown on page -=- . |

Beth,conrerters are similar to those use& .in the
Baaische process of meking snlphnric acid. The gases enfer tha}
tep.oi the converters and react on their way down the plates.

converfer ¥o. 1 is packed from the top to bottom as
follows: ?he filter section consists of one blank plate,
followed by four plates of acid washed ashestos.. The converter
proper has one blenk plate, followed by seven plates of platin-
jzed sshestos, each plate containing 1020 grems of platlnizea
asbestos (2,117 troy oz. of platinum per plate). The lower part
contains 10 plates, each conteining 1398 grams of plétiﬁizea
asbestos (2.90 troy oz. of platinum per plate).

Converter No. 2 has a total of 5% plates, 52 éf which
are packed, There 1s.one blank.plate at the top. This is
followed by 24 plates, each containing 1398 grams of platinized

ashestos per plate. The lower part of this converter ‘gontains



28 plates of 1020 grams of platinized asbestos per plate.
Seven and one-half percent of each plate is platinized asbestos.

The operator has in his power to control the inlet gas
composition of the first converter, and the inlet gas temperatures |
of both converters. The amount of gas passing thru the converter
18 constant because the blower is run by & constant speed synch-
ranous motor.

The gas entering the first converter is analysed at a
plant control office. Its composition is controlled by admitt-
ing secondary air inte the combustion chamber after the burner,

It takes sbout twenty minutes for the gas to travel from the
éulphur burner to the first converter. This twenty minute log
of gas composition between the sulphur burner and the converter
ﬁadé it diffiocult to regulate the SO, content of the gas to a
constant value. Over long periods of time the gas compositibn
assumes & constant value, but may vary as much as 1% (from 10.5
to 9.5 4) in 15 minutes., The main factor influencing the gas
composition is the rate at which the sulphur is fed to the burner,

The temperatures of the gases entering either converter -
may be controlled by varying the amount of gas by-psssed the
heat interchanger. These temperatures vary but little, twe or
three centigrade degrees in an hanr.

An optimum set of conditions has been determined for
the maximum eenvérsion.hy the reshlts of past experience of plant
operators. These conditions were determined by "trial and error"

-~

methods rather than from theoretical considerations. They are

as follows
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Inlet soa composition of No.l eonverter =:10.5 %
Inlet temperature of nmon = 400 ®°C
» Inlet temperature of No.-2 E = 440 °2 C
Work, similer to this investigetion, was done on the
"G set" of this seme plant two years ago by'Wiide, Weng, and
Schaefer. Their report is availeble at the M.I.T. Practice School
Station at Sowuth Wilmington, Mess, Their work may be summarized
in the following marner. _

cényerSions of 80, were computed by'megns of gas analyses,
using the Reich test for SO, content. The resklts obtained were,
however, not relisble, the cslculated conversious being lower
tHan productiorn figures indicated them.

Next, they tried a "temperature rise” method. This
involved computing conversioﬁ'from the hesat géneraxed by the
resction SO0, + 1/2 0, —---- S03. More aceﬁrate_cenversions_were
caleulated by this method, and sn optimum set of inlet temperatures
determined from sn inlet of 9.5% S0, gas entering Ne.l converter
Pheir ten@eratures checked plant experiencé remarkablvaeil.

In this investigetion conversions were calculated from
both gas snalyses and temperature methods. An optimum gas ¢ omp-
osition entering No.l convertep end optimum inlet gas temperatﬁreé
in both converters were calculated from purely theqretieal eon~-
siderations for maximus conver31ons. |

Work has been done of the conversion ef S0, with platinum
by‘Knietsch, Bodenstein, Ries, and others. The more relisble date
'ana-équations”found in the literature were used in these calculatioms
A discussion of the thecreticel back-ground and the validity of
date found in the literature is given in the "Appendix".

- ™
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RESULTS

The conversion at the exit of the first converter
was experimentelly found to be é?.ﬁ% and at the exit of the
second converter was 84,9% . Anslysis indicates the probable
exigstance of a lesk wiphin the No.2 heat interchanger. Radia=-
tion end Convection heat losses from No. 1 Converter was found

to he 3,535 end from No. 2 Converter 1l.4% giving an overall loss

of 5.6I%./"There waes 164 pounds of Sozrpér hour per pound of
platinnm. For detailed experimental'results see Tabel 3 in Appendix I
The optimum eperating conditions derived frem theo~-

retical considerations were found to be:
Inlet gas: 10.5% S0,

Tempersature at Entrance No. 1 Converter : 395° €

" 1 " No. 2 Converter : 4455 c

The platinum mass in No. 2 Converter was found to

be 0.438 the sctivity of the mass in No. 1 Converter.




DISCUSSION OF RESULTS

The conversion of 62.5% at the exit of No. Converter
is the average of four determinations taken within e period of
eight days and with an average deviation of Q.S% +« The comversien
of 84.9% at the exit of No. 2 Converter is the aversge of eight
aetermiﬁatioﬁs taken within a period of eight days and with an

average deviation of 2.1 % , These conversions, compared with

present day practice are 1ow. Such low conversions could be dus

to;

R R B B R R ———

(1) Excessive gas rate or law.weight of platinn?

(2) Improper gas composition or temperature

(3) Activity of the contact mass

F.D. Miles on page 126 of his book "Manufacture of
Sulfurie Acid (Contact Précess)“ (1925) gives following ratios

of wt of S0, pér hour to wt. of'piaxinnm, for single converters:

Plant Wt S0, per hour
wt Pt

U. S. Nev al Proving Grounds  33.1

U. S. Govt. Nitro W, Va, 78.0
‘Messrs Nobels (South Africa) 45,0

_However on page 169 he states that in using two converters as much
as 70% of the platinum may be dispensed with smd this would greatly
1nére£se the sbove ratio forltwa conierters in series. Theréfore

'iéé lbs, S0, per hour per 1lb. platinum is not the cause of the

low conversions,
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From purely theoretical considerations taken up im
Appenﬁix iI the optimum operatiné conditions derived, eheck
remarkablﬁvwell with present operating practieeol Therefore
improper inlet gas composition or temperature is not the cseuse
of the 1OW'conyersiens.

It is believed by members of the Merrimac Ohemlcal
Company that the sctivity of this contact mass is very 1ew end
this is 1nﬁéed a plausible.explanation for the low conversions.
Purthermore our pesults show that the mass in No.2 converter is
less than one half as active as the mass in No. 1 converter.

Plant conversicns are based on an analysis made at the

| pase of one of two stacks through which the gas isrexhausted to

the atmcaphere. This gas sfter leaving No.2 converter passes
thru an interehanger cooler anﬁ ahsorptien tower in‘series before

reaching the stack consequently any variation in gas’ cempesitian

‘after leaving the converter sheuld not be eredite& to it. Production

records over s period of months for this set are about four per

'cent less than conversiens taken as axplained. These prodﬁetian

recorﬁs echeck within I% conwersiens which were feumi by analysia

at the axit of No.2 converter during the period of this investigation.

The S0, content of the gas leaving the No.2 interchanger
wes consistently higher then that leawing the No. 2 Converter.

_This inﬂicatas the probable existance of & leak within the 1nter-

changer. No sttempt is made to state the magnltuﬁe of this

,’prehable 1eak aue to failure te goet ressonable checks on the

analyses at the exit of the interchanger, and te lack of agreement
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with the leskage calculated from & heat balance., Insbility

%o get reasonsble checks on the anslyses mey be due to the 1ocatien

of the sampling jet which was set in the bottom of the elbow thru

which the gas leaves interchanger.

Phe heat losses because of the crude manner in which
they were asterminea are only en aepproximation. 1In a8 mach as
errcrs in these losses have only a slight bearing on the calcula~
tions and results, such a crude method is justifisble.

Due te 2 nischance in choosing the scales for plotting
the calcuiations Prom Reis's equation, the work ﬁaa not carried to
compietion. The predicted rate of reaction was found to be

" infinite at 0% conversion. This is very hard to melieve, but
the predicted rate falls to e reasonsble figure by the time 0.2%
conversion is reached. Even if the rate at conversions of less
then 0.2% is wromg, the error in celeulating the time %o obtain
ordinary plant conversions_is negligible.

The optimum conditions for conversion found by theoretical

caleulations check the plant exyerience glmost exactly. The
optimum inlet gas composition is 10.5%, but from inspection of the
curves in plot No.l? it is’seen.that 9.5 and 10.5 % curves are flat
ot their meximums, The 8,5% curve is continuously low, while the
11;5 % curve is peaked giving unsafe ranges. The inlet temperatures
in No.l converter should be kept in the range of 380=410°C, and
440—460°c in the second comverter., In general the inlet temp. of
Ho., 1 converter should be increased with inlet gas weaker than 10%

and decreased when the inlet gas becomes strong.
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CONCLUSIONS

The F set converters are now being operated at

the optimum temperatures and inlet gas composition.

Tow overall conversion is due to the low

setivity of the contact mass,

Stack zpnalyses do nbt give true conversion.
RECOIMENDATIONS

It is recommeunded (1) that when higher conversion
is desired that the contect mass be resctiveted, maintaining
present cperating conditions until this time.
| (2) That conversions be based on analyses at the
exit of Ho. 2 conrertér. |

(3) That the sdvantages of other types of interchangers
over the present installation be considered.

| .(41 That during a smt-down the FNo.2 interchanger be

tested faisleakage.

(5) That further theoretical work be done with Reis’'

'equation as & basis,
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METHOD OF PROCEDURE:

All the ezperiﬁental work done in this investigation was
completed within ten days. There were thirteen runs msde to

determine the snalysis of the gas at various points in the system.

- The temperstures at different points were alsec taken.

Gas enalyses consisted of the determination of the SO,
cantént present, It was decided thet a methed prépesed by Ries
was superior to the ordinary Reich test. Ries smalysed synthetic
mixtures of S0,, S0g, Og, and Ny, and found that his method of
dissolving the gas in KOH end titrating with K10, was in every

ease more relisble than the Reich test.

Gas anslyses were msde simultaneously at the various
points in the apparatus, 4,0,0,E,FP,G, and H shown in flow sheet of
the converters. Analysis at A checked that made with chromic acid
in the comtrol office at the plant, so after the first two ruﬁs
the blower ges waes enslysed with chromic acid, /

The Ries method for the determination of S0, was used at
all 6ther points except at "A" . About 1 liter of gas was bubbled
thru en absorption train connected to a still sampling tube by
means of & mercury seal. The train consisted of an eight inch
tube, £11led with 60 cc. of 1/10 NsOH thru which gas was bubbled
by means of & capillary glass tube, end a 2 1/2 liter graduated

aspirator bhoitle connected by means of a siphan to a similer emply

bottle, The spparatus was tested for lesks. The difference in

level of the water in the aspirator bottle, read at atmosphuric

pressure, measured the Op and N, passed thru the NeOH. This volume
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was approximstely 1000 c.c. , and cozld be measufed with an error

of not more than 20 cc. giving an accuracy of 2%. The absorbed

S0, was then washed into an erlenmeyer flask diluted to 100 c.cC.
with distilled water, the contents mede acid with 100 c.c. of

12n HC1 and titrated with 1/10 n KIoz. The normality of HC1 during
titration was approximately 4.8, " ihe amount of KIOg used variafed
from 2 to 20 c.c. A4bout 10 cc. of ¢ Cl, were added before titrating.
A deep pink or purple color first appeared in the ¢ C1l, layer when
the I had been freed, but upon addition of more K10, the I was
oxidized to a colorleas I Cl which formed the end point of the

titration.  The equation is as follows:

| 2 80, + KI0g + 2 HC1 —-—-- 2 505 + H,0 + KC1 + IC1
From the smount of S0,, Og and N, found in the sample, together

'with the blower gas snalysis; the analysis of the sample was

computed. ,
Phe IO, was standardized with KI according to the

reaction:

KI0g + 2 KT + 6 BCL ---- 3 KC1 + 3 HO + 3 I C1
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(PROCEDURE CONT., )

Temperatures of the gas entering snd leaving both

converters were measured by means of platinum resistances placed

vin'blina iron tubes at the top and bottom of the converters.

These platinum fesistances were checked by thermocouples and were
found to be correct. Tt is easy to read the temperatures to‘the
nearest centegrade degrée with the platinum resistances. Temp-

eratures of the blower gas were measured by bare mercury thermom-
eters immérsea‘in the gas stream, The temperature of the gas

leaving the heat—interchanger was measured by & mercury thermometer

placed in an 0il well.

surface temperatures of the converters were determined

‘with mercury thermometers protected by blocks of wook., The dbulb

was pressed against the converter surfesce whike the block that

held the thermometer reduced rediation snd convection losses.

fhe sulphur rate and the smount ef sulphur lest in

1eaving the gas were obtined from plant records.
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REFERENCE DATA:

At atmospherlc pressure, the heat of formetion of 30,
from 30, and 0, is constant at 22, 600 calories per gram mol of
S0, for the temperature range from 300°C to 660° C.

‘The heat capacity of S0, in célories pér gram mol
per °C is 7.0 + 0.0071 T - 0.00000 186 7%

Ehe heat capacity of O, or N, in calories per gram mol

per °C is 6.90 + 00,0010 T

PLANT DATA

3 % of the sulfur fired is burned to 80, and removed

in the purification system.
The average sulfur fired per dey in the F set is

24,000 1lBs,

The normel SO, in the blower gas for the P set is

10 5%

In the blower gas, the volume %'s of SOz, COg, &nd H0

are negligiﬁle.
Weight of pletinum in first converter, F.Sght =

=-43,82 troy oz,

Weight of platinum in Second converter, F, Set =

= 128,41 troy oZ.




EXPERTMENTAL DATA

Standardization of KIO5; solutien.

Blank titration negligible both for

‘standardization and for rums.

1.0059 g. XI = 29,87 cc., standard solution
0.,5500 g¢ KI = 16.2 cc,
044000 g« KI = 11,75 cc,

5.8 CCs,

0.2000 go EKI

Average 1 g. KI = 29,4 oc.
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E@mﬁﬁclaﬁure:

The following 6 quantities are each based on 1 gm. mol

of total gas (blower gas) entering the first converter:

x =
X =

gme mols of 50, at any point

gme mols of SO; in blower gas

gm. mols of 50, at eny point (This assumes the'saa

in the blower gas to be 0)

¥y =
8 =
h =

gme mols of Op, N,, and inerts at any point.

gm, mols of O, in blower gas.

gm. mols of N, and inerts in blower gas,

Note that x, X,,- X , and y are not based on 1 gm, mol of
Atatal gas at the point to which they refer.

It is
~ Other
In =

evident that a + b + X, = 1

guantities to be defined are as follows:
logarithm to the base ¢ © |
logarithm to the base 10

temperature in °C absolute

- time

ingrease

partial pressure in atmospheres

8 refers to equilibrium

{ Eso_; _)g.

( 280,), ( B0,),




k is the velocity constant defined by the equation :

» ) ’ '.x°-x
ax kxz (&= =) o k (%o - x)°
ae | ——— - |
(a.-i-b-1-:&0-«-‘:0""‘)s K(a-i-b,—i—zo—x@"x)z
: 2 . ‘ 2
= Xk x® (e.-s-xé—x) » E (x, = x)®
(1-%5 -x)° E (1-% ex )°

2 | | 2
b' is the velocity constant defined by the equation;

dx

e

I

B' x ( lnPe - 1uP ) or by

b' x ( In Xg =~ Xg

Xg <

A HE = heat in calories generated by the formation at atmospheric

pressure of 1 gm. mol of S04 according to the equa’cioﬁi

2 80, + 0, = 2 50,4
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SAMPLE CALCULATIONS

(A) Standardization.

In this case, KIO; is equivalent to 2 K.i

Concentration of standard solution = ';s@:_@glg_g_; O;
_ S | i
T (2) (186) T p,0204

= 00,1025 molal in K I O
A X I 05 is equivalent to 2 30,
Volume of pure SO, under standard conditions equivalent to 1 cc.

ﬁfvstandérd solution, gm, mols S0,

) 1 T- o g . o (S .t

T
(0.1025) (0.001) (2) §° 22,400
= 4.60 CC |

(B) % Conversion by gas analysis.

In Run 11, for example, the data are found in Tables 1 and 2

end the results in table 3.

Aséune & barometer of 760 mm. -

At C, velume of S0, at the tempersture of the gas aspirated,
saturated with water vapor, snd at barometric total pressure,

equivalent te 1 cc. of standard solution

= 5,13 ¢ce

= (4.60) (273 + 23} (760)
(273) (760 = 21)




Similarly at D and E the volume is B.49 GC. per cu. of solution
F " 5619 06, " " M "

¢ " e85 cCs " ce. M M
Assume no volume due to SO in the gas aspirated

¥y = ( co. O, end N, combined aspirated ) x

cc. S0, absorbed
Since 2 80, + 0, ==--=—= 2 S0,, the oxygen used is one half the
S05 formed.

Therefore: _
y = the original O, and N, combined minus 1/2 the SO,

=1—xo-xo“"x = 1-1.520"'0051
2

and total gm mols at eny point = 1 - X, = X

| 2
Solving the two equations, x = 1 = 1.6 x,
co0p 8nd Bz _ 0.5
cc S0,
Also % S0, = 100 x
2
4% conversion = 100 ( 1 - x )
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In Run 11, Xo = 0.108
At e, x = 1 = (1.5) (0,108 )
1690 o = 040402
= = 0,5
(15.5){5.13) ’
% 80, = (100) (0.0402) ‘
1 - 0,108 = 0.0402
2
% Couversion = 100 ( 1 - 0.0402 ) = 62,8
Similarly a8t D, X = 0.0480, % S0, = 4.95, % Conversion = 55.5
B,x = 0.0185, % S0, = 1.9, % Conversion = 82,8
P,x = 0.0508, % SO, = 5.22, % Conversion = 53.0
G,x = 0.0278, % 80, = 2.90, % Conversion = 74,3

{¢) Leakage of blower gas into converted ges between E and F, that
is, within the interchanger betweén the second converter and the
505 cooler. 0

01) Celculation by gas anslysis for Run 11

| Using the values of x at E snd F obtained above, we
reason that 1 gm; mol of blower gas thru the comverters would give
0.0185 mols SO0, at P 1 gm. mol of blower ges thru the lesk, would
give 0,108 mols SO, &t F. Actually;however, part of the blower gas

goes thru the converters and part thru the leak.
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Le'@ Z = gm., mols thru iea.k

l1-2 = g mols thru comverter
Then 0,108 Z + ( 1-2 ) ( 0.01856 ) = 0.0508

- | Z = 0.361 or 36.1 %
(2) Calculation by heat belance on the interchanger ,Data from tables
1 end 2 |

o Since, over the temperature range involved, the heat
of resction for the oxidation of SO, is constant, the heat cepacity
of the products is the same &s that of the reacting substances. In
other words, the heat cepacity at any point in the system of the o
quantity of gas cso;, S0z, Oz, and N,) resulting from 1 gm. mol
of blower gas (504 Og, end N,) is the gseme as that which 1 gm.

mol of blower gas would have at the same temperature.

Sensible heat centent above 0° C of 1 gm. mol of O, or N,

P o , . .
= / (6.5 + 0,001 T) 4T = 64,57 + 0.0005 T2 - 18,2

273 ‘
or 220 calories at 32,60 2 C

2789 calories at 4008
4097 calories at 580°
3055 calories & t 437°
3499 calories at 4965

Q a O Q@ o

1897 calories at  273°
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Sensible heat comtemt sbove 0° C of 1 gm. mol of SO,
T

I

( 7.0 + 0.00 71 T - 0,00000 186 T°) ar
273 | | |
=7 T + 0,00355 7% = 0.,000000 62 T° ~ 2163

or 287 calories at 32,6° C
3969 calories et 400 ° ¢
6008 calories at 580 °
4375 calories at 437 °
5037 calories at 496

Q a aQ O

2616 Galories et 273 °

Heat content of 1 gm mol blower gas &t 32.5 ° G
= (0,108)(287) + (0.892) (220) = 227 calories (a)
or 2917 calories &t 400 ° ¢ (B)

4705 calories at 580 ° (¢)
3197 calories at 437 ° (D)
%664 calories &t 496 ° (B)

1974 eslories at 273 ® (7)
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Temporarily assume no leakage, Basis 1 gm. mol of blower gas

, A c E
Input to interchanger = 227 + 4305 + 3664 = 8196
B D F
output from interchanger = 2017 + 3197 + 1974 = 8088 calories
- 8196 - 8088

) (100) = 1.32 % of input above

Heat losses = ’ 5196 0 o

Temparariiy agssume no heat leosses and a legk of z gm, mols

A c
Input to interchanger = 227 + 4305 (1-Z ) + 3664 (1-%)

B .

Output from interchanger = '
2917 (1-2) + 3197 (1-2) + 1974

Bquating input to output and solving,.

Z = 0,0682 gm. mols

or 5.582 %
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D.) Heat 1osseé from the converter - Data from Table 4

(1) Radiation , for two parallel planes,

an 4 (1 _(mg)fj
e L 100 100
1,1 1
P C _PC G

where Q;E- is the net loss of heat per unit time from the hotter

‘body, A is the surflace srea of either body, py and P, are the
coefficients of relative blackness of the hotter and colder surfaces
at the absolute, temperatures Ty and T, respectively, and c is the

constant 0.152 BT U./Br./sq.f8./ ( °_F abs )*
: * 100
Assume Py = P, = 0.9 Note that T end T are surface
temperatures |
| The loss by redistion from ares No. 1 on the first

converter was;

. - | |
( 2643 ) i ( 273 + 109 )* ( 273 + 30 )*%7

100 00

LI

1 1 1
(0.9)(0.162) (Q.8)( 0.162 ) 0.162

' The hest loss by radiation from No. 1 converter was 17,100 B.T'U./hr
| No. 2 converter 19,580 B.T.U,/hr
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2.{Convection.
| Assume h, the coefficient of heat transfer by natural
convection to be 0.5 B.T.U./hr./sq.ft./ °F temperature difference
between the surface of the converter 1agg'ing and the surrounding g%{,-
~ PFrom aresa No. 1 on the first canver‘ber the heat loss is
h &t or (9.5) (2643) (109 = 31) (1.8) = 1850 B.t.u./hr.
‘The heat loss by convection from Ko. 1 converter was 10.080
B,0.U./hr. No. 2 converter .  --------=-= 11,895 B.T,.U./hr.
(3) Totsel Heat loss
The totel heat loss from No. 1 converter was 27,180 B.T.U./hr.
No. 2 converter was 31,425 B.T.U./hr,
The following average values can be used to calculate the
‘heat generated in the converters: | 7
Sulfur burned per day in F set = 24,000 lbs.
Sulfur removed in purifics;tion system = 35
S0, in blower gas = 10.5%
Conversion at the outlet to No. 1 converter = I6|2.5 %

No. 2 converter = 84.9 %

Alse, the heat of reactzon is 22, 600 calories ogm,mol 805

Heat generated in No. 1 converter 3
: L 1 - e
...... | Sutabutabebaindnsi K
= 24,000 ] 0,97 1 0.625 - (1.8) (22,600)
(24)(32.06) ! !

= 769, 000 B '.t’.‘.U. per hour

1b., mols S burned per hour
1b. mols 8 to converte rs per houwr
1b. mols Sog formed per hour.

i

1
2
3
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Heat gensrated in No. 2 Converter

= { 0,849 = 0.625 ) : =
. =~ ( 769,000 ) = 276,000 B.T.U. per hr.
0.625
©  Total Heat loss in No. 1 = 27,180 )
. | 769,000

Potal Heat Loss in No, 2 ( 31,425 )

276,000 (100’ = 2k

Total I—Ieafb less in bath converters =

. (100) = 5.61 %
1,045,000
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Discussion of Reference Data: see Appendixkz

»B;ssnssian.qf Caleulations:

(B) % Conversion hy gas analysis
| @hs error 1ln assuming the barometer tobe 760 mm., was
megligible. For example, the actual reading one day was ?51 mme
and another day 760.8 mm. However, on the former date, a suitasble
eorreétion was made. _ | A ‘

- All of the geseous S0, must have been absorbed by the
-caustic sg1utien. Some 50y escaped in the form of mist, which had
no appreéiahle volume,

| (D) Heet losses from the converter,

Since the heat loss was of indirect value only and of
minor»impeitance in further calculations, epproximations weré
Jjustif¥able. ' |

Two equations weré availlable for computing radiation losses
one for the case of two perallel planes, indefinite in extent, and one
for 2 small bedy completely surrounded By a large body. (Walkér,
‘Lewis, and McAdams "Principles of Chemical Engineeriﬁg " p, 162,).
The former equatienfwas_more appropriate because the_eeﬁverters were
‘r&ther closely hemmed in on most sides, The above authors gave 6.9.
as an approximate velue of p for legged pipes. This figure was
used for ;both the lagged converters and their surroundings.

The assumption'ef 0.5 for the coefficient of hest-transfer
by convection is entirely reasonsble when one considérs the empirical
equation on p. 147 and the graph o1 DP. 169 of Walker,lLewis &vchdams. 
The coefficient assumed was less than these :eferences inaicate,

because the proximity of surrounding objects much as the heat inter-

changer and superheater DPrevented good air circulation. f
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Reference Data: See Appendix 1 and Table 5 and
Plots 1 and 2 following.

‘Plam‘,c Data: See Appendix 1

Homericlature; Ses Appen&iz 1
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Semple Calculations:
Note that the basis throughout is 1 gm. mol of hlower gas.

(A) Heat contént of blower gas.

The figures in Table 6 were caleulsted by the method

shown in Appemdix 1. (C) (2)

(B) Conversion vs. Temperature.

Assume that the heat loss at any point in the converter

is proportional to the rate of conversion.

As previously proved, the heat capacity at any point in

the system of the quantity of gas resulting from 1 gm. mol of blower

gag is the same &8 that which 1 gm. mol of Dblower gas would have at

the same temperature.
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gﬁg% Conversion for a given inerease in heat content in No. 1 Converter
=1£§g=_gg}§_gg_§g§_fcrmed by_1%_counversion

- e e S b T - - e we = o e
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. 1% con
';l,faalm:iea_mc._in-ht_egm___-_
1

= 1 ' 1 incresse in ht.cent. in ga}

] ’ '
(0.01) xq 22,6001 1 = 0.,0353!

or for 8.,5% SC; blower gas /\ heat content

18,53

9,5% S0, Z\ heat content

20.72

1045 % S0, A beat content

22,80

11.56 % 80, = 2\ hest content
| 25.08
Similsrly for No. & converter and 10.5 % SO, blower gss,
£\ % Conversion = 4 hest content o —
: (.01) { +105) ( 22,600) (1-0.114) | ’:;I

f heat content
21,03

The values in Tables 7,8,9, and 10 were obtained by the

use of the above equations and table No. 6 of hest contents using the

4 hest content above the inlet temperature. For example, with &n 8.5%

blower gas,conversion at 360°C for en inlet of 300° C is

2689 '~ 2145 .
16.58  — 22.96%

Tables 7,8,9, and la0 sare presented graphically on Plots 3,7,11;and 15.
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(¢) Conversion at Equilibrium.

Tebhle 12 was obtained by reading values from plots 1& 2.

For example, bt 300°C, 7=573° and 10,000 — 1q.45 |

From plot 1, using the upper apd left-hand scales, VK = 9,500 at oo°c 1

: Similarly at 400°C, VE =500 end K = 250,000 |
Also at 400°C, from Plot 2, k = 202,000
k 202,000
— = /= = .81

K 250,000

Table 11 wae calculated from Table 12 as follows:

By definitionm, " = (P sogle 1/2 ;
(Psoa)s( Po.lg | in

Where P is the partial pressure in atmospheres

Now it was shown in the calculstions for Append1x l. B that since ?I
2 80, + 0, = 2 805, the oxygen used is equal te 1/2 of the 50, formed.
Assume a total pressure of 1 atmosphere., ' -
Gm Molé in blower gas Gm mols in gas Partisl pres-‘,‘
at any point sure at any 3
. point - atm,. ‘
S0, | % X X -
2




Let Xe = mols 50, at egquilibrium .
| K = ( Xo - Xe)
| l1-X ~ZXe

2
Xe A -X, - Xe 1/2
( 1_§Q_Xe)f_ 2 )
| 2 1 =X, - Xe
| . 2
Zom % _ V¥ (2a-%,+%x M2
e o ) 2 =X, +-Xe}

In order to solve for Xe, it is obviously necessary to know A

Assume 3% of sulfur burned to 305 and removed in the

purification system. Basis, as usual, 1 gm, mol of blower gas .

Total sulfur burned = Lo
, . gm. mols
1 -~ 0.03
Sulfur burned to S0; = 0.03 X
: 'ETS;“'“’ gm. mols
Since 5 + 3/2 0, = 80 O, disappearance = ,0,03 xXq.
| /2 0 5 e PP (0 P 2) (%) gm. mol,
N = 1=-24-X, gm mols,
A = 21
— ( 1l = A =X - X °
79 _a) 0 M (3 )

= 0,210 - 1.037 x,

Then X, = 0,085, A = 0.1218
« | 0.095 A = 0.1114
0.106 A = 0.1011
0.115 A = 0.0908

Knowing 4, Xo , and K, one can solve for Xe by triel or successive
approximations., , v
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For example, it is desired to f£ind the % conversion at
equilibrium at 520° C for an 8.5% blower gas.,

0,086 =~ Xe
e

{22\0.1218] - 0,085 + Xe ] 1/2

2 - 0,085 + ZXe

Calling the Xe's on.the“rigit hana g8ide of the eguation
o and solving for Xe, one obtains 0.00739,

Gelling the Xe's on the right hend side of the eguation
C.00739 and solviﬁg for ié, one obtains, 0.007256 .

Calling the Xe's on the right hand side of the equation
0.00725 and solving for Xé, one obtains 0500725; thus showing that
two approximations are enough in this case,

4 Conversion = 100 { 1= 0,00725) = 91.5%

3 | 0.085

(D) Rete of Reaction:

-4 Gy 2
= ~ - &
. 5 k, ( gsoa) ( CQS) X, { Csoa)
«d P 2 '
50 =1k, (Bgp,)" (Bp,) =k, (B 50,)"
ae

Assume a total pressure'ef 1 atm,

-4 280, _ & ( X ) = % & 1 =X
ae ie @ 1-ZX~-X ' ——= -
2 BERE ‘X_E_°*X)a

Assume =~ 4 P SO {3{ | dx

——— ‘

ae - ae
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. : 2
ks = k(PS0,)e (POgle X

E

(P 504)0

Therefore - 5 k ( P s0.)2 (P o,) -—Erk— (e s%)z

Il

=k x2( A~-X ~-X) .v 2
- . -k (X5-X)

Z K (1-2X5~2x)"
| 2

k depends upon the weight end activity of the platinim an upon the
rate of flow of total gas as well as the temperature. In this case,
howavér we are concerned with only one converter and one rate of flow,
- Therefore k depends only upon the temperature,

For & gas of a given original composition { A and Xy fimed),
et a givan-teméeratﬁre ( K and k fixed ) , and at a éiven stage in
the conversion ( x fize&) the net conversion proceeds at a definite
rate which céﬂ be calculeted by subshtitution in the sbove eguation.
The following is an example of the caleulations used to obtain Tables
13, 14, 15 and 16,

" Tor an inlet gas of 8.5 % S0,, X = 0.085 and A = 0.1218

4% 60° C, k= 240,000 and k. = g080 |
At 40 % conversion, X, - X = 0.4 X, = 0.034
X = 0.085 = 0,034 = 0,051

Under these conditions,

-% = ( 240,000) ( 0.051)% (0.1218 - 0,017 (80.80)(0.034)%
| (1-0.017 33 (1-o0.017)°®
= 68,9 = 9,7 = b59.2 The values obtained in this way

are plotted as full lines on plots 4, 8, 12, =nd 16.
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(2B) Reaction Rate vs Conversion.
The dotted curves on Plots 4,8,12, and 16 represent the

paths followed by blower gases of the four difﬁerent inlet composi~
tions and several different inlet temperatures,as they go thru the
converter énd shows the reaction rate at every point in the conver=
sion, The following example shows how the curve is obtained for
8.5% gas at an inlet temperature of 340°C and how . from this curve are
foﬁnd'the values in table 17. “ |

On plet No.3, follow the horizontal lines thru 0, 10, 20,
and 30% conversion until they intersect the 360° C ®lant line. The
respective sbscissas sre 360° C, 384 °C, 40% C, and 433 ® G, On
plot 4 follow vertiéal linesqthru these temperatures nntil they
intersect the 0% , 10%, 20% end 30% full eurbes respectively. The
four interssctions give four points on the dotted curve for 360° C.
The values of the ordinates at these four points are respectiveiy
61.5, 97,5, 129.5, and 146.5. The respective reciprocals, 0.0153,
0.0103, 0.0077, and 0.0668, can be found in the proper column of
Table 17 ard plotted on Plot 5. | | '
(F) Time of Contact

Tables 17 and 18 are graphically represente&-on plots
5,9,1%, and 17. On these plots, the.ordinate has an abstract signi-~

ficance only, being - 4 © , The abscissa is % conversion.
' o ‘ d x

Therefore the mrea under the curve, above the horizontal azis, and

to the right of the 0% conversion line is equal to
Xy 4
- /

| e =70

rd

X; ax o

~C

gﬁ (- % ) & % conversion /(- 4a8) ( -ax )=




Choosing the time at 0% conversion as the reference
ﬁeint, the area sbove mentioned bounded on the right by a vertical
line thru ahy given % conversion is proportional to the time of contact
required to reach that given % conversion.

Phe areas under the curves oubt;to the various»% conversiouns
were found by counting the smallest squares and these ereas were
plotted aé ghscissas sgainst the % conversion as ordinates in Plots
6,10, 14, end 18. Teblew 19 end 20 contsin the values for;these
plots. For example, by counting small squasres one obtains the folle-
wing areas under the 360° C curve;on Plot 5 ( 8.5% inlet S0.) to 0%
0; to 10%, 260; to 20% 435; to 30%, 577; etc. These values form
the £irst part of the 560’ C line om Plot 6. f
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(6¢) Optimum Inlet.Conditions

All the calculations thus far have been on one converter,
for one rate of flow gas. Therefore, k hes been dependent oniy on
the temperature and, following through, 6 is in the same units fér
all the curves on Plots 6, 10, 14, and 18. Under the circumstances
if the time of contact for this particular converter cam he found,
its performence can be predicted. But from AppeRdix 1, it is known
that with an inlet temperature of 400° C and a blower gas containing
10.5% S0,, the conversion is 62.5%. Locating this point on Plot 14
gives a time of contact 752 units. Therefore the performance of
this converter for this rate of gas flow can be predicted by erecting
vertiecal lines thru 752 time units on Plots 6, 8, 10, and 14 an&
noting the % conversion at the intersections with the respective

inlet temperature curves,

The values at these intersections are presented %abubarly
and graphically on ?1ot No. 19, from which it appears that the.
optlmum operating conditions from the point of view of conversion
alone for this converter at the present rate of gas flow, are 10. 5%

ivnlet 80} &t & temperature of 390-400 $ C to Eive & conversion of

62.5%.
(E) Second Converter

The calculations for this converter are similar in every '
- respect to those for the first except that the inlet temperatures
and times correspond to 62.5% conversion - the optimum for the firsf
con¥erter. It will be noted that the slope of the temperature vs.
conversion lines for the second converter (upper left of Plot 11)
have a different slope from that in the first converter due to the

difference in the ¢ heat loss, Plot 20 is really the megnified

lower right hand corner of Plot 12 as far as the full lines are
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concerned. In fact some of the ¥alues for "0% and 75% conversion
were usea'fer'both plots as may be seen by comparing Tables 15 and

22,

The value of the itime for the ssecond converter was

obtained From the results of Appendix I; namely, that 10.5 % gas
at 440 ® C inlet to the second eonyertér_gives s Sotal conversion
at the end of the second converter of 84.9%. o was found to be

965 units.

The optimum conditions were obtained from plot 22 A

in the seme way ss for the first converter.
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1) Rletinum Activity

ex ( weight of platinum) ( actiV1ty‘af platinum)

rate of tetal ges flow

Since the rates of gas flow are practically the same,

- @ first counverter _ (43.82)(activity of Platinum)NO.1l
e second converter (128.41){activity of platinum)N0.2
= 752
968

Therefore,  activity of platinum No.2
' ' activity of pletinum Fo.l

=  0.438

(1) Gepacity of the conversion syste
1bg,_S_burned/hr

1bs.S to_converter /hr

| N -1'na._sa _to_ BT.
wh. S0, per br. _ 24,000} 0,07} 64 | a-t9-00T./

wt. platinum 24 ! LTI 11-.81

= 164 .
Note that the 11.81 was obtained as follows:

Wt. of platinum = ( 43.62 + 128.41)(0.06857)

= 11.81 svoirdupois pounds
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(K) Celeulstion of Conversion by Temp, Rise Method.

eenyerter ﬂo, 1

i
|
0
.
i
2
7]
&
i
i

i

I

The average inlet gas temperature was 401 ° C and the
average exit 579 °'c. Prom Plot 11, starting witﬁ the line |
beginning at 400 ° ¢ and 0}% conversion smd reading up that line

antil the 579 © ssbcissa is cut, the conversion as read from the

scale at the left is 61.0 %

Converter No. 2

The average inlet gas temperature was 439 ° C while the
aferage exit temperature was 495 ® ¢, TFrom plot No. 11, starting
with the line beginning with 440 e G and 62,5 % conversion and
reading wp that line until the 495 ° sbscissa is cressed, the

éonversion after Ko, 2 converter ag read from the scale at the

left is 83.0 % .




DISCUSSION OF REFERENCE DATA

(A) Bquilibrium constants for the reaction 2 80, + O, =2503 .

These gquantities have been determined by Knietsch, bﬁ
Bodlender and Koppen, end by Bodenstein and Pehl ( Z. Blectrochens,
1905, 11, 373). A good discussion of their work is found in the
"Mamlfacture of Sulphuriec Aeid (Contact Process)" by F.D. Miles,
1925, pages 78-81 end 94-101 .  Lewis end Rendall in their
"Phermodynamics,” 1923, pege 550 agree with Miles that the data of
Bodenstein and Pohl are the most acourste and consistent, Their
results show that the reaction follows c:leese‘.i.sr the "mass sction law

snd the integrated form of the Van't Hoff eguation:

In K, _ 4AE |1 1
K1 R ‘\Tl T,
’.Eheir data can be summarized in the following empirical
equation: 1gg E = 5135 5 :
| | 5188.5 | 0.611 log T - 6.7497 .

Ly

The experimental work was done between 528 ° C and 897 ° C but has
been extrapolated by Miles according te the sbove equatmn. Tabhe
5 and Plot 1, included with this thesis contein some original amd

some_ extrapolated points. They fell so closely on & straight line

when log V' K was plotted against 10!0001t wes considered safe to

extrapolate further.
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(B) Heat of reaction at atmospheric pressure for SO + 1/2 0, —»S@a

Lewis and Ranﬂall in their "Thermodynamics," 1923 ,

page 550 agree with Miles;in his, “Manufacture of Sulphurlc Acid,"
1925, page 31 that the best value is 22,600 calories per gram mol of
S0, as determined by Berthelot thru indirect calorimetric investigation.
Reis in his M.I.T. Thésis- n phe Thermal Charscteristics of Segﬁr
eones end & reaction rate study of the contact sulfuric acid proeess“
1926 found that the heat of resction as determined by the Van't Heff
equation from the dats of Bodenstein and Pohl was ahout 22,540 ealories

per gram mol, which checks' the former value within the accuracy of

Reig's celculations. The fact that this Ven't Hoff equation does
hol&rjustifies the sssumption of constant hea£ of resction throughout

the temperature range uae&.

(C) Heat Capacities of the gases in the sys‘cem

The values for the molal heat capaclty of Sog, 02, and N,

were obtained from Lewis and Randall “Thermodynamlcs " 1923, page 80«

(D) Rete of reactiom.

Por the theories of reaction rate see "Discussion'of
ealculations".' Note here, however that the values of Plot 2 were
sbtained from Knietsch's dsta by Ries in Connection with his sbove-
mentioned thests (Pgs. 3745 & 125) using Bodenstein end Pohl's equa-
tion to extrapolaﬁe for values of the equiiihrium censtant. ﬁies nsed

the following reaction rate equation:

Xo - X : : , ,
—%_%__:kxa(zll—- = ) _ k (Xo =X )
(e+1b+Z ~ on"x ) X (atb+ Xo ~Xo - X )

— >
Fote that since Reis used Bodenstein an Pohl's values ef_K, these
valnes sheula always be used with his reaction rate constant.
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DISCUSSION OF CALCULATIONS

(B) cConversion vs, Tempersture

In practice, the tempersture at any point in either
converter is very nearly constant. Therefore, one need not know
the heat capacity of the converter in order to obtain a heét balance.
The input in sensible heat of the ges and heat of reasction must be
equal to the output in sensible heat of the gas and hesat losses.
Therefore, one can caleulate the rise in temperature of the gas due
to it's counversion end follow the corse of the temperature aé conver-
gion ﬁfogresses,‘proviﬁed he knows the heat losses between the desired
peints_ In the present case, ﬁhe heat loss could be found for the
eenverter'as e whole, but defied even estimation for the various
‘ghelves on sccount of the heat flow by radiation within the converter,
Furthermore, the minor nature of the heat loss correction in the
éalcalation of the temperature rise justified making an assumption;
to wit, that the heat loss gt any point_is proportional tekthe rate
of conversion. This seemed fairly reasonsble eand made the ealéulaxiens
easier,

As @ result of the calculations made from this assumption,
each of the straight lines starting from 0% conversion on Plots 3,7,
11, and 15 represents the progréss in conversion and rise in temperature
'Gf the gas entering at a.particular temperature and gas composition .
it does not tell us, however, what time or place corresponds to any

given ¢ conversion or temperature.
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(¢) Conversion at Equilibrium

The sssumption of a total pressure equal to 1 atmosphere
is justifisble because : ”

1. The actual gage pressures in the comverters of this
plant vary from a few inches to not more than 40 inches of water.

2. The barometer holds rather closely fo 30 inches of

mereury.
3. The fractionsl error in the desired result (% conversion)

is only about 1/20 of the error in the total pressure,
' Dhe essumption of 3 of the S burned to 505 is justified
by plant records, |

(D) Rete of Reaction
“ et us first dispose of the theory of Badenstein regarding

reaction rate, He holds that the net rate of conversion is propor-
tlonal to the concentratlon of SO, and 1nyersely proportional to the
square roet to the eoncantratlon of S0z

As Reis points out in his thests, this relstion is invelid
because (1) it doesvnet sgree eny too well with either Bodensteinis
or Reis's date | | | “

(2) it was obtained at low temperatures with stationary

gas
(5) it does not allow for the sffect of variation in

cEygen present.
(4) it gives an infinite rate at 0% conversion
(5) it gives a zero rate st 100% conversion, not st

equilibrium.
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Now we can take up the theory used as the pasis for
this thesis. One maturally expects the forward rate of a reaction
%o be proportional to the concentrations of the reé.cting substances
raised to Some power depending on the mechenism of the resction,
Thus one wonld expect some equation of the nature:
a(Cgo,) n n ! r

- . k (¢ ,
a6 - 302) ( oz} - ki (€30,

Reis showed that Knietsch's data could be best explained by giving
m : .
+wm the value 2, n =1, and r = 2,

The assumption that - &x

- 4 Cgo, is justifiable
ae - .

de
on aeceunt of the small error involved and is really de necessary

by the fact the values of k in Plot 2 were calculated using - 4x .
| ae
It will be noted that the units of k are unknown, but

this is no disadvantage when only relative values are needed.

It should be noted that this k was obtained at temperatures
‘actually found in converters and with a flowing gas. Purthermore the

equation gives a finite rate at G,’% conversion and & zero rate at

o equilibi-inm. It does not agres with Reis's data So well as his own

equatlon but doss agree within tho exper:.mental error with Knietsch's
data . ’*‘mally it shows that effeect of the oxygen concentration.

For Ries's theory of the rate of reaction, see Appendix 3.
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(I) Platinum Activity

A valusble reference on the theory used in this thests
is " Influence of Reaction Rate on Operating Conditions in eentactv
Sulphuric Acid Menufacture,” J.I.E.C., 17, p. 595, 1926 by W. K.
Lewis and E,D.Ries., Here it can he found that the specific
reactions rate depends mpon the particular platinum. The implieit
assumﬁticn of this thesis has heen that although this sctivity mey
vary from one mass to apnother, the ratio of activities is constant
under all variations in operation. Furthermore the time of contact
is propartioﬁal to the weight of platinum znd inversely praportionﬁl

to the rate of totalngas flow through the eonvertei. |
| That is to say, the49 found on Plots é, 10, 14, 18, ete.

is not an aectual time, but an effective time and is prepertional to

- the guotient, ( weight of platimum) ( sctivity of platinum)
ﬂ rate of total gas flow

This gives a means of comparison of platinum masses in actual

operation under entirely dissimilar circumstances.
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SANPLE CALCULATIONS

(A) For the variation of temperature with conversionm,
see Appendix 2, which is equally applicable here. Since in this
appendix, only 10.5 % SO is considered, Plot 11 is the one to be
used. '

(B) Reactién rate. According to Reis in his thesis

(previonalj cited) the net speed .of the reaction

280,4% 0z = 2804
is given by the equation:
. - ax .
— = b9 x(1n e =1n)
de

= bp'x( 1n X5 - Xq ‘_mxe-x )
. ; I -
For the varistion of bB' with the temperature, see Plot 23,

which hed to be extrapolated thru the high temperature range.

To obtain the reaction rate for a given blower gas
(X o fixed), at a given temperature ( b' fixed), and after a given
conversion has taken place ( X fixed), one need only substitute the
proper values in the above equation. |

Let us find, for example, the reaction rate for a 10.5%

blower ges at 440% C ani 30% conversiom.
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DISCUSSION OF CALCULATIONS

(B) Reaction Rate. Reis's equation suffers from the
theoretical disadvantage of predicting infinite reaction velocity
at 0% conversion, Practically speaking, however, the rate seems
abnormally high only below about 2 % conversion and this has little
effect on Plots 25 and 26 when high conversions are being considered.
It has the theoretical and practical advantage or predicting

0 rate at équilibrium. It slso tskes into account (very slightly)
the effect of initial % O,, because this influences Xe. Furthermore,

the dats was obtained with a flowling ges at temperatures actually
used in the contact process. The equation doces not accurately
interpret Knietsch's data, but does interpret Bodnstein's data and
Reigs's data more aéourately thaﬁ either of the'other tw6 equations
discussed in Appendix 1 (D) Since these investigators worked

chronologically in the ordes given above, Bodenstein claims to have
profited by Knietsch's mistakes and Ries by those of both the others.

 Thus Ries's data should be the best and his equation the best.
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