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ABSTRACT

The production of Sulfuric Acid at elevated pressures
is presented with the econcmics for operating at one,
three, five, seven, nine and thirteen atmospheres. The
conventional and pressure plants are compared operating

on the same basis.

The basis for a pressure plant design is obtained
from an I.B.M. 1130 computer program developed for One
Thousand Net Tons per Day of Sulfuric Acid. Recognized
operating conditions for a conventional acid plant are

incorporated in the pressure plant design program.

Sulfuric Acid manufacture with operating pressures
higher than atmospheric, but less than five atmospheres,
results in maximum rate of return on investment and

operating economy.

A compressor and gas expander arrangement can
significantly reduce operating costs in a pressure plant
without sacrifice to the steam generation capabilities

associated with sulfuric acid production.
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AN ECONOMIC EVALUATION

OF A PRESSURE SULFURIC ACID

MANUFACTURING PLANT

INTRODUCTION

The chamber and contact process are the two main
procedures used to commercially manufacture sulfuric
acid.(s) In each process, the operating pressure is

atmospheric.

Laboratory demonstrations have shown the manufacture
of sulfuric acid benefits from higher operating pressures.
Zeisberg (15) ang Busching (D have shown that both higher
yields in sulfur dioxide conversion and effectively im-
proved sulfur trioxide absorption are observed at elevated

pPressures.

Relatively few articles have been written describing
the detail economics associated with a pressure sulfuric

acid plant. Richterova (13)

cites a reduction in both
plant investment and operating costs using a gas expander.

)] . .
Cathala (4) suggests a minimum conversion pressure should

be three atmospheres.



A comparison study is undertaken to define the
economics, based on return on investment, for a pressure

and conventional sulfuric acid plant.



DESIGN OF PROCESS

Introduction

Sulfuric acid manufacture involves three exothermic

reactions.
S 4+ 0p —— SOy (3
SO, + 1/2 07 —— 503 (&)
S03 + Hp0 ———% H2S04 (5

The conventional acid plant using the contact process
and sulfur burning as the source of sulfur dioxide is

schematically shown in Figure 1.

The burning of sulfur, described with equation (3),
is accomplished in the presence of excess air which has
been dried with concentrated acid. The reaction products
leave the sulfur burner at the adiabatic flame temperature
and are then cooled and filtered before entering the sul-

fur dioxide converter.

The oxidation of sulfur dioxide, reaction (4), is
carried out in an adiabatic fixed bed catalytic reactor.
The equilibrium characteristics and high degree of

conversion required in sulfuric acid manufacture is
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obtained in several stages or beds with cooling between
stages. The reaction gases are cooled indirectly after

the first bed and directly after subsequent beds.

Prior to entering the absorption column, the conver-

ter gases are cooled in a waste heat boiler.

Energy released in cooling gases leaving the sulfur
burner, and first and last bed of the converter is

recovered as steam.

Finally, the gbsorptioﬁ of sulfur trioxide in
concentrated acid is accomplished in a ceramic ring
packed tower. The gases leaving the absorption tower are
essentially free of sulfur trioxide. The emission how-
ever, deoes contain unconverted sulfur dioxide and acid
mist. Acid mist is removed in the mist filter and

unconverted sulfur dioxide 1s released to the atmosphere.

The primary blower, usually operating at a discharge
pressure less than five psig, delivers the process gases

throughout the plant.

A proposed pressure plant, shown in Figure 2,

closely resembles the conventional plant except an air
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compressor-expander replaces the primary blower and heat
exchangers are re-arranged to provide energy recovery.

The heat exchanger arrangement generatés steam and provides
a high temperature gas feed to the expander required for
operating cost economy. The equipment numbers, introduced

in Figure 2, are defined in Tables III, IV and V.

For the purposes of this study the following operating
conditions and rates are used to illustrate the effect of

pressure on plant economics.

Rate = 1000 N.T. Sulfﬁric per Day

Converter Feed Concentration = 8 percent.SOZ
Efficiency = 95 percent (based on sulfur)
Overall Conversion = 99 percent

Approach to Equilibrium = 95 percent of equil. conver.

The above conditions could be varied by modifications

in the input data of the computer program.

Conditions that are considered fixed, based on
operating guidelines for convertional plants, are listed

in Table I. The stream numbers are identified in Figure 2.



Stream Number

1
(3

- (6)
(8)
(11)
(13)
(14)
(15)

(10)
(18)

(16)

(24)
(26)
27
(37

& (32) & (38)

& (21)

& (40) & (&41)

& (22)

TABLE T

OPERATING GUIDELINES FOR A

SULFURIC ACID PLANT

Assumptions (5)
Relative humidity equals 50 percent

Water content at 1 mg per cu. ft. and at
temperature 1 degree less than (21)

o

Temperature at 127 deg. F

Temperature at 450 deg. C

Saturated steam at 250 1lbs. per sq. in.
Temperature at 450 deg. F

Temperature at 1 deg. > than (15)

Circulation rate at 2.5 gal per daily tomn
of acid, gravity at 15.2 lbs. per gal.

Converter feed temperature at 400 deg. C

Acid temperature at 100 deg. F and
concentration at 98 percent

Heats of dilution based on graphical data
p.&i. (3 p. 440

Temperature at 1000 deg. F
Temperature at 450 deg. F
Temperature at 250 deg. F

Adiabatic flame temperature at 890 deg. C
based on 8 percent 50; from burner



I. Heat and Material Balance

The calculations for the heat and material balance
follow the conventional mole balance starting with an
overall material balance. Assumed thermal conditions are

matched by successive iterations through the plant balance.

Enthalpy coefficients are derived for the process

gases in the plant using the definition of heat capacity

(14)

as a function of temperature.
x R -2
Cp), = O%.&*’B.A { + X/«.T 6)
' Cpﬁ&;xw% = %Aop,fs\—f Y CPB“"%CCPC*"”“‘ @))
‘T‘ ’ ~
AH; = M % L@S Cffj dT=5 mxCorg ®
To A |

The total change in enthalpy resulting from heating

dnd cooling gases is developed for plant components.
AH = 2. AH. = B (9
A

Using the reference temperature, T , equal to 2989K,

the component coefficients are calculated.
— O
CorNla © Mya I.H."?'-’%?)X' T+ L2510 % T _Bbqu (10)
- = m3
COFO, + Moy [ 11066% T +2792%10%T= 3546, ()
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I

- 2

Msoz {*\2‘80%‘{% 8. 50IKIGKT -4‘a78.] (12)
‘ 2 _

msogﬁo.%%”i‘+zx,xgzxx(i?’ﬂ-ﬁ)%] (13)

COF 5072

LY

Cor 303

Physical properties used in the balance are used from

average operating conditions for the equipment. (See Appendix)

The logic and sequence of calculations are summarized in

a computer block diagrams shown in Figure 3, 4 and 5.

ITI. Equipment Design

The design calculations for the various equipment in
the pressure plant are located in Subprograms N89 and N90.

Design equations and assumptions are described in this

section.

(1) Converter design. The conversion of sulfur

dioxide to sulfur trioxide is accomplished in a fixed bed
catalytic reactor operating under adiabatic conditions.
The high degree of conversion required in sulfuric acid
manufacture is achieved by removing the large quantities

-of heat evolved by the heat of reaction.
The path of the reaction is illustrated in Figure 6.

Feed enters the converter, at point g, with essentially

o2

zero conversion and at a temperature greater than the

ignition temperature of the catalyst. On contact
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15.

with vanadium pentoxide catalyst, the converter gas
temperature increases along path (1) until the equilib-

rium conversion line is reached.

(a) Converter heat balance. An incremental heat

balance equation is used to determine the resulting gas

(¢)

temperature for each unit conversion.

SENSIBLE HEAT SENSIBLE HEAT

/7
oF = °F — (A H oo XY (14)
ReAcTion P‘z’ooucTi ReAcTRATS RXN X)

Incorporating the enthalpy coefficients for the
reaction gases developed in the previous heat and
material balance section, the incremental heat balance is

expressed as a second order linear equation.

COFAXT™ + COFB YT + COFC =0 (15)

The coefficients of T squared in the gas enthalpy equation
are expressed as a function of the moles of the wvarious

components.,

Mz s 125xi6° ]+ (Mg, 2792 %163 ] +  (6)

-3 R -3
D‘%oz % 856 xto] + [_MS%%—ZH&ZXIO ]
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Likewise COFB is expressed in similar terms.
Tz #1743 7 + Moz % 11.066] + [Msoz%12.809] +
[ Msos % 10429 ]

The remaining elements in the heat balance are collected

(7

in COFC.

SENSIBLE y; .
CoFC = - HM )+ @ Hiz g 2 X )w Hioss + CONSTANT (18)
F REPCTANTS,

The constant term collects residual terms in the gas

enthalpy equation not covered with COFA orxr COFB.-

CONSTANT == =3599 X My, ~ 3546%Moz— 45785 Mg o (19)
+ 514l % Mso3

The resulting gas temperature for increments of conversion

is obtained using the standard square root formula.

%
—CoFp & (COF@Z'W 4 COFA*COFC) -
T = 20
Z % CoFA

The heat of reaction is expressed as a function of tempera~-

. ture using the heat capacity coefficients of the reaction

gases;(s)
Ab’ 3
AHWM~ISHWQ+AmWf+ Brey T (21)
where
AHRXM = 42 340 Biu AT 208°K

FiMoles SO2.
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In the final form:

_ 3 43
AHpgy = -AL631 — ANBT + 6236X10 T —1.246X0 T (22)

(b) Converter equilibrium calculation. The true

equilibrium ceonstant for the reversible reaction is a

product of three terms.

K=K yx KgxKp | (23)

KAX is difficult to calculate and usually is assumed equal
to 1.0.<14) Gas mixtures produced in sulfuric acid
manufacture behave as ideal gases. A deviation < 2%
has been calculated at pressures cf 200 psig. For ideal

gas hehavior K 4 equals 1.0. Therefore, for the reaction

SO, + 1/2 0y ———503:

_ _ C03-Csez ~Coz.
K e KP ‘"K‘aL T (24)
-

o 72
K= Kp = (% ” 3/%’502. of) U 2

Using an empirical equation for the equilibrium constant

5
Kp, ¢

Log o K? = 46‘15‘9/7 -4 678 = ATM“\/Z- (26)
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A relation is obtained to calculate the equilibrium

temperature for a gas mixture and absolute pressure.

4956 -
Teo, o= , (27)
EpulLl BRIV LOC)‘;oKP + 4,678

Equation (27) is used to determine when the
equilibrium conversion line has been reached, along path
(1) . A comparison is made between the reaction gas
temperature, calcuiated by the incremental heat balance,
and the equilibrium temperature. This comparison is
illustrated in Figure 6 using points C and D. A
comparison continues until the maximum conversion for the
first converter bed is obtained at point E. No further
conversion is possible until the reaction gases are cooled

along path (2).

Alternate adiabatic heating by the reaction and
cooling between beds continues until the desired final

conversion is obtained. (point F.),

The cooling of reaction gases is accomplished by
direct injection of air after the second and subsequent

stages.
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(¢) Converter catalyst requirement. The quantity of

catalyst required to obtain a specified conversion is
dependent on the rate of reaction as described in the
following equation.(z) Y
\
_ S "L dy
Ww=Fr r (28)
X
At points close to the equilibrium conversion line,
the weight of catalyst required becomes infinite due to
the small concentration driving force. For the purposes
of this study a practicai approach to the equilibrium
conversion point is set. Using the ordinate as a
reference, the approach to equilibrium is fixed at 95
percent as illustrated in Figure 6.
Approach to = 2 = 95 percent (29)
Equilibrium b
Design conversion is obtained by calculating the equili-

brium conversion and backing off 5 percent to the design

approach.

Several forms of the rate of reaction have been
developed from experimental investigators. Calder-

bank's (2) equation for an operating pressure of 1
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atmosphere is presented in equation (30)
‘ -—3! C(‘G/RT + 12,07 ») ‘
( Pez ooz N\
’ £
00 frme ok 02,755 /2.
“‘(62“53$004ir+ 'wyx-F%oa Poo )E

Psoz'=
The total pressure contributes in the rate expression by

(30)

using the definition of partial pressure of the gas in

terms of mole fractions and total pressure.

Pr=gx T (31)
ie Poz P302~> (%az %sm) 1T 15 (32)
Pse’* Y Sc2. /%
and Pso3 Poz 2\ ( Y soz %oz) T (33)
Psoa™ Ysp2. 2 |

A form of the rate expression which has been found to

more closely characterize commercial converters is

defined by Eklund.(5)

% 2
8.5x1c) k ( PSO?’) Foz- gﬁfw > (338)
( Pses L Soz KEC} ]

Eklund presents empirical data for k, the veloéity
constant, using 8 MM diameter by 25 MM catalyst. The
data is graphically shown in Figure 7. The value of kX
can be expressed as a polynomial as a function of

temperature. The results of a regression computer
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program gives an expression with an average difference

of 1.22 percent from empirical data.

K= na{T 4+ §T04m T (34)

i

.004248

where Y\
/

A

]
"

The final Eklund rate equation, including the effect

il

- .00001471

L1411 x 107

- .3580 x 10~14

i

of total operating pressure, is expressed in equation (35).

{
X 2 ;
= 8.5 ><tC)g o %602} * ((‘(/jozvm 4503 mi) (35)
/

Laboratory studies (2) show the rate determining step
in the oxidation of SOy is the rate of oxidation of
chemisorbed SO, by oxygen in the gas phase. These results
indicate the velocity constant, k*, is dependent only on

temperature and equation (35) should be valid at higher

pressures.
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The Scientifid Subprogram, QSF, used to integrate
‘quantities in equation 28, requires equal increments of
conversion. On this basis, increments of conversion at
0.01 are used for conversion up to and including 90
percent. Further conversions are incremented by units

equal to 0.001.

The size of the converter is established from the
calculated catalyst ber stage obtained in program M838.
An additional 15 percent catalyst is added to each bed to

compensate for gradual loss in catalyst activity with age.

A block diagram of the computer program used to
calculate the quantity of catalyst and stages is shown

in Figure 4.

(d) Converter diameter and height calculation. The

diameter of the vessel is obtained on the basis of
superficial gas velocity in the converter. Ideal gas
behavior is used for the gas volume calculations. Using
~a design velocity of conventional plants at 100 cu. ft.
per min. per square feet (S.C.), the allowable velocity
is adjusted for pressure to maintain an approximate

equivalent pressure drop per foot of catalyst} The
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allowable superficial velocity is found to be inversely
proportional to the square root of the total pressure.
The converter cross sectional area and diameter are
obtained from the ratio of volumetric gas flow per unit
time aﬁd allowable superficial velocity. The converter
height is obtained from the total catalyst per stage, in

pounds, and a catalyst density at 40 pounds per cu. ft.

Height of . Volume of / Cross (36)
Catalyst Catalyst Sectional
Area

An additional height of 15 percent times the diameter is
allowed between stages for access and air sparge connec-
tions. Also an additional 15 percent is provided for the

- height of vessel above and below the first and last bed.

(e) Converter pressure drop calculation. The pressure

drop across the converter is calculated from a correlation

for flow through static beds.(ll)

_ 25,.G7L
AP = DpIe ¢ (37

where ‘§m — 795/ {:\:\)6.375

and

Re = PG
JTe
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The computer program to calculate the converter

design is shown in Figure 4.

(2) Absorption and drving tower. The absorption of

sulfur trioxide in concentrated sulfuric acid and the
‘drying of air with concentrated acid requires intimate
contact for both heat and mass transfer. Towers packed
with ceramic raschig rings provide the surface necessary

for both modes of transfer.

The relations used in a packed tower design are
derived from empirical correlations developed by Eckert.(6)

A generalized correlation is shown in Figure 8.(6)

The general curve establishes the maximum allowable
gas velocity in a packed column as a function of gas and
liquid flow rates, physical properties and packing

characteristics.

The flooding line on Figure 8 identifies the point at
which the gas velocity prevents the "regular' down flow
of liquid. For Raschig Rings, flooding generally occurs
at pressure drops equal to 1.5 inches of water per foot

of packing. The normal design basis is to select a



NO. 340-L33 DIETZOEN GRAPH PAPER

u oA

EUGENE OIETZGEN 0O,
MADE IN .

©OX ) UYCLES

COARITHMIE

3 OYOuE

FI1G.8

26.

GENERALIZEDPRESSURE DROP

~IN_PACKED

COLUMN

S

. : R SIS SRR ,L.(& .
[FROM;: J.8,EcKERT .

o0

{Z

NG

LINE

(,'.‘I




27.

column diameter which gives an approximate 50 percent
of the flooding point. (ie .75 inches of water per foot
of packing) A 50% loading factor is used in the computer

program.

(a) Calculation of tower diameters. A graphical

procedure is not convenient for use on a computer. An
arithmetical procedure has been developed by Prahl (12)
based on the generalized curve. In this prgcedure, the
design correlation is numerically characterized by four
numﬁers, particular to the fype of packing and packing

size.

The arithmetical equations defined by Prahl to

calculate the cross sectional area are listed below.
9 N /2
a = /8 /ﬁ, (37)
m = pa. +g | (38)
W = Foo +35 (39)
A ’ / | '
o = P/(W’AP+Y{) (40)
'
Ay = 9 (M
s 8 (“Ugaa)
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The specific parameters that characterize 2 inch

Rasching Rings used in this study are listed.

p = 3.77 x 103
q = .754 x 103
r = 2.09 x 103
s = .880 x 103
A p/ = .75 inch of H90 per foot (based on superficial

flooding velocity)
The design diameter of the tower is obtained from the

cross sectional area., Volumetric gas flow are based on

ideal gas behavior.

(b) Calculation of tower heicht. The absorption of

S04 (g) involves the release of large quantities of energy.

803 (g) + HZO (D #= Ho S804 (/Q) (42)

+ 803(65)

It is assumed the surface required to transfer heat from
the gas to the acid is the controlling factor in the
packed tower design and controls over the area required

for the corresponding mass transfer rate.
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The "j'" factor analysis (10) j5 used to calculate

the heat transfer coefficient.

=4

EP_} A [in—--‘;} (43)
'360

The temperature driving force is calculated using a point
to point analysis up the column. The surface area of

packing required for heat transfer is calculated using:
1/ A
/
g ' 4T h _ hA (44)

/. TLt o Wip pr

to

The relationship between the packing surface area and
packed volume is used to calculate the height of packing.

For 2" raschig rings

Hgéc) h*}i of _ Aren( m\'r TRANSTER) (45)
AC KING Z8 sqft. .
J L x Ax

For operating conditions which are not controlled by heat
transfer cosiderations, the geometric relationships of

conventional plants are maintained.

The total column height is made up of the packing
sections, and an additional 30 percent of the column
diameter to allow for top and bottom sections of the

colum and regions required liquid distribution mechanisms.
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No single bed height is allowed to exceed three

times the diameter.

Physical properties used in design are based on

average operating conditions in the towers. (See Appendix)

(3) Heat exchange design. Heat transfer equipment

is essential in maintaining energy economy in a sulfuric
acid plant. A very important by product of acid
manufacture is the energy released from heat of reaction
in ﬁhe gas burner and converter and heats of formation in
the absorber and drying tower. The design arrangement
selected for the preséure plant involves several types of
heat transfer design conditions.

(a) Gas/Gas Transfer

(b) Gas/Steam Transfer

(¢) Gas/Liquid Transfer

(d) Liquid/Liquid Transfer

(a) Design of gas/gas heat exchancers. The transfer

of heat from one gas stream to another gas stream requires
the greatest capital investment due to the low heat

transfer coefficients. The basis for this equipment

design is selected from McAdams,(lo) using the section
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covering optimum operating conditions for shell and tube

exchangers.

The following assumptions are used in the heat exchanger

calculations.

a) Physical properties are estimated from average
operating conditions. (See Appendix)

b) Annual fixed charges estimated at 20 percent of
installed cost.

c¢) Operating factor is 95 percent or 8300 hrs. per
year.

d) Power cost to the fluid equals $.02 per kw - hr.
for both shell and tubes.

e) Exchanger tubes @ nominal 2 inch diameter and
square pitch @ 1.5 Do

f) Turbulent flow in tubes and shell.

g) Safety factor is 1.25 or 25 percent over
design from theoretical.

h) Shell side is unbaffled.

i) Length of tubes equal 20 feet

(al) Calculation cof optimum velocities. The optimum

mass velocities for both the shell and tubes are obtained

from the physical properties of the process streams and
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mechanical features of the heat exchanger. The basic
design equations used include the following dimensionless

texrms,

% B = }4«MTP K‘<9@4LJ

{46)
@i Fs
¥ By.=1.0 (unbaffled exchanger) (47)
2/
where ¢J; = ({:2 -t ‘)* Cp M , (48)
At K R

and dimensional terms: /

\ My
K By Ox st (49)

L=

29, 1.2 D™

* Gubscript i, o refer to conditions in tubes or in shell
respectively,

Mo
- ZBO 0oy %o e (50)
KO - 7 'mo
Al ‘3c.f2 D DE

The optimum mass velocities for the tubes and shell,

Gio and Gg, respectively are calculated from unit cost Cpjq,

Cei and Ceo’

Cafe) ke ]

G/LO = 2.5 +27é} Ato)
i At*/q

(51)
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Coo - éA’;‘“/C@C)) K5 . (52)
| 2.75+3.39 (A‘t/LA\.{:O)

(a2) Calculation of heat transfer coefficients. The

knowledge of mass velocities is used to calculate

individual heat transfer coefficients.

(h/CPG > (CP %)W‘%: A (53)

(D 64J\,>J;Y_U'

(h/ ) - M>% - AR . (54)
CF’ K /o B (}DG%CL&) I-Mo

(a3) Calculation of heat transfer area. The design

procedures used on heat exchangers involves assuming an
overall heat transfer ccefficient, U, and calculating a

‘trial surface area.

As Y/ am) 9

The surface area is used to determine the hourly fixed

charges on equipment, CA%’ which is a function of area.

Individual film temperature drops At. and Zy£o are

assumed for the shell and tube side of the exchanger.
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The assumed thermal resistances are checked from the

mass velocities and individual heat transfer coefficients.

AbL by D _ [.Mbg, (56)
AR h, Di e

Using the correct thermal resistances, the assumed
surface area is compared with calculated area, from

individual heat coefficients. .

n= _\% + . 876 /)% (57)

(a4) Calculation of heat exchanger pressure drop.

(10)

Pressure drops in the heat exchanger are calculated

from physical conditions.

APA - B 43C4 LH G«;
2@6 ﬁ D (58)

where 'g.l = O‘* (M/DG)

and AP, _ 4 fo BN Gio™ (59)
Z29c 1,

The block diagram shown in Figure 9 illustrates the

A

computer logic involved in heat exchanger design.
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FIGY

HEAT EXCHANGER
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COEFFICIENTS

]
L =(CALC. ) LL

NO HZE

PRINT oUuT




36.

b. Design of gas/liquid heat exchangers. »Waste‘heat

boilers involve heat transfer from the gas stream to water

by generating steam.

The design equations used are again from McAdams(lo)
for the situation in which the shell side power is
immaterial. The design equations, assumption, logic are
essentially identical to the gas/gas design outlined
above. For turbulent flow and low shell power costs the

following equation is used.

‘ ¢ Cec K& (60)
G;AIJ:: t&f '
3.5 mo |

At

The design equations for the transfer of heat from a

357

gas to a liquid involves the same design equation for
optimum velocity on the tube side described above, however
a heat transfer coefficient on the shell side is assumed.
An individual shell side coefficient of 150 Btu/(Hr)

(Sq. ft.) (deg F) is used.(10)

(c) Design of liquid/liquid heat exchangers. The

liquid to liquid heat transfer for acid coolers is not
contained in the computer design program since it is not

strictly dependent on pressure. For this exchanger an
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overall coefficient equal to 100 Btu/(Hr) (Sq ft) (°F) is

used.(lo)

(4) Compressor / expander. A compressor and gas

expander combination has been accepted as an effective
device to maintain thermal economy in systems with
exothermic reactions and favoring higher operating
pressures. The modern nitric acid and ammonia plants

are examples of this arrangement.

The characteristics of sulfuric acid manufacture are
very similar to both nitric acid and ammonia, however,
the stoichiometry is less favorable. It would appear a
compreséor - expander combination could also contribute
in making a pressure sulfuric acid plant more attractive
by reducing investment and operating costs. To date, no

commercial pressure plants are in operation.(5)

The compression of large volumes of air used in the
oxidation of sulfur requires considerable power. The
conventional sulfuric acid plant is designed to give a
minimum pressure drop across process equipment and
thereby reducing total power consumption. A typical

power requirement for a conventional plant, rated at
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1000 NT per day Sulfuric Acid and 40 inch water S.P., is

700 H.P. This primary blower is usually turbine driven.

The power needed for a pressure sulfuric acid plant
is much higher than the conventional plant. To justify
the pressure operation, an energy recovery system is a

necessity.

A compressor -~ expander shown in Figure 10,
illustrates a typical scheme for power recovéry. Air,
at atmospheric pressure, is compressed in a centrifugal
compressor and used to advantage in the procéss. Gases
are released to a gas expander at a slightly reducéd
absolute pressure due to pressure loss across the plant.
The exothermic reactions allow for maximum utilization

of power recovery through the expander.

The compressor and expander are linked together
through a common shaft. Additional power, not
recovered by the expander, is supplied by an electric

motor.

The basic relations for power recovery have been

developed by Canova,(B) For uncooled compression the
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FIG 10

COMPRESSOR / EXPANDER  SYSTEM

T W, PT W

Fé y 3 B 3

comPr‘essorJ l m‘jr,‘v;‘ﬁ
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make up‘horsgpower; E, (3) is calculated from operating

conditions and physical properties. C{ \)'
(fi )Fi l —C (! P%f%) k7
E . <Soa A AN ZAEERIG
i 7 e (KD /K

The compressor - expander will sustain itself if

the temperature to the expander is sufficiently high. The
basic relation for the self-sustaining temperaturé is

given by the following equation.(3)

3 R[] @
(W) nel - o) © )/K]

The assumptions (3, 13) used to calculate power usage

for the expander arrangement are listed.

4

F< = 1,401
Y?c = .65
77@> = .85
P -

3/p, .90

T3Hax) = 1000°F

(PZ/ P.)nﬁxz 13

w, = based on 1000 NT acid/day
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The sizing of the centrifugal compressor, for cost
purposes, is obtained from a series of charts and graphs

presented by Hallock.(8)

(5) Miscellaneous equipment. Four pieces of

equipment are not dependent on pressure due to gas volume.
These items include: 1) Acid Cooler, E3, 2) Sulfur Pit

3) Acid Pumps and 4) Cooling Tower.

The acid cooler is designed from heat and material
balance considerations using an overall heat transfer

coefficient equal to 100 Btu/Hr/Ft 2/%F. (10)

The Sulfur Pit is designed from conventional

arrangements outlined in Duecker & West () |

Acid pumps are designed from material balance

considerations.

The cooling tower is designed from the heat balances
and a range of cooling equal to 20 degrees F on the

recirculated cooling water.
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BASIS FOR ECONOMIC CONSIDERATIONS

Return on Investment is used as a measure of the
economic worth of a project by incorporating capital
investment, operating cost, and burdens. Rate of return
can also serve as a basis for comparing and selecting the
most attractive operating condition for a pressure

sulfuric acid plant.

Cost data, developed for a conventional sulfuric acid
plant, (9) are adjusted to reflect economic differences

resulting from operating pressure.

The fixed capital investment is obtained from
estimating factors developed to calculate installed cost,

on a preliminary basis.

Operating costs and burdens are assumed equivalent
for equal capacity plants, however, power costs are
adjusted to incorporate the use of the compressor

expander.

Equations used to compare the effect of operating
pressure include rate of return on investment and payout

period.



Return on
Investment

(%)

Payout
(vears)

H

43.

Profit after Taxes ‘(1)
Fixed Capital + Working Capital

Fixed Capital (2)

Profit after Taxes + Depreciation
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DETERMINATION OF TOTAL COST -

A hodule technique used to‘make pfeliminary capital
cost estimates is presented by Guthrie (7). The method
consists of applying multipliers on the F.0.B. equipment
cost to estimate the various components that make up the
total installed cost. A variety of specific chemical
plant equipment is correlated and allows a comparative

analysis of the effect of pressure on capital investment.

An schematic outline of factors that make up the

total installed cost is shown in Figure 11.

The material factor, M.F., is the multiplier applied
on F.0.B. cost which gives the total direct material cost
including auxiliary material, such as piping, concrete,

equipment steel, instruments, electrical, insulation and

paint.

A labor factor, LF, when applied on the F.0.B. cost

gives the cost of material erection and equipment setting.

Indirect costs are also obtained by applying a
multiplier on F.0.B. cost. Indirects include elements

of cost which are a percentage of direct material cost



FIG.

H

TOTAL INSTALLED COST BY
- MODULE ANALYSIS

BARE EQUIPMENT COST, E
4

‘e

¥

DIRECT MATERIAL CosT , DM
(DM - E+ YY\_/> +

;!_'x‘*“ MATERINL ENCToR

Auxilipey K LABOR FACTOR
MATER 1410

‘,M/

DIRECT FIEWD LAROR .
|
 {

¢
DIRECT MATERIAL AVD LAROR,

M TRODIZCT F’i\cw'{

TOTAL i DIRECTS l

TCTAL

¥ CONTINGENCY
- (= CoSv +
BARE HODOLE CONTAACTOR FEE

| . |
! }

N STALLED COST

"Gy



46.

such as sales, taxes, freight, insurance and duties.

Also included in the indirect cost are items which are a
percentage of direct field labor. Fringe benefits,

labor burdens, supervision, temporary facilities,
construction equipment, and construction overhead make

up this category. Finally, the cost for project engineer-
ing process engineering, design and drafting, procurement,
office overhead and contractor engineering cost, all of
which being a percentage of direct material ccs£, make up

the balance of indirect cost.

The sum of direct material and labor and indirect

cost is defined as the bare module cost.

The addition of contingency and contractor's fees to
the bare module cost gives the total installed cost. A
20 percent adjustment to the bare module cost is used to

cover the contractor's fee and contingency.

The F.0.B. cost, based on mid-1968 and ¢ - steel
construction, is presented by Guthrie (7 in graphical
form related to equipment size. The base cost is adjust-
ed for materials of construction, pressure rating, and

design arrangement.
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The following equations are used to adjust the Base

Equipment Cost.(7)

EXCHANGER COST, $ = ( BASE COST (Fy + Fp )* F, ) %

INDEX (63)
PROCESS VESSEL COST, $ = (BASE COST * Fy * Fp)x
INDEX (64)
CENTRIFUGAL PUMP COST, $ = (BASE COST * F,) x

INDEX (65)
COMPRESSOR COST, $ = (BASE COST * F;)x INDEX (66)

The factors that make up the total installed cost for

various equipment are presented in Table II from Guthrie.(7)

The components and their design characteristics for
the pressure plant are summarized in Tables III, IV, and

V.
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TABLE II
FIELD MODULE costs <7 Sy o
a k& 0%;;‘ AN N
s Ll SIC KNI [ b
SO BITus/TQ %
I = G‘l{‘( YIS \
Y 2 Q?a’gz}“%gf\\/ﬁ%g OQ:
-~ g ~
S NI T
< S
%) > Lki AY U
EQUIPMENT
COST, F.0.B., E 100.0 |100.0 |100.0{ 100.0 | 100.0
PIPING 45.6 | 60.0 | 41.1} 30.2| 20.6
CONCRETE 5.1 10.0 6.2 4.0 12.3
STEEL 3.1 8.0 -- -- -
INSTRUMENTATION 10.2 | 11.5 6.2 3.0 8.2
ELECTRICAL 2.0 5.0 5.20 31.0| 15.4
INSULATION 4.9 8.0 5.2 2.5 2.6
PAINT 0.6 1.3 .5 .8 .5
MATERIAL FACTOR, m 71.4 | 103.8 | 64.5| 71.5| 59.6
DIRECT MATERIAL ANC LABOR| 171.4 |203.8 |164.5| 171.5 | 159.6
MATERIAL ERECTION 55.4 | 84, 52.21 60.0| 49.8
AND EQUIP. SETTING 7.6 | 15.2 9.3 9.7 11.6
DIRECT FIELD LABOR, L 63.0 ] 99.2 | 61.5| 69.7| 6l.4
DIRECT MATERIAL
AND LABOR 234.4 | 303. |226.0| 241.2 | 221.0
FREIGHT, INSURANCE, TAXES 8.0 8.0 8.0 8.0 8.0
INDIRECTS. 86.7 | 112.0 | 83.6| 89.2| 81.8
BARE MODULE FACTOR 329.1 | 423.0 | 317.6} 338.4 | 310.8




EQUIPMENT

TOWERS
T1, T2

SULFUR
BURNER,
Gl

HOT GAS
FILTER, F2

WASTE HEAT
BOILERS,
El, E4, E5

MIST
ELIMINATOR

F3

ARRANGEMENT

VERT. TANK,
PACKING &

SUPPORTS INTERN.

ACID DISTRIBUTERS

HORIZ. TANK WITH
BURNER NOZZLE

VERT. TANK FILLED

WITH FINELY CRUSHED

FIREBRICK

BOILER:
TUBE TYPE
(SPECIAL S8./T.
EXCHANGER)

WATER

VERT. TANK WITH
SPECIAL TUBE FIL=-
TERS

TABLE IIIX

EQUIPMENT DESIGN

MATERIALS
OF CONSTRUCTION

C.S. SHELL;
4" TK. ACID

BRICK (LINED);
C.I. INTERNALS

C.S. SHELL; 4" .
TK. REFRACT. &
9" TK. FIRE~
BRICK

C.S. SHELL

C.S. 8./T. .
REFRACT, LINED
HEADS

C.S. SHELL

ACID BRICK LINED
INTERN. 304 S.S.

™M
(RANGE)

1.0

1.0

1.0

-
o N

1.15

Fp
(RANGE)

1.0/1.15

1.0/1.15

1.0/1.15

0.0/.05

1.0/1.15

noTES ()

PACKING - 2"
RASCHING RINGS
@$3.5/CU.FT.;
ACID BRICK @
$5.50/8Q. FT.
(1968 PRICES
M.&LABOR)

4" REFRACT. @
$10.52 PER SQ.
FT; 9" FIREBRICK
AT $10.79 PER
8Q. FT. TOTAL
$21.31/5Q. FT.

CRUSHED REFRACT.
AT $3.0/CU. FT.

DESIGN FACTOR,
Fd = 1.20
* TUBES ALONIZED

MIST FILTERS AT
$2000/ELEM. EACH

ELEM., @ 1500 ACFM

Y



EQUIPMENT

CONVERTER
Rl

RECUP.
EXCHANGERS,
E2 and E7

ACID COOLER
E3

CONDENSATE
HEATER,
E6

ARRANGEMENT

"VERT. TANK

WITH CATALYST
AND SUPPORTS

FIXED TURE,
S./T.
EXCHANGER

FIXED TURE,
S./T.
EXCHANGER

FIXED TUBE,
S./T.
EXCHANGER

TABLE 1V

EQUIPMENT DESIGN

MATERIALS OF
CONSTRUCTION

C.S. SHELL EXCEPT

TOP SECTION
ALONIZED,

C.S. SHELL AND
ALONIZED TUBES

C.S. SHELL
KARBATE TUBES

C.S, SHELL AND
TUBES

™

(RANGE)

1.07

1.2/2.0

Fp
(RANGE)

1.0/1.15

0.0/.05

1.0/1.15

votes (5)

VANADIUM PENTOXIDE
CATALYST @ $1400 PER
TON OR $1.30/LITER

DESIGN FACTOR, Fd
EQUALS .8

u19 2 100 BTU/HR.
Fr2 ©OF
COST = $6 PER SQ. FT.

DESIGN FACTOR, Fd
EQUALS .8

108



EQUIPMENT

ATR COMPRESSOR,
pl

SULFUR PIT

ACID PUMPS

COOLING TOWER

TABLE V

EQUIPMENT DESIGN

ARRANGEMENT MATERTALS OF
CONSTRUCTION

MULTIPLE STAGE C - STEEL

CENTRIFUGAL

WITH EXPANDER

SUBMERGED CON=» . CONCRETE AND

CRETE PIT WITH CAST IRON

PUMP AND HEAT

PLATES

CENTRIFUGAL CAST IRON

PUMPS

COOLING TOWER, -
CONCRETE BASIN,
PUMPS, DRIVES

M

Fp

NOTES

DESIGN AND COST
HALLOCK (8)

TEMP. IN 67°F
Cp/Cv = 1.401
UNCOOLED COMPRESSION
Fd = 1.15

(GUTHRIE (7))

DESIGN BASED ON
DEUCKER AND WEST (3)

DESIGHED AT 5500 gpm
AND 100 psig

CAPACITY EQUALS
10,000 G¢M AT COOLING
RANGE = 20°F

GUTHRIE (7

*1s
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ECONOMIC COMPARISONS

Operating pressure is reflected in the investment
and income factors for a one thousand ton per day plant
to obtain a comparison of earnings at pressures equal to

one, three, five, seven, nine and thirteen atmospheres.

A summary of the material unit prices and various
components that make up the total manufacturing cost 1is
presented in Table VI for a Conventional Sulfuric Acid
Plant as presented by Krnonseder.(9) The total
manufacturing cost is adjusted for operating pressure

using Krnonseder's values as a base.

A summary of typical earnings is presented for the
conventional plant (9) in Table VII. Operating pressure
effect both capital investment and manufacturing cost in
this tabulation. Working capital, sales income, and

other expenses are assumed equal for equivalent capacity

plants.
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TABLE VI

TOTAL MANUFACTURING COST

CONVENTIONAL H2S0, PLANT

(1000 NT/DAY)

RAW MATERIALS @ $40.00/TON SULFUR

UTILITIES AND BY PRODUCT CREDIT

STEAM CREDIT @ $ .50/M 1lbs

WATER @$ .02/M gal
POWE @ $ .01/KWH
FUEL A @$ .05/M gal

OPERATING LABOR AND SUPERVISION

CAPITAL CHARGES, TAXES AND INSURANCE

. MAINTENANCE, REPAIRS, ETC.

OVERHEADS

TOTAL

53.

DOLLARS/TON ACID

13.48

(1.10)
14

.53

! et
o

(.27)

N
W

I e |

(Xe]
pa

|

15.20
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TABLE VII

EARNINGS FOR CONVENTIONAL

H9S04 PLANT - 1000 NT/DAY

INVESTMENT

FIXED CAPITAL

WORKING CAPITAL

ACCOUNT RECEIVABLE 106,000
CASH 460,000
IN PROCESS INVENTORY 94,000
RAW MATERIAL INVENT. 409,000

FINISH PRODUCT INVENT. 106,000

A) TOTAL INVESTMENT
INCOME

B) SALES 330,000 TPY @ $ 18.03/Ton
LESS MANUFACTURING COST @ $ 15.20/Ton

C) GROSS INCCME

LESS SALE EXPENSE
RESEARCH EXYENSE
ADMINISTRATION EXPENSE
ALL OTHER EXPENSE

PROFIT BEFORE TAXES

D) PROFIT AFTER TAX @ 50%

54.

2,990,000

ettt ————

4,075,000

5,954,000

2,016,000

938,000

500,000

T o s R

438,000

219,000
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RESULTS OF STUDY

The results of the computer study are presented in

a series of five tables and one graph.

Table VIII outlines the effect of pressure on
equipment design for components which are pressure

dependent.

Table IX illustrates how'effectively the gas expander
reduces operating costs compared to a motor driven
compressor by the lower power requirement. The Table
also lists the operating costs for various pressures of

a compressor expander.

Table X summaries equipment cost as a function of
operating pressure. All major pieces of equipment, except
the compressor expander Pl, are reduced in cost. A
significant reduction in catalyst requirements is

obtained at elevated pressures.

Table XI is used to compare capital investment of the
conventional sulfuric acid plant with the proposed scheme

developed for a pressure plant. For this design study,
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the additional fixed capital cost required at omne
atmosphere is due to the added recuperative heat

exchangers needed in the pressure plant arrangement.

The economics evaluation of a pressure plant is
summarized in Table XII. Since the scheme presented
for one atmosphere is unattractive, the listing at
pressure equals one is for the conventional sulfuric acid
plant adjusted for the cost index operating.basis.(g)
The Table shows that a maximum return on investment oOCCUTS
at a pressure of about 3 atmospheres. The return bn
investment, the basis objective function for this study,
is shown graphically in Figure 12 as a function of
pressure. These results are in agreemeﬁt with experimental

(&)

investigations by Cathala and recent studies by
Richterova (13) applying the modern gas expander in

sulfuric acid manufacturing plants.



TABLE VIII

EQUIPMENT DESIGN

Equipment Pressure, ATM
(1 (3 (5 N (9 (13)

F1 (Thousand ACFM) 79 26 14 10 7 5
*T1 (Diam. x Height) 16.5/21.5 13.1/17 11.4/14.8- 10.7/13.9 10.2/13.3 9.6/12.5
Gl (Diam. x Height) 22.2/33.4 15.4/23.1 13. /19.5 11.6/17.4 10.7/16. 9.4/14.2
E1l (Sq. Ft.) 7,000 3,650 2,670 2,170 1,920 1,920

F2 (Diam. x Height) 10.8/10.8 6.4/6.4 5. /5. 4.3/4.3 3.8/3.8 3.2/3.2
Rl (Piam. x Height) 29.2/52.8 22.1/31.3 19.5/22.6 17.9/19.7 16.8/17.9 15.3/15.4
E5 (Sq. Ft.) 1,810 710 2,970 2,450 2,250 2,280

E2 (Sq. Ft.) 41,480 | 19,400 11,860 9,540 8,210 6,730

T2 (Diam. x Height) 18. /23. 14, /18. 12. /16. 11. /15. 11. /14. 10. /13.

B4 (Sq. FE.) 15,840 7,690 5,120 4,180 3,620 2,890
E6 (Sq. Ft.) 1,820 950 660 560 560 560
E7 (Sq. Ft.) 33,120 15,300 8,000 6,430 5,600 4,590
P1 Make Up Horse- wHk 500 3,100 5,000 7,200 12,000
power {Stages) (3) (5) (6). (8) (10)

* Linear Dimensions equal feet
%% Primary Blower @ 700 hp.

*LS
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TABLE IX
COMPRESSOR/EXPANDER
CHARACTERISTICS
PRESSURE HORSEPOWER MAKE UP OPERATING¥* OPERATING*
(ATM) {COMPRESSOR) HORSEPOWER COST/YEAR COST/TON

(COMP /EXPAND .) (COMP/EXPAND.) OF ACID

1 - 700%% 42,000 .12
3 9,000 500 30,000 .086
5 15,000 3;100 186,000 .53
7 18,500 5,000 300,000 .86
9 22,000 7,200 432,000 1.23

13 29,000 12,000 726,000 | 2.08

* in Dollars

*% Primary Blower @ 700 h.p.



TABLE X

EQUIPMENT COST,

($1000 UNITS)

EQUIPMENT PRESSURE, ATM

(1) (3) (5 )N C)| (13)
T1 147 77 57 52 49 42
Gl 191 102 73 55 46 35
E1 107 72 57 50 4t 43
F2 46 15 10 9 8 7
R1 365 186 131 109 92 75
ES 43 25 64 53 52 51
E2 200 164 118 115 102 92
T2 157 83 61 56 53 45
E4 152 106 78 75 71 61
E6 39 28 22 20 20 20
E7 266 147 99 92 82 72
Pl 52 645 875 985 1,150 1,340
Sulfur Pit S0 50 50 50 50 50
Acid Pumps 90 9% 90 90 90 90
Acid Cooler 138 138 138 138 138 138
sooling 500 500 500 500 500 500
Catalyst 660 195 116 83 46 44

* Priced as a conventional
Primary Blower
@ 700 np

59.
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TABLE X1

FIXED CAPITAL VS PRESSURE

($1MM UNITS)

PRESSURE INVESTMENT CATALYST TOTAL F.C. PRESSURE *
(ATM) (CATALYST FREE COST INSTALLED F.C. CONVEN-
BASIS COST #% TIONAL
1 2.630 .660 3.421 * © 1.18
3 2.427 .130 2.738 .95
5 2;427 .115 2.663 .92
7 2.447 .082 2.652 915
9 » 2.546 .050 2.723 .94
13 2,663 .042 2.841 .98

*% Based on Battery Limits
including 5 percent
contractor fee

% Conventional plant @
$2.9 MM



TABLE XII

ECONCMIC EVALUATION OF A

PRESSURE PLANT (1000 NT/DAY HpSO)

PRESSURE TOTAL #% SALES OPERATING GROSS PROFIT RETURN  PAYOUT

(ATM) INVESTMENT '($ MM) COST INCOME . AFTER ON (YEARS)

(6 M) (DOLLARS/TON) ($ M) TAXES INVEST-  F.C./
($ M) MENT (PROFIT + DEP.)
(PERCENT)

1 %%k  4.075 - 5.954 15.20 938 219 5.38 5.7

3 3.913 5.954 15.066 994 247 6.32 5.25

5 3.838 5.954 15.61 804 152 3.96 6.37

7 3.827 5.954 15.94 604 52 1.36 8.4

9 3.898 5.954 16.31 554 27 .7 9.1

s

**%% Economics Based on Conventional Plant
for JATM.
* Gross Income Reduced by $500,000 Expenses
& then taxed at 50 percent.

%% TIncludes $1,175,000 working capital

*19
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CONCLUSIONS

1. The manufacture of sulfuric acid is economically
attractive at pressures above one atmosphere but less

than five atmospheres.

Operating pressures exceeding five atmospheres
results in only slight improvements in fixed capital cost

compared to rapidly rising operating cost.

2. [The proposed pressure plant scheme is
economically unattractive at one atmosphere compared with

conventional plant economics developed by Kronseder (9).

3. A significant reduction in catalyst

requirements is obtained at elevated pressures.

4. The compressor expander arrangement signifi-
cantly reduces equipment cost, without prohibitive
operating cost, for pressure ratios less than five.
The gas expander reduces the required horsepowe; as
much as twenty two times from that required by a motor

driven centrifugal compressor.
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RECOMMENDATIONS

Based on the results of this investigation, the

following recommendations for further study are made:

1. An extention of this study that might be of
interest would involve pressure plant designs at higher

conversions and reduced S0 pollution.

2. Improvements in the equilibrium cogversion
characteristics, with pressure, allows operating at higher
sulfur dioxide concentrations. The effect of gas
concentration on plant economics could also bé studied

for pressure plants.

3. Other pressure plant equipment arrangements

could be studied to determine optimum economy.
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- NOMENCLATURE

Heat exchanger surface area, sq. ft.

Approach to equilibrium, y axis of
of equil. conversion graph

Cross sectional Area, sq. ft.

Correlation factor, equat. (37),
deminsionless

Dimensionless constant, a function of
physical properties, .31

Dimensionless constant equal..023 and
.33 respectively (turbulent)

Dimensionless constant equal .055 a
function of tube arrangement

Dimensionless term defined by equation
(46) for tubes

Dimensionless term defined by equation
(47) for shell

Coefficient equal (W5/W ) (n.) (np)
(R,T, /R, T,)

Hourly fixed charges on equipment,
$/hr. ft.2 (inside area)

Cost of mechanical energy supplied to
fluid, $/ft. - 1b.

Mean specific heat, Btu/l1b - deg. F

Mean specific heat, Btu/lb - deg. F
for component 1

Coefficient of Tz, Btu/(deg F)2

Coefficient of T, Btu/(deg F)
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Concentration of reactiocn components,
moles

Tube diameter, Ft

Average particle size, Ft
Make~up horsepower, hp

Log constant = 2.718 ~-~-—~

Efficiency of operating plant based on
sul fur

Safety factor, deminsionless

Feed, equivalent tons H;S0,/day
Correction factors to adjust capital

cost as a result of design, pressure

or material considerations, dimensionless

Friction factor define by equation (37)

Optimum mass velocities tubes and shell
respectively, (lb/hr. - sq. ft.)

Superficial mass velocity, #/Hr. - sq. ft.
Gas flow rate, #/sec.

Superficial mass velocity based on empty
shell, 1b/sec. - sq. ft.

Gravitational constant, 4.17 x 108
(Ib fruia) (££)/(br) (br) (1bg)

Heat loss to atmosphere by radiation,
Btu/min

Individual heat transfer coefficient
Btu/hr. - sq. ft.

Cost index to update equipment cost,
dimensionless



K-K, K¢, KP
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Stage or bed in converter

Ratio of specific heats, CP/CV,
dimensionless

Dimensionless term defined by equation

(49)

Dimensionless term defined by equation

(50)

Thermal conductivity, Btu/(hr) (sq. ft.)
(deg F per ft.)

.55 for single pass and turbulent flow
Equilibrium constant, dimensionless

Velocity constant define for Eklund
equation

Equilibrium constants developed for
overall conversion

- Depth of bed, feet

Tube length, feet

Liquid flow rate, #/sec.

Exponents dimensionless defined in
equation (4Y) & (50)equal to .15 and

.20 respectively

Numerical value defined in equation (38)
Moles of component i

Efficiency of expander

Efficiency of compressor

Numerical value defined in equation (38)



Fo, 3 Feo,s Pso,

P, Press
Q

QSF

RAT

Re

R

RH

r

SENHT
SO2CN
T, Temp

TEMPK

H

i

tH

i

H
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fNumbér of tubes

Exponents defined in equations (53) &
(54)

Number of tube passes
Numerical value defined for equation (38)

Partial pressures of Op, SO2, SO3 respect,
psia

Pressure, psia

Heat transfer, Btu/hr

IBM scientific subprogram for intergration
Acid production, Tons Acid/Day

Reynold's number, dimensionless

Gas constant, various dimensions

Relative humidity

Reaction rate, Tons HpSO4 produced/ton
catalyst - day

Enthalpy of stream, Btu

SO0y fractional concentration
Lo}

Temperature, K

Temperature, °K

Average liquid temperature for interval,
OfF

Average gas temperature for interval, OF
Equilibrium temperature, °K

Bulk temperature, deg F
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Overall heat transfer coefficient,
Btu/(hr) (sq. ft.) °F

Tons of catalyst'

Mass flow, #/sec.

Fractional conversion

Unit £fractional conversion

Overall fractiomnal conversion

Mole fraction of‘component i

Mole fraction of respective components

Clearence between cuter tube surface in
a bundle, feet

Coefficients of heat capacity equation
defined in equation (6€)

Incremental comversion

Mean value of temperature drop across
individual thermal resistance, °F

Mean overall temperature drop from hot
to cold fluid, deg. F.

Pressure drop, inch Hy0/ft.
Density of fluid, 1bs per cu. ft.
Normalized Pressure, P/14.7
Normalized Temperature, T/520
Pressure drop, Psi

Heat capacity coefficients used in H

. . . RXN
adjusting for stiochemetry.
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Heat of reaction, Btu/# mole
Log mean temperature difference
Total pressure, ATM

Equation to define velocity constant
eq. (34

Dimensionless term, a function of
temperature

Fluid viscosity, 1bs/(hxr) (ft)
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APPENDIX A -~ SAMPLE PROBLEMS

Equipment Estimates

Preliminary cost estimate for reactor, Rl
Operating pressure 1 atm
Design parameters 29.2' diam. x 52.8'
473 tons of catalyst
3 beds in converter
Using Figure 5 in Guthrie, (7) the base cost
for a pressure vessel is read. (Vertical

arrangement) .

a) Base cost = $83,000

The fraction of the converter vessél with an
aluminum alloy is calculated from a ratio of
catalyst in the top bed to total catalyst. Fm,
the material correction factor is calculated:

18 Tons = 5,3%

473
Fm = 1.0 (¢ - steel) Fm = 94.7 x 1 +
5.3 x 2.33
Fm = 2.33 (Aluminum .
Alloy) Fm = 1.07

Fp = 1.0 for pressure to 50 psig

i

1.08 to correct cost from mid-1968 to
mid-1970.

Index
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b) Expected cost mid 70 = (Fm * Fp * Index)
* Base = 1.16 * Base = $93,000, F.0.B. Cost

Using the bare modual factor developed by -
Guthrie for vertical tank under $200,000.
¢) Bare Modual Cost = Base * Bare Mod. Factor
= 4,24 * 83,000 = $352,000.

| d) Due to design changes to base equipment an
additional $(93,000 - 83,000) = $10,000 is
added.
Total Bare Moduél Cost = 352,000 + 10,000
= $362,000 |
Other equipment are estimated on a similar
basis using graph and factors developed by
Guthrie.

2. Make up Horsepower for Compressor - Expander

Using equation developed by Canova (3) the
make up horsepower is calculated from material
flows and physical properties.

For a pressure ratios equal to 3.0:

E_ - 5"’3(“3!'@‘/’? Pz. ofK- N
w1 ()2




| - | ~ )
(9' ......_‘_. = =6
= 0 Q T=6OF
_ D =
% 14.7' Lo @ K =147
w, = 193%° 299
' 359 e0 e
k" = G, =140l
k=1
(“VP) _ 1365
C = % n n R3T5 - £ 1ag0
- T o, el RT (.%)(.65)(‘85)(—%5)
= 1,390

p:«}. = 90 R, (ASSUH&:!)
— kL
(%/P 1) K= 15

E = (50.3) (i10) { 1,365 1.0~ 0»3%X253§
(6s)(-285)

E- 510 hp

76.
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3. Income Statement - Calculations - P = 3 ATM

Investment

Fixed Capital
(From preliminary cost
estimates for 3 ATM) -rmec-—wccon=x $ 2,738,000

Working Capital
(Assumed identical for the
conventional plant operating
at same basis) =mmemmemmmecccocea-n $ 1,175,000

(A) Total Investment ==--me-c-ccene-- $ 3,913,000
(F. C. + W, C.)

Income

(B) Sales 330,000 T.P.Y. @ $18.03 --- $ 5,954,000

Ton
Operating Cost @ $15.066 -------- $ 4,960,000
(Adjusted for power cost
due to expander)
(C) Gross Income
Sales - Operating COSt =-===m=-=-== $ 994,000
All Other Expanses ~==-=cce-eecee- $ 500,000

(Assumed equivalent to the
conventional plant)

Profit before Taxes

Gross Income - Expenses = S 494,000
(D) Profit after Taxes @ 50% = $ 247,000
Capital Turnover (B/A) ~-m-em- _ 1.52

Gross Return on Sales (C/B) -~ 16.7%
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(D) continued
Return on Investment (D/A) ====-= -6.32%

Payout . F. C. - 5.25 years
(D+ Depreciation)




APPENDIX B - COMPUTER PRCGRAM

M87, M33, N88, N89, N9O

79.
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COMMONIC N87 0010

IC =] N87 0020

CALL LINK(MBS) N87 0030

- END N87 0040
#STORE : N87 0050 -

This sobp:zo%:aam s used for maniSA“r:ou oF

ITERATION  sequence 1N SubpeogRAMs MBS and N8B,
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SUB PROGRAM M88 - HEAT AND MATERIAL BALANCE

STATEMENT NOS. DESCRIPTION

10 / 290 Initialization of Balance

300 / 410 Overall Material Balance

420 / 690 ~Heat Duty on E 1

700 / 750 | Loop Initialization for
Converter

780 / 890 Compositions of Components

900 / 1230 Incremental Heat Balance
Around Converter

1240 / 1300 Rate Expression

1310 / 2550 Catalyst Requirements

2560 / 2730 Call Link to N 88



MBg  pagel L
DEFINEFILEB{105400Us18) 1901940sUs19) » Mas
DIMENSIONACIDM(11) #H2OM(11) 9TCTM(11) +502M(11) #ZN2M{11) »02M(11MB8

1) oTEMPKELL) #X(7) #SO3MI11} #TXS02i901 »Y(90) sZ(F0) sWTCAT(S0} »M838
2VATI(8) mas
COMMONIC Mes
GOTO(5230141C M88
B e

5 DO I=lsll . Ma8
ACIDMLI) = 0.0 Mas
H20M({1)} = 00 - Mas
TOTMLI) = Qa0 M88
SO2M{I) = 0.0 - Mgs8
ZN2MUI) = 0.0 MB88
Q2M({11 = Q.0 MB88
TEMPK{I) = 0,0 M8
S03M{1) = 0.0 Mg 8

10 CONTINUE M88
WRITE{3215) - _ , M88

15 FORMAT(1Xs'PRESSURE SURFURIC ACID PLANT ¢} M88
WRITE(3,20) M88

20 FORMAT(/// ' HEAT + MATERIAL BALANCE'} : Ms8
WRITE(3+25) M88

25 FORMAT(/////' REACTOR DESIGN CONDITIONS'} M88
RAT = 1000 M88
S02CN = 408 M8a
EFFCY = 495 M88
APPCH =z 495 » Mgs8
RH 2 450 M88
XOVAL = 499 M88
PRESS = = le0 M88

DO 245 [J=146 M88
PRESS = PRESS + 240 M838
ACIDP = RAT * 143888 / EFFCY M88
H20P = ACIDP * ,02041 M88
ACIDMI6) = ACIDP / 98, Mag
HZOM{6) = H20P / 18. M88
TOTMI&] = ACIDMIG) + H20MI(6) » M8
TEMPK(6) = 311, M88
TOTMIT7) = ACIDMiB) 7 SD2CN M88
502M(7) = TOTM(7) # S02CH Ma8
INZMLTY = TOTMUT) * .79 M88
O2MI7) = TOTM(T7) * (421 = 502CN} M88
TEMPKIB) = 723, M88
TEMPK(7) = 800 M88

30 TEMPK(T7] = TIMPK(T) + 20 M8 8
QN2 = ZN2M(T) % [11e743 % TEMPK(T) + 41125€ = 02 * TEMPK(7) * * 2,M88

1 = 3599, 488

Q02 = Q2M(7) % (11.066 % TEMPK(T] + «2792E = 02 * TEMPK(/) % % 2, Mgy
Q802 = SO2M{7) ® (124809 * TEMPKIT] + 48561E = 02 * [EMPK(7) #* # 2M83
1e = 457841 MBb
QTOT = QN2 + QC2 + QS02 M838
ONZ = ZNZMIT) * (11a743 % TEMPKI{B) + 41125E = 02 % TEMPK{Z) # % 2.Mag
1 =~ 35994} - M3 3
Q02 = 02M(T) * (114066 * TEMPK(8) + 427928 = 02 #* TEMPK(8) * % 2, Mgsg

Q802 = SO2M(7) * (124809 # TEMPK(8) + #89561E =~ 02 * TeMPXKiB8) * #* 2M33
le = 45784) M8 8
QTOTB = UN2 + Q02 + Q502 My 8
Q = QTOY - UTOTB UEY]

TOTP = Q / 8251 M88
TEMPKI11) = 478 M83

00lo
0040
0030
0040
Q050
0060

co70
0080
Q090
Qlo0
0110
0120
0130
0140
0150
0160
Q170
0180
0190
0200
Q210
0220
0230
0240
0250
0260
Q270
0280
Q290
0300
0310
0320
0330
0340
0350
0360
0370
0380
0390
0400
G4alu
Q420
0430
V640
4oy
Caby
Qga /9
0430
0490
Q500
0510
0520
Q530
Q540
0550
0560
0570
0580
590

82.



ME88 PACE 2

02M{11) = 040 © Mss
TOTM{11) = TOTP / 18 mag
H2OM{11) = TOTM(1l} M8g
TOTIM{8) = TOTM(7) “Mas
§02M(8) = S02M(7) Masg
Q2M(8) = O2ZM(T) M84d
INZMIB) = ZN2M(T7} M838

NJ = 1 MS4
X(1} = 0e0 M8s
SENHT = QTOTH M88
INZ = IN2M(8B) Mas
TO2 = Q2M(8} - M88
1802 = S02M(8) M88
X502 = = 401 Ma8
TEMP = TEMPK(8) Mag
ADD = .01 . M88

DO 210 J=1s10 Ma8

DO 105 I=1+99 M8
X802 = XS02 + ADD mM88
TX502(1) = %502 M8 8
503 = TSU2 * X502 Mag
$02 = TS02Z = 503 M88

02 = TO2 = #5 % 503 M85
"INZ2 = IN2 M3 g
TOT = 503 + 5C2 + 02 + 2ZN2 Ma8
S02MF = S02 / TOT , M8 g
SO03MF = S03 / 10T Ms 8
Q2MF = 02 7 TOT M88
IN2MF = ZN2 7 TOT M8
502X = TS502 * AL Mub
TKP = S03MF / {S0ZMF % D2MF + % o5 % PRESS * # 45) MB8

IF (TKP = #0C1) 35s35s40 86

35 TMEQ = 3000, Mag
GOTO 45 Ma8

40 TLGKP = ALULGITKP) Mb 8
DIV = ALOG(104} M8y
TLGKP = TLGKP / DIV M88
TMEQ = 4956 / (TLGKP + 4.678) Ma8

45 1F (I = 1) 50450455 M3
50 502X = 0#0 , MB8
RODT = TEMP M88
GOTO 75 M88

55 HRAN = S02X #* ( = 43049e = 4eils * TEMP + o6236E = gz * TEMP » # 2Mg3
ls = #1246E = 05 * TEMP # * 3,) M88
COFA = ZN2 * 41125E = 02 + 02 % ,2792F =~ 02 + SO2 % 850lf = 02 + sy
1503 # o2118€ - 01 M5 3
COFB = ZN2 # 11a743 + 02 * 11,066 + 502 # 12,809 + SO03 * 104939 M68
HLOSS = Qa0 88
CONST = = 3599, ®» INZ2 =~ 354b6e¢ * 02 = 45784 # S02 ~ Slule * SO3 Mdy
COFC = MRXN = SENHT = HLUSS + CONST LEY]
DISCR = SQRTICOFB * ® 2, = 44 *» COFA * COF() M3 s
ROOT = ( = CCFY + DISCRY / (24 * CUrh) EEY)

IF LROUTY 60460465 ) M8y

60 RJIOT = { = COFE = DISCR) £ (ée * COFA) Mg 8
[F (RQUT) 70470465 488

65 IF (ROOT =~ 23004} 75475470 M88
70 CONTINUE ’ MBS
ERROR 1 . Mss

75 TEMP = ROOT M84d
ANZ = ZN2 #* (114763 = TEMP + 11255 ~ 02 # TEMP » » 2, = 3590, Moo

Q02 = 02 * (114066 * TEMP + (2/92E = 02 # TEMP » % 2, = 3546,) M8 8

83.

Q600
Qelo
Q620
0630
Q640
0650
0660
0670
Q680
0690
0700
0710
Q720
0730
0740
Q750
0760
07/
Q780
SN2
Q8LY
Q8lu
[¢2- 3]
Q830
0840
on5Q
0360
Q870
QsdQ
SV
(SRR 1V]
0glu
092U
093U
Q949
Q950
U960
Q970
0980
0990
1000
1uiv
10e¢v
1030
loan
1350
1069
JRSIAN]
jose
luwd
1100
1110
iidu
Liad
1149
L1i50
L16v
1170
1180
iy
Léuy
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MRS page 3 _
QS02 = SOZ # (124809 # TEMP + «8561k = 02 # TEMP # # 2. =~ 4578.) M88 1210
QS03 = 503 * (104939 % TEMP + 42118E = Ol # TEMP # # 2o = 5léle) "MB8 1220

SENHT = QN2 + Q02 + QS02 + Us03 N M88 1230
EXPOL = { = 15600 / TEMP) + 12407 ME8 1240
EXPO2 = [ = 26970e / TEMP) + 22475 . ME8 1250

AB = EXP({le! : MB88 1260
RATE = BaSE 4 06 #* { { {AS = % EXPQL * O2MF # SO2MF / SU2ZMF # * .5M88 1270

11 % PRESS ® # 145) = { (AH ® * EXPO2 # SQO3MF ® Q2MF * # o5 / S02MrM88 1250

2 % # ,5) % PRESS)) M88 1490
Y{I) = le /7 RATE : : M88 1300

IF (ABS(X502 = XOVAL} =~ 40001} 110s110s80 : MB8 1310

80 IF (TMEQ ~ TEMP) 110485485 . M88 1320
8% CONTINUE X M88 1330
1F {ABS(XS02 = 4901 = 400011 90s10%+105 M88 1340

90 IF (ABS(XSQ2Z =~ 4901) = 400011 105495455 M88 1350
95 CONTINWE M88 1360
NDIM = | M88 13/0

H = ADD M88 1380
CALL QSFiMeYsZoNDIM) : Mag 1390

DO 100 K=1sNDIM : M88 1400
WICATI(K) = Z({K}) * RAT _ M88 1410

100 CONTINUE . ‘> "M88 lal0
" CAT = VTCATINDIM) . : . M88 1430
ADD = 001 . : ‘ M88 1440

105 CONTINUE . ) ) MB8 1450
1101 =1 ~1 : T Mu8 1460
IF (ABS(X502 = XOVAL) = 40001} 170170115 o ) M88 1470

115 WRITE(3+1201J : M88 la&o
120 FORMAT(// 22H MAXe CONVERSION STAGE 14} M88 1490
WRITE(3+125) X502 - _ ) M88 1500

I25 FORMAT(/17H MAX. CONVERSION=FH.5) M88 1510
RANGE = XSD2 = X(J! MEB 1520
NESG = APPCH * RANGE : M88 1530
X502 = DESG + X(J} M83 1540

N = ] ) . M88 lh50

DO 130 L=1sN . M88 1560

IF {XS02 = TXS02(L})) 135+130+130 38 1570

130 CONTINUE Mgy 1530
135 1 = 1 - 1 Mdd 1590
X502 = TXS02(1} M88 1600
WRITE(3+140)X502 : i Mi38 l61u

140 FORMAT(/19H DESIGM CONVERSION=FH W51 MEB 1620
Jd o= d o+ ] M88 L1630
XtJJ) = X502 M3d 1640
XRANG = (140 = APPCH) * RANGE * TSOZ C MEB 1650
HRXN = XRANG #* ( = 41697¢ = 44113 * TEMP + a6236F = 02 % TEMP * & Mgy lebu

17 = 41246E =« 05 * TEMP = 2 3.} MB88 l6/U
WS503 = SO3 =~ XRANG MB88 1640
WS02 = 502 + (503 -~ w303} MBg 169¢C

W02 = 02 + «% * (303 - w303} MBS 1790
WIN? = IN2 M88 1710
COFA = WZN2 * 21125F « 02 + W02 * «2792F = 02 + WSQZ # 48561F = 02ZM8Y 1740

1 + WS03 # L2118: =~ 01 88 1739
COFB = WZINZ2 * 114743 + wo2 * 114066 + WSO2 * 124809 + WSO3 # 1ue93M43 1740

19 M88 1720
CONST = = 3599: % WIN? = 35464 * W02 = 45784 % WSQOZ = S14le * WSU3IMES 1760
HLOSS = 0.0 M88 1770
COFC = = HRXN = SENMT = HLCSS + CONST M84 1730
DISCR = SQRI(COFK # = 2, = 4 = COFA * (UFC) M83 1790
ROOT = ( ~ COFB + DISCR) 7/ (J4 * COFAN Ma3d 1800

IF (ROOT) 14541454150 Mg8 1810



85.

M 88 pnye 4
145 ROQT = ( = COFB = DISCR) / (2. # COFA) M88 1820
IF {ROOT) 155+155+150 M88 1830
150 IF (ROOT = 2000¢) 160+16Qs155 MB8 1840
155 CONTINUE Mg8 1850
ERROR 2 Ma8 1860
160 TEMP = ROOT Mdg lslo
WRITE{(3+165)TEMP M88 1880
165 FORMAT(/26H DESIGN CONVe TECMPERATURE=F6.0) M88 1890
GOTO 175 M88 190U
1701 = 1 - 1 M88 1910
175 NOIM = | M88 1920
H = ADD M88 1930
CALL QSF{HaYeZaNDIM) MB8 1940
DO 180 K=1sNDIM MB8 1950
WICATIK) = Z(K} #* RAT MB88 1960
180 CONTINUE M88 1970
WTCATINDIM) = WTCATINDIM} + CAT M88 1930
VAT(J) = WTCAT(NDI™) Mag 1990
. WRITE(2921851JsWTCATINDIM) s X502 . MEE 2000
185 FORMATI /TH STAGE [392Xs9rCATALYST=rBab et X e5HXS0U2mFBen) MBd <Jola
CAT = Da0 M88 Z2020
IF (ABS{X502 ~ XOVAL)} = 00011 21542154190 M88 2030
190 TTEMP = TEMP M8 2040
QBNZ = wINZ * (11e743 * TEMP + 4112%L =~ 02 * TEMP = % 2, w 3599,) 433 2050
QBO2 = WQ2 * (11e066 *® TEMP + 42792E = 02 * TEMP * ® 24 = 35464) Mygd 2069
QBSO2 = WSUZ * (124809 % TEMP + 485615 = 02 % TEMP * %* 2, ~ 457d8¢1M88 20/u
GBS03 = WS03 * (104939 * TEMP + 42L18F = 0L # TEMP % % 2, = SlaleiMat 2080
TOTO = QBNZ2 + QBO2 + CBSG2Z + QBSV3. M88 2090
TEMP = 673 M85 2100
GBNZ = WINZ * {(11a743 ® TEMP + 411250 =~ 32 #* TEMP % % 2, = 3593,) M88 Z2i10
QBOZ2 = WO2 #* (1le066 % TEMP + L,2792E = Q2 * TEMP * % 2, = 3546.) M83d 21Ju
QBS0Z = WSOZ * (12809 * TeMP + 485%61L = 02 ® TEMP # # 2, = 4573.)M38 2.y
QBS03 = WSO3 # (10.939 ® TEMM + 42118E = 0} % TLMP # % 2, =~ 514141M88 214U
TOTQA = QBNZ + QBOZ +» QBS0Z + QRSO3 Mgy 2190
A = TOTQ =~ TOTOA M&HY 2160
. IF (4 = 11 19541954200 MEE 2170
195 ZN2M({9) = WwZN2Z MBY Zl&¢
Q2ZM(9) = wWO2 Mgg 2190
SO3MIg9) = wWS(Q3 MB8 2200
S02M{9) = wS0/Z M88 2210
TOTMIGY = (N2M{9) + 02M{9) + SO#M{9) + S02M(g) M8y £<420
TEMPK {91 = TTEwMP Mug 4230
INZME10) = LIN2M(9) MH8 2440
S D2MEl0Y = 02ML9) M3g 225U
SA3IMI 101 = S03M({9) M8y 2250
SQ02ML10) = 502M(91 MB3 LU
TOTM({ 101 = TOoTIm(g) Mdg 2280
TEMPK(1D) = 675 M88 2290
SENMT = TOTQA 84 23930
GOTO 205 MHd Z31lu
200 R = A/ 2972, MBEB 2320
ZNZMINJ) = R Mag 2330
02MINJ) = R * 4265 MiYd 2340
TOTMINJI) = ZNZMINJT + 02M{ND) MEg 23v0
NJ = NJ + 1 Mdg Z2iou
INZ = IN2 + R MBB 2310
TO2Z = W02 + ,266 * R M8 23480
QBNZ = INZ * (11763 & TEMP + 411256 = 02 #* TEMP % # 2, = 3595,). ™88 23y
QBOZ = TO2 * (114066 ® TEMP + (2792E = 02 % TLMP # % 24 = 35406} MB82 2600
Q802 = WS02 * (124809 % TEVD + 485618 =~ Q2 * TEMP 2 * 0, = 45/34) Mg Zelu
QS03 = WwSO03 * (106939 % TEMP 4 42118k = 01 #* TEMP x # 2, = S141e) MBE 2420



205
210
215
220
225

230

235
1

240
245

MB8 paee
SENHT = QBN
X502 = X502
CONT INUE
WRITE(3220
FORMAT(/ /2
WRITE(3+225
FORMAT(/ 13
WRITE(34230
FORMAT({/15H
NJd = NJ + 3
T = J
WRITE(34235
FORMAT(////
PPM = (502
# 1000000,
WRITE(3+240
FORMAT(1X
CONT INUE
WRITE(9'1)
WRITE(8'1)
WRITE(8'2)
WRITE(8'3)
WRITE(8'4)

- WRITE(8'5)

#STORE

WRITE(8'6)
WRITE(8'T)
WRITE(8'8)
WRITE(8'9)
CALL LINKIN
END

5
2 + QB22 + Q502 + QS03
- ADD
1
4+ FINAL CONVERSION STAGE I3}
}7IMP
H FINAL TEMP =FT741)
1 X502
FINAL CONVERe=FB84e5)

8

)
' POLUTION EMISSION')

MB8
M8g
Mas

-M88

M8s8
M88
mMae

- MB8

M8s8
Mag
M88
M88
mMaa

* 6bs o/ (S02 * 64e + Q2 * 32 + ZN2 #* 28+ + 503 % 80s) MBS

1PPM
IHEXIT 502=F%42}

50348502102 ¢ZN29TOTHTEMPsRMsRATSU s AsPRESSINJSTT
TEMPK
HZ0M
TOT™
5024
IN2M
Q2
ACIDNM
5034
VAT
881

M88
mMas
M88
M88
MB88
M88
Ma8
Mge
M88
Mgs
M88
M88
mM88

.'M88

M83
Maa
mas

86.

2430
2440
2450
2460
2470
2480
2490
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590
2600
2610
2620
2630
2640
2650
2660
2670
2680
2690
2700
2710
2720
2730



MEB pnageb

Eklond Rate EquaTion

ELOGK = 495¢, / TEMP - 4.678

TKPE = 10. xx ELa 6K

Ci- 04248762 E~O2

C2=-0.1471751 E-04

C3- 04411377 E-07

C4d = ~-0.3580165E~ 14

TRK = Cd+ C2 ATEMP+ C3ATEMPxXZ
+ C4 » TEMp x x4

RATE = 8.5 E+06 « Tk « (SOZMF/SO3MF)
x% .5 x( OZHUF « PRESS -
(SO3MF/ ( SO2MF x TKFE))x%2)



88.

SUBPROGRAM N88 - HEAT AND MATERIAL BALANCE

STATEMENT NOS. | DESCRIPTION

10 / 250 Initialization

260 / 690 Balance Around E 1, E 2
700 / 1570 Balance Around T 1
1580 / 1740 Balance Around T 2
1750 / 2740 Balance all Streams

2750 / 2960 ' Call Link to N 89



10
15

20

N 88 pAage | :
DEFINEFILEB(10040sUsI8) sF(19400Ue 9 +7(10490sUIT} N8B
DIMENSIONSM({45) sACIDMI45) sH20M(45) 2TOTM(45] +502M(45) +ZN2M(45)NB8
1002MT45) +TEMPKILS) +S03M(45) sVATI(8) N88
DO 5 I=1s45 NB8
SMII) = 040 NB88
ACIDM(I) = 0.0 : N8s8
H2OMII} = 0.0 v N8B
TOTMIL) = Qa0 _ N8
S02M{1) = 0.0 , NB8
IN2M(T) = 0,0 ) ‘  Nga
02M(1) = Q.0 v : NB8s8
TEMPK(I) = 040 Nes
SO3MI{1) = 0.0 _ N8B
CONT INUE : ‘ NB8
READ(9'1) SO3+¢S02402¢2ZN2+sTOTHTEMP sRHIRATsQsAPRESSNJITT NB8
READ(B'6&) (O2M{1) o1 = 4Js44) s02MI1B) » (02MII) s1 = 7411} ' NB88
‘READ(B*S) (VAT(I) 1 = 148) Nes

40va6) oTEMPKU18) o (TEMPKR({I) o1 = 74111 NBS

READ(B8'1) (TEMPK{I) ! =
o] = 6Cesd4) 2ACIDMI18) o (ACIDM(I) ol = Tsll) N8B

READ(8'T7) (ACIOM(ID)

READ(B*2) (H2OM(I) sl = wdsak) +H20MI18) o (H20MII} s1 = 7411} NBS
READ(8'3) (TOTM(I} o1 = 40s&&) oTOTM(18) s (TOTMII) ol = 7411} NBE&
READ(B?8) (SO3%(11 »1 = 4De44) sSO3MI1B) s (SO3M(I) o1 = 7411) - NBS
READ(B'S) (ZNZMIL1) o1 = 40s64) $ZN2M(1B) s (ZN2M(I) o1 = 7411} NBS
READ(B164) (SO2MIT1 s1 = 40+44) »SO2MI18) s (S02MUI) sI = T411) NEs
WRITE(3s10) NB8
FORMAT(///! HEAT EXCHANGER DUTY') Y
WRITE(3,15)Q NB8
FORMAT(//18H HEAT DUTY ON E~1=E1244) EE]
$03M(12) = 503 N8B
S02M(12) = 502 NBE
QaM(12} = 02 N8B
ZNZM{12) = ZN2 N8B
TOTM{12} = TOT N88
TEMPK(12) = TEWP N88
SM{6) = ACIDM{18) N8B
TOTMI6) = SM(6) v N88
CTEMPKL6) = 400, NBS
02M(4) = TOTM(7) = 421 NBS
ZN2M{4) = TOTMIT) = ,79 N8B
HZOMI&4) = TOTMI7) * 359, % 1ls / (1000 * 454, #* 184) N8B
TOTMI4] = O2M{L) + ZIN2M{5]1 + H20M(4) N8B
NJJ = NJ N8B
NY = NJ = 39 N88
NJ = 39 NB8
DO 20 KK=1sNY N8B
NJ = NJ + 1 NB8
IN2MIS5) = ZNZMINJ) + ZN2M(5) N8B
OZMI5) = O2M(NJ) + O2M(5) N88
CONT INUE N8B
TOTMIS) = ZN2M(5) + O2M(5) N8B
HZOM(5) « H20MIi4) # (TOTM(5) /7 TOTM(al)) NBS8
TOTM(5) = TOTMI5) + M2CM(5) N88
QCNZ = ZN2M(12) * (114743 % (TEMPK{12) = 505¢) + #1125€ = 02 # (TENSS
IMPK{121 % # 24 = 505, % * 2} NB8
QCO2 = 02M{12) * (114066 * (TEMPK(12) = 5054) + #2792 = 02 * (TEMNSS
IPKI12) * % 24 = 505, # * 21} NGB8
QCS02 = SO2M(12) ® (124839 # (TEMPK{12) = 50541 + 48561E = 02 * (TIN88
JEMPK{12) % ® 2, = 505, * * 21} N88
QCSO3 = SO3MI121 * (104939 * (TEMPKIL2) = 50541 + 421186 =~ Q1 * (TN88

1EMPK{12) ® * 2, =~ 505, % = 2)) NB8

89.

0010
0020
0030
0040
0050
0060
0070
0080
0090
0100
0110
0120
0130
0140
0150
0160
0170
0180
0190
2200
0210
0220
0230
0240
0250
0260
0270
0280
0290
0300
0310
0320
0330
0340
0350
0360
0370
0380
0390
0400
0410
0420
0430
0440
0450
0460
0470
0480
0490
0500
0510
0520
0530
0540
0550
0560
0570
0580
0590
¢600



25

30

B = QCN2 « QC0O2 + QCS02 + QCSQ2
WRITE(2425)8 Ng&s8
FORMAT{//18H HEAT DUTY ON E=23E12.4) N88
ZNZM(13) = ZN24(12) N8B
Q2M{13) = 02Mi12} N88
S03M(13) = S03M(12] N8B
S02M(13) = S02M(0121} NB88
TOTM(13 = TOTM(12) NB8
TEMPK{13) = 505, N88
02M(3) = 02M(4) + C2MIS5) N88
INZMI3] = ZN2M{4) + ZN2M(5) Nas8
M20M{3) = H20M(&4) + H20M(5]) . N88
TOTM(3) = O2M(3) + ZN2M{3) + HZ0OMI(3) NBS8
Q2M{2) = 02M(3} NBS
ZNZMU2)Y = ZNZMI(3) NB88
TGTC = 02M(2) + ZN2ZM(2) N88
H20M(2) = RH * (23,756 / 760s1 # TOTC NB88
TOTM(2) = QZM(2) + ZNZM{2) + H20M{Z) .NBS8
TEMPK(2) = 298, N8BS
C02MELY = 02M(2) NB8
ZNZMLL)Y = ZNZM(2) NBB
H20M(1) = H20M(2) NBS
TOTM{1) = TOTM(2) NB88
TEMPK{1) = TEMPKI(2Z} NB8
M20M{20) = ACIDM{18) + (ACIDM(18) % 98ac * {02 / «98}) / '18e¢ = H2ONES
1ML2) N8BS
02M{20) = 0.0 NB88
INZMI20) = 040 NB8
S03M(20) = 040 N8B
TOTM(20) = H20M(20) N8B
TEMPK(20) = 298 NE8
ACIDM(19) = (RAT ® 245 * 154376 % 498) / 98. N8 &
H2ZOM{19) = (ACIDMI19) * 9B+ * (402 / <981} / 18a N8B
TEMPK{19) = 31l N8B
TOTM{19) = ACIDM{19) + H20M(19) N88
H20M{21) = HM2CM{20) + H204M(19) NB8
ACIDM(21) = ACIDMIZO) + ACIDMIL9) N88
TOTM(Z21) = H20M(211 + ACIS“i21) NB88
PCT = ACIDM(21) % 98+ / (ACIDM(21) % 98,4 + H20M{21) * 184} N8BS
HEAT = { (140 =~ PCT) % 80Ce = lbs) * ACIDM(Z1} #* 98 NB8
DELT = HEAT / ( (ACIDM(21) * 98 + H20M{21) # 184} * 435) N8 8
T = 100e + DELT N8BS
TEMPK(21) = (T = 32} * (54 / 94) + 2730 NB8
NJ = NJJ nNas
NY = NJ = 39 NBS
NJ = 39 NB88
TEMPK(3) = TEMPK{21) - 1l Ng88
DO 30 KK=1sNY NB S8
NJ = NJ + 1 N88
TEMPKINJ) = TEMPK(3) N88
CONTINUE NH8
TEMPK(5) = TEMPK({3) N8B
TEMPK (4) = TEMPK{3! NES8

NE® pnage 2

N8 §

QONZ2 = ZN2M{2) #* (114743 * (TEMPKI(3} = 2984) + o1125E = 02 * (TEMPNSS

IKt3) = » 2, = 299, # * 2)) N8B
QDA2 = 02MI2) * (114066 * (TEMPK(3) ~ 2984} + 42792t =~ 02 * (TEMPKNHSH
113) * % 2, = 208, * *® 23} - N8B
QDTOT = QON2 + QDUZ N88
REF = (1s40 = PCT} * B0Q, NBS
AHZ20 = H20M(2) * ]1Bs ~ HZOM(3) » 18, NB8

PCT = (ACIDM(21) # 984) / (ACIDM(21) % 984 + (H2OM(Z2L) + H20M{Z2)}

N8 8

90.



35
40

&5

N8B pnAge D »
1# 18.) :

HEAT = ( (140 = PCT) # 8004 = REF). # ACIDM(21) #* 98
GAA = HEAT + QDTOT :

- NB8
NEs

_NB8

CDELT » {GAA / ( (ACIDM(21) % 984 + H2OM{21) # 184 + H20M{2) * 18¢IN8H

1% o353} / leB8

TEMPK(22) = TEMPK{21) + DELT

ACIOM{22) = ACIDMIZ1}

H20M{22) = H204(Z1) + H2Q4(2)

TOTM(22) = ACIDM(22) + H20M(22}

QRN = 503M({13) #* 8Cs * 697

TOTP = RAT # 2,5 = 15,2

ACIOM(15) = (498 * TOTP) / 8.4

H20M(15) = (402 * TCTP)} / 18

TOTMLLS) = ACIDMIL5) + H2CM(15)

ACIDM(16) = S03M(131 + ACIDMI15)

H2OM(16) = H20M(15) = SO3M(13)

TOTM(16) = ACIDM(16) + H20M{16}

ACIDM(171! = ACIDMI{16) + ACIDMI22)

H2O0M(17) = H2Z04(16) + H20M{22)

TOTMO17) = H20M(171 + ACIOM(LT)

PCT = ACIDMI16] * 98, / [ACIDMI16) * 9Bs + H20M(16) * 184)
HEAT = ( (1le0 = PCT) * 800s = 16e} * ACIDM(16) * 98,
Tl = 100, » '
DO 35 MN=1+300

Tl = T1 + 1.0

T22 = 1.8 ® (TEMPK{22) = 27341 + 32,

T2 = (T1 + T22) 7 2.

NB8
NES
NB8
N8BS
NEs
NB8
Ngs
NBS8
NE8
N8BS
NES
N8B
N88
NE8
N88
NB8
N8B
NB8
N8s
NE8
N88
NEB8
N8

QN2 = ZN2MU13) # (114743 ® (505. = T2) + «1125€ = 02 * (505 ®* * 2N88

1 =72 % % 21

Q02 = 02M(13) * (114066 * (5054 = T2) + 42792E =~ Q2 ®* (505, * * 2
Q802 = SO2M{13) * (124809 * (505 = T2) + «B561E = 02 * (505 * *

12 -T2 = » 211

QE = QN2 + Q02 + Q502

QTOTB = QRN + HEAT + QE

QTOTA = (ACIDM{16) * 98,4 + H2ZOM(16) * 18¢) # 440 * (Tl = T2)
SENTV = TOTP * 440 * 140 * 2.0 ’

IF (ABS(QTOTA = QTOTB1 = SENTV} 40440435

CONT INUE

TEMPK({16) 5 4555 #* (T] = 324} + 273
TEMPK{15) = 4555 * {72 = 32a) + 273
TEMPK{14) = TEMPK(15) + 1.0

O2M{14) = 02M{13)

IN2ML14) = ZN2M(113)

S02M({14) = 5024113

SO03M{14) = 040

TOTM{14) = O2M({14} + ZN2M{1l4) + S02M(1l4)
TEMPK(17) = TEWPK(15)

TEMPK(36) = TEMPKI(1T)

ACIDM({361 = ACIDM{1T7) ~ ACIDML(15])
H20M{361) = H204117) =~ HZUM{15]
TOTMI36) = ACIDM{36) + HICM(34)

TEM = (TEMPK({36) = 27341 * 148 + 32,

Q8B = (ACIDM(36) * 934 + =2UM{36) * 1Be) % o4 # {(TEM = 1004)
WRITE(3+451Q88

FORMAT(//18H HEAT DUTY ON E=3z£]1244)

TOTM(33) = (QB8 / (le * £32411 / L8«
HZOM{33) = TCT%(33)
TOTM(34) = TOT“(33)
HZOM(34) = H20M{33}

TEMPK(33) = 293,
TEMPK (341 = 333,

NE8
Nga
Ng8
NB8
N8B
N88
NB88
N88
N88
N8B
NE8
N88

91.

1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1649
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
17170
1780
1790
l8C0
1810
1840



N8B PAge A

COFB = ZN2M{14) & 11,743 + O2M{14) # 114066 + SO2M(14) # 12.809

- N8B

COFA = IN2M(14) * o1125E = 02 + QZM(14) * ,2792E = 02 + 3502M(14) =N88

1+8561€ ~ 02 o o . o NE8

D ®» COFB # (TEMPK(14) = 298Bs} + COFA ®# (TEMPKI(14} *.% 2 - 2098, #* #N88
12} ) NB8
COFC = = D «~ B - COFB * 298« = COFA # 29B., # * 2 N88
DISCR = SORT(COFB # % 2, = 4o, #* COFA # COFC) N88
ROOT = { = COFB + DISCRY / {2+ *» COFA) NB8

i IF (ROOT) 5045055 NB88
50 ROOT = { = COF8 = DISCRY / (2. # COFA} NB8
IF (ROOT) 60460455 NB88

88 IF {(ROOT = 30004} 70470460 N8BS
60 WRITE(3+65) . NE88
65 FORMAT(////19H ERROR IN PROGRAM 3 N8S8
70 TEMPK{23) = ROOT N8 8
TEMPK{Z24) = 813, ’ . NB8
QUN2 = ZN2M(14) * (114763 * (TEMPK(24) = TEMPKI(23)) + <1125E = 02 NBS8
QCO2 = 02M{14) % (11,066 * {TEMPK(24) ~ TEMPKI(23})]) + #2792E = 02 #N88
TITEMPKI(24) *® #* 2, = TEMPK{23) #* * 2}) N8B
QCS02 = SO2M{14) * (12+809 % (TEMPK(24) = TEMPKI(Z23)). + «8561E = 0QZN88

1 % (TEMPK(241 * * 24 = TEMPK(23) * # 2)) . N88
€ = QCN2 + QC02 + QCs02 N88

IF (ABS{C = Q) = 10004) 75475480 NB88

75 §C = 2 N88
CALL MB8 NB8

B0 D = COFB » (TEMPK({23) = 298+) + COFA » (TEMPK(23) =2 % 2 = 208, * #NB8S§
12 _ NB8
COFC = = D = C ~ COF8 * 298¢ = COFA % 238, * # 2 NB8
DISCR = SQRT(COFB # % 2, =~ 4. * COFA * COFC) NGB8
ROOT = ( = COFB + DISCR) 7/ (24 # COFA) NB88

IF (ROOT) 85485190 NES

85 ROOT = ( = COFB = DISCR)Y / (26 % COFA) NB8
IF (ROOT) 95495490 N8B

90 IF (RCOT = 3000.) 1054105495 NE88
95 WRITE(3+100) N8B
1006 FORMAT(///719H ERROR IN PROGRAM 4} N8BS
105 TEMPK(24) = RCOT - N88
TEMPKI37) = 1166, NB838
S02M(371 = 502M(7T1 NB8
Q2ML3T7Yy = Q2M( T NBS8
IN2MI37) = ZN2M(T) N88
TOTM(37) = TOTM(7) N8BS
INZM({23) = IN2MU14) NBS8
Q2M(23) = Q2M{14) NBS
S02M1(23) = 502M{14) NE88
TOTM{231 = TOTM(14) N88
IN2ML24) = ZN2M{14) NBS
Q2M(24) = C2M(14) N88
502M(24) = 302M(14) N88
TOTM{24) = TOTM(14) NAa8
IN2M(25) = ZN2M({14) N88
02M({25) = 02M{1l4) NBH
S02M25) = S02M{14) NB88
TOTM(25) = TOT™(14} NBB
TEMPK(32) = 477, N8 S8
TEMPKI(25) = TEMPK(24} Nas
TEMPK (261 = 508 NBS8
TOTP = A / B2%.1 N8BS
TEMPK {38} = 478, NGB8
TOTM(38) = TOTP / 18. NBS
H20M{38) = TOTM({38]) NB8S

92.



93.

NE® PAge S

€ = COFA ® (TEMPK(25) # # 2, = TEMPK(26) # # 24) + COFB #* (TEMPK(2NBB 2440

15) = TEMPK(26)) N88 2450
WRITE{3+110)E L N8B 2460
{16 FORMAT(//18H HEAT DUTY ON E=4=El2.4) N8B 2470
WRITE(3+115)A NB8 2480

" 115 FORMAT{//18BH HEAT DUTY ON E=58E1244} N88 2490
H20M{32) = {E / 825411 / 18 Ng8 2500
TOTM{32) = H20M({32) N8B 2510
HZOM(29) = H20M(32) + H20M(11) + H20M(38)__ .N8a 2520
“TOTM{291 = TOTM(32) + TOTM{11) + TOTM!38) N88 2530
TEMPK(27) ‘= 393, ' N8B 2540

F = COFA # (TEMPK(26) #* % 2, = TEMPK{27) * % 241 + COFB % (TEMPK(2ZNB8 2550

16} = TEMPKI2T1) N88 2560
WRITE(3s120)F N88 2570

120 FORMATI(//184 HEAT DUTY ON E=6=2E1244) _N88 2580
TTUTWRITE(301251C N8B 2550
125 FORMAT(// * HEAT DUTY ON E7 = 'El2s4} N8B 2600
TEMPKI(29) = 298, N88 2610
H20M(35) = H20M(29} N88 2620
TOTM(35) = M20M(35) N88 2630

DTT = (F / {H20M(29) % 184 % 141) / 148 NB8 2640
TEMPK(35]1 = TEMPK(29) + OTT N8B 2650

DO 130 L=276+28 N88 2660
SO3IMIL) = SO3MI14) N88 2670
ZN2MIL) = ZN2M(14) N8B 2680
O2M{L) = 02M( 14} ' N88 2690
SO2ZMI{L) = SO2MI14) NE8 2700
TOTM(L) = TOTM(14) N88 2710

130 CONTINUE N88 2720
TEMPK {281 = TEMPK(27) N88 2730
WRITE(3+135) NB8 2740

135 FORMAT(////7' COMPOSITIONS + TEMPERATURES'!) NB8 2750
 WRITE(341401 _ N88 2760
140 FORMATI(/1Xs 6HSTREAMs2XsSHTEMPKs5X94HIN2MsIX+3HOZMs 10X s4HHZOMs10X9N88 2770
14HS02M s TX 34 HSO3M s 8 X e 5HH2SQ4 98X 9 2HSM 98X 9 4HTOTM) NB8 2780

DO 150 KK=1lsNJJ : N8B 2790
WRITE(39145 1 KKy TEMPKIKK I 9 ZN2MIKK) sO2ZM{KK) ¢ H2OMIKK } 9 SOZMIKK I 9 SUIMIKNEE 2800

1K) sACIDMIKK ) o SMIKK I 9 TOTMIKK) NB88 2810
145 FORMAT{4XsI2393XeF5e002X9E1C 47 (3X9E100e4)} N88 2820
150 CONTINUE N88 2830

WRITE(S']] SO3+S02902+ZN2+TOTTEMPaRHIRAT s sAsPRESSoNJSsTTHWEsEsBsFNBE 2840
1+C N88 28%Q
WRITE(7'1) TEMPK N88 2860
WRITE(T'2) H20™ N88 287¢Q
WRITE(7'3) TOTM N88 2880
WRITE(T7'4) 502 N88 2890
WRITE(T'S) ZN24 N88 2900
WRITE(T'6) QO2M N88 2910

WRITE(7¢7) ACIDLM NB88 2920

WRITE(7'8) S03M NB8 2930

CALL LINK(NB9) N88 2940

END N8Y 2950

#STORE , N88 2960



SUBPROGRAM - N 89 - EQUIPMENT DESIGN

STATEMENT NOS. - DESCRIPTION
150 / 220 F 1 Design
210 / 950 T 1 Design

- 960 / 1060 G 1 Design

| 1070 / 1440 E 1 Design
1450 / 1560 F 2 Design
1570 / 1920 R 1 Design
1930 / 2200 E 5 Design

2230 / 2290 Call Link N 90



NEA pAg I

C DEFINEFILEB(10+460e¢UsB) v9(inhOoUol9} 07(10;90'Uol7)

DIMENSIONACIDM{45] sH20MI45]) #TOTMI45) $502M(a5) vLNZM(kﬁ)'002M(h5N89
$2(90)

1) oTEMPK (4% 250341451 «VATI8) »HIGHIS8) +PRES(20)

W Y{90)

N8BS

N89S

READ(9'1) 5034¢502+02+2ZN2+TOT»TEMPIRHIRATIWeA»PRESSoNJeTTsUESsEsB+FINES

1C
READ(T7'1) (TEVMPKIL) »I = 1445}

READI7'2) (H20MIL) o1 = 1945)
READ{T743) {(TOTMIT) o] = 1e45)
READ(7'4) (S02MUL) o1 = 1s45)
READ(T715) (ZN2M{T) +] = 1s45)

READ(T7'6) 1O2M{1) »1 = 165}
READ(7'7) (ACILMUL) oI = 1445}
READIT7Y8) {(3S03MII} o] = lss5)
READIB'9) (VATII) +I = 1+3)
DESIGN OF AIR FILTER F1
VOLM = TOTM(1) * 359, / PRESS
WRITE(3+5)
5 FORMATL(/////1 %#%x% DESIGN PARAMETERS FOR F1it'}
WRITE(3410)VOLM

10 FORMAT({//4Xs' FILTER CAPACITY{ACFM) =VF740)
WRITE(3465)IPRESS ’
DESIGN OF DRYING TOWER COLUMN T1
DO 15 M=14+20
PRES{M) = PRESS
15 CONTINUE
G = (ZNZM(2) * 2B+ + 0Q2M{2) * 324 + H20OM(2) * 18ae) / 600
TL = (RAT * 2,5 % 1b42) / &0 .
DENLL = 152 / #1337
DENVV = 226 # PRESU{L) /  {TEMPK(2) + TEMPKI{3)) /7 24}
VISCL = 348
COA = (TL / G) #* (DENVV 7/ DENLLI #* #* o5
TM = 377E + 04 %= COA + «754E + 23
TN = »209E + U4 % COA + #8805 =+ 03
TLOAD = 450
DELTP = 1.5 = TLOAD
TO = DELTP / (T™ = DELTP + TN
AREA = (G / DENLL)Y # (VISCL * * o2 / (DERVV # TO}) & % 5

GO = G * 3600 / ARLA

COFJ = 1e06 * {4146 * (GO / 4046] % % { = 441l)
PENO = {24 * o040 / 40197} * % ,6b66

HH = CUFJ * 4,24 # GO / PENU

TF2 = (98 / Ha) # (TEMPK(2) = 2/3s) + 374

TF3 = (9s / 5e) * {TEMPK{4) = 2734) + 22

TF22 = (99 7/ 5} * (TuMPLidl) = 2754} + 324
TF21 = (98 / 5a) #* (TEMPK{ZL) = Z73e) + 3724
TEMRO = (TF3 = T¥2) /7 (TF22 = T¥21}

TINCR = (TF3 = TF2) /7 5Qa

TEMG = TF2

TEML = TF22

DO 20 tM=1250

TEMGL = TEMG

TEMG = TEMG + TINCR

TAVG = (TEMGL + TEM3) 7 2.
TEMLL = TeEMmML

TEML = TEML = TINCR # (1, 7 TCHRO}
TAVL = (TFYLL + TEVL) / 2.

DIFF = TAVL =~ TAVG

RECP = 1o / DIFF

YILM) = RECP
20 CONTINUE

N8I
NB9
N89
N89
N89
N89

NG

NE9
NBY
NB9
N89
N89S

. NB9

N89
NB9
NB9

95.

0010 .
0020
0030
0040
0050
0060
Q070
0080
0090
0100
oL10
0120
0130
0L40
0150
0160
0170
0180
0190
3200
0210
0220

0290
Q300
0310
0320
0330
03490
0350
Q360
0370
0380
0390
0400
0410
Q420
Q&30
Q440
0450
Y460
0470
Qen8Q
Q49u
[o3-24T0)
Onld
0520
0540
0540
0950
¢3-1-34]
0570
0580
0590
0600



- 25
30

35
40
45
50
55
60

65

70

NaIpaqc 2

NDIM = 50

H = TINCR

CALL QSFiHsYsZeNDIM)

NDIM = S50

TINTR = Z(NDIM) .

TM2 = (O2M{2) * 324 + ZNZMI2) * 284 + H20M{2) * 184) % 60
TM3 = (O2M{3) * 32,4 + ZN2M{3} * 28, + H20M(3}) #* 18e) * 60
TMAVG = (TM2 + TM3) / 2.

(P = o424 .

SAREA = (TINTR * TMAVG * CP} / HH

THIGH = SAREA 7/ (28. * AREA)

THIGH = 1.333 # THIGH

DIAM = SQURTI{AREA / 4785}

IF (THIGH = 104} 25425530

THIGH = DIAM

PAC = AREA * THIGH

BEDS = THIGH / (3. #® DlAM}

NBEDS = BEDS + 1

PRED = (#4755 % TrIGr + #30 * (o475 ® THIGHI} /7 12 * {(L&e7 / 344)

THIGH = THIGH + 30 * DIAM
WRITE(3+35)

FORMAT /7777t #e%% DESION PARAMETERS FOR Tit)
WRITE{34401D]AM )
FORMAT(//aX st DIAMETER(FT) =1F6asl)
WRITE(3945)THIOH

FORMAT(1X93Xs " Mo lGHT CR LENGHT(FT] ='Fbel)
WRITE(3e501PAC

FORMATUIXs3Xy ' PACKING (CU FT} ='FGa0)
WRITE(3e55NHEDS

FORMAT(L1Xs3xs ' NUMBER OF BEDS LR kR
WRITE(30601PRED :
FORMAT(1Xs3Xs? PRESHURE DROP INSIDE (PS]) S¢F5,.1)
WRITE(3+65)1PRESS

FORMAT{ 1X 23 X9 PRESSURELATH) =tr540)

DESIGN OF SULFUR BURNER Gl

VOLM = 404, * RAT * (32, / 384} # (1le /7 PRES(2})
DIAM = (VOLM / 1419} * % 43333

HT = 145 # DIAM

PD = 49

WRITE(3970)

FORMAT(////7 /% »%%% DCSIGN PARAMETEHS FOR G1Y)
WRITE(3440101AV

WRITE(3+451T

WRITE(3+601PD

WHITE(3+65)P3ESS

DESIGN OF BURMNER COQLER £~1

AVGTT = (TEMPKIT) + TEMPKIR)) / 24
DENSI = 224 * PRES{3) / AVOTI
PHI = ( {TeMPK(7) = TEMPKIAI) / (AVGTI = 478411 #® o782

Bl = 1e0 + 20UiB4 / PH]

Cl = 45706 = 10 * Bl / 0EnNST * » 2
CEI = +750t =~ 08

QR = Q * 60,

DT = (AVGT] =~ TeMEX(11)) & la8

U 5 1.0

ENR = 800,

DO 75 MM=14s100

U= U + 3

AREA = QU / (U = LT}

CA = (16000« * (ARzA / 1C00a) *» * 4dB) 7/ AREA * (ENR 7/ 10004}
CAl = CA % 420 7/ B30D.

N89
N89S
N89
N89%
N89
N8g
NES
N89
N8BS
N89

" N89

N89
N89S
N89S

N89
N89
N8Y
N8I
NB9
N89

N89
N89
NB9
N89
NE9

NE9

N8
NB89
NBF
N89
N8BS
NB9
N89
NBQ
N89
NES
N89S

NB9
NE9
N8BS
N89S
N8BS
NE9
N8BS
NB9
N89
NgJ
NG9
NBS
N89
NB9
N83
NB9
N89
N89
NB9
NB9
NB9

96.

0610
0620
0630
Q640
0650
0660
0670
0680
0690
Q700
Q710
0720
Q730
Q0740
0750
0760
0770
Q780
0730
o8O0
0810
g8eu
0830
QB4
Q850
0860
Q870
O8&0
Q890
0300
0910
0920
0930
0940
0950
CI60
0970
[o1°3-24]
0990
1000
lolo
1020
1030
1040
1050
L0660
1070
1080
1090
1100
1110
1iev
1130
1140
11%0
1160
1170
1igo
1190
1204
1210



75
8o

85
S0
95

100

105

110

115

120

N 8aq pPage 3

RATIO = 1.0

GIO = ( (CAI 7/ (CEl % CI1) 7 (345 # RATIO = le)) ® # 4357
H]l 3 o¢555E = 02 # GIO #* % ,8

REPV = 1. / HI

V = 1, / REPV

IF (ABS{U = VI = 45) B0#BRe75

CONTINUE

FI = o055 % (#0986 / { (24067 /7 121 * GIO}} #* # 42

PDPL = (1400248 % 4o * F1 * 20, * GIO * % 2) / (24 * 44l7E + Q8 *

1DENST * 2.067)
WRITE(34+85!

FORMAT /7777t *%%» DESIGN PARAMETERS FOR E1")
WRITE(3s90)Q

FORMAT(//6Xs? HEAT EXCHANGE DUTYIBTU/HR) =tE12441)
WRITE(3995)U

FORMAT(1Xs3Xs ! HEAT TRANSFER COFF(BTU/SQ FT/DEG Fl='Fbel)
WRITE(3+1001D7

FORMAT(1X+3Xs ' TEMPERATURE DIFFERENCE(DEG F) =trbel)
WRITE(3510%)AREA

FORMAT(1Xs3Xs ' SURFACE AREA(SQ FT) =VF7e0)
WRITE(3460)1POP1

WRITE(3465)1PRESS

DESIGN OF HOT GAS FILTER F2

VOLM = TOTM(7) # (140 7/ PRES(4}) # 359,

TUBES = VOLM / 2000

DIAM = 1a37 * TUBES ®* % 4475 % 1,5

HT = DIlaM

PD =z o3

WRITE(3+110)

FORMAT(///7// *%»% DESIGN PARAMETERS FOR F2*)
WRITE(3s40IDIAM

WRITE(3945)HT

WRITE(39601PD

WRITE(34651PRESS

DESIGN OF CONVERTER

L =717

TOTCT = 0.0

DO 115 tM=1lsl

VATULM) = (VATILM] + VAT(LM} % 415} % 2000

TOTCT = VAT(LM) + TOT(CT

CONT INUE

TOTCT = TOTCT 7/ 2000,

VOLF = TOTM(8) * 355, / PRES(5]}

VOLF = VOLF * PRESIS) # % .5

XAREA = VOLF / 100

DIAM = {(XAREA / 4785} % % 45

HT = (a0

DO 120 LN=lsb

HIGHILN) = {(VAT{LNY / 40e) / XAREA

HT = HIGH{LN] + 415 # OIAM + HT

CONTINUE

TOTHT = HT + 415 * DIAM

G = ( (ZN2M(B) * 284 + 02M(B) * 324 + S02M(8) * 64} 7/ 6041}

1A

DP = 40525

VISC = #286E - 04

REND = (DP = G) / VISC

F = 7945 7/ RENO * # ,375

DEN = 26e6 * (PRES(5) / TEMPX{(9}}

DROP = (2, # F ¢ G # % 2 % TOTRHT) / (l4te ® DP % 32,2 # DEN}

DROP = DROP + 420 * DROP

N89S
N8BS
N89
N89
N89
N82?
N89
N89
N89
NB9
NB9I
N8S
N89
N89
N8BS
N89
NB9
NG9
N89
Nag
NB9
N89
NBG
NB9
N8%
N8BS
NES
N89
N89S
N89S
N8BS
NEg
N89
NB9
NB9
NB9%
NB9
N8G9
N8
N8
NB9
N8
NES
N89
NB?
N89
NB9
N89
N8BS
NBg
N89
N8S

/ XARENSY

N89
N8BS
N89
N8BS

. N8%

NB89

‘N89

N89

97.

1220
1230
1240
1250
1260
1270
1280
1290
130¢C
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
l4l0
1420
1430
1640
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
16 /0
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820



NBA Phge 4

PORT = DROP # (VAT(11} / (VAT{1) + VATI{2} + VAT(3) + VAT(41))

WRITE(3+125}

125 FORMAT(//7//" #%ne» DESIGN PARAMETERS FOR ~ R1'}
WRITE(3+401DIAM
WRITE{3+4531TOTHT
WRITE(3+1301T0TCT

130 FORMAT(1IXs3Xs' CATALYST (TONSI
WRITE(3455)L
WRITE(3+60)DROP
WKITE(3465)PRESS

C DESIGN OF BURNER COCLER E=~5

AVGTI = (TEMPKI(9) + TEMPK({101l} / 2a
DENSI = 22+ * PRES{S) / AVGTI

21F6,.0)

PHI = ( (TEMPK(9) = TEMPK(10}! / {(AVGTI = 478Be} ) % ,782

Bl = 1le0 + #0C184 / PHI

Cl = #570E = 10 * B[ / DENSI * = 2
CEl = «750E = 08

QA = A .* 60,

DT = (AVGTI = TEMPKI{381) % 1.8

U= 140

ENR = 800

DO 135 MM=14100

U e U+ 3

AREA = QA /7 (U * DT}

CA = (16000. * {AREA 7/ 1000e) * * 488} / AREA #* (ENR / 1000.)

CAL = CA #* 20 / 8300
RATIO = 1.0

GIO = ( {(CALl /7 (CEL # CI1) 7/ (3,5 % RATIO = 1)} % % 4357

HI = #555E = 02 # GI0O % # ,§8 .
REPV = la 7/ WI
V = le / REPYV
IF (ABSIU = v} = 5] 14021404135

135 CONTINUE

140 FI = a055 % (098 /7 { (24067 / 121 ® GIC)) # %
POP1 = (14020248 # Lo % FI # 204 * GIO * % 2) ./
1DENST * 2,067}
WRITE(35145)

145 FORMATU(////7/ ##%% DESIGN PARAMETERS FOR £514)
WRITE(3+90)34
WRITE(34+35)0
WRITE(3.100)0T
WRITE(341051A=FA
WRITE(3+60)P021
WRITE(3+65)PRESS
CALL LINK({NIC!
END

#STORE

22
(2

¥ 4e]17E + 08 *

N89
NBY
N89

N8g
N89

N8BS
NB9
NB9
NB89
N8%
Ng9
NB%
NB?
N89
N89
N89S
NBQ
N89
N89%
Ng9
NB9
N8BS
NEg
NB9
N89
N8BS
N8

"NB9

N89
NB9
N83
N892
NBS
N89Y
N89
Ng9
N8BS
N8BS
nN8g
N89
NB9
NB9
N8BS
NB9
NB9

98.

1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2140
2180
2190
2200
2210
2220
2230
2240
2250
2260
2210
2280
2290



SUBPROGRAM N'9O - EQUIPMENT DESIGN -

STATEMENT NOS.

160 / 800

810 / 1500
1510 / 1860
1870 / 2240
2250 / 2790

DESCRIPTION

E 2 Design
T 2 Design
E 4 Design

~E 6 Design

E 7 Design

99.



12
15

20
25

NAo  pago
DEFINEFILEB{10+40sU2I8) oG(1940+UeIF) oT(10480+UsI7) - N90
DIMENSIONACINM(45) wH20MI4S) o TUTMILD ) #502M(65) +INZML45) s02M{45N90
1) oTEMPK (451 23071451 #2VATI8) 9»PRESE20) #Y(90) »2(90) NSO
READ(T' L) SO33802902¢2N2+TOT»TEMP sRMHIKATIWsASPRESSINJIsTTaUEsE2B2F NSO
1< N9O
READET7Y 1) (TEMPKI{I) oI = 144%) NSO
READ(T7'2) (HZOMII} o1 = 1445) NFO
REACCTY3) (TOTMILY o1 = 1e45) NP0
READIT'4) (S02MI1) »l = 1445) N9O
READITYS ) (ZN2MUI) ] = 14451 NSO
READ(7'6) (02M(1) o1 = 1e45) NGO
READ(7'7) (ACIDMII) o1 = 1s45) NSO
READ(T*8) (S33M(1) s = 1s45) NSO
READ(BY9) (VAT(I) 91 = 198) N9O
DESIGN OF RZACTOR COOLER E~2 NSO
DQ 5 M=1420 N3O
PRESIM) = PrEIS NSO
CONTINUE N0
AVGTO = {(TEvPK({14) + TEMPK{231) /£ 24 NSO
AVGTI = (TEAPK(12) + TEMPK(131) /7 2e NSO
DENSO = 228 * PRESI8) / AVGTU N9O
DENST = 22, # PRES(6) / AVGTI NSO
DFLTL = TEYPK{12) = TEMPK{1l4)} NSO
DELTZ = TEMPX(23) - TEMPK(13) . N9O
TLMDL = [ (LELTZ = OELT1) /7 ALOGIDELT2 /7 DELT11) # 1.8 N9O
PHI = ( (TEY¥PK(13) = TEMPKI12)}) /7 (AVGTO = AVGTI)) * 4731 N0
Bl = 1leQ + «20184 /4 PRI NSO
Cl = #554E ~ 10 # Bl / DENSI #* » 2 NSO
CC = 4953E = C9 / VENSO * = 2 N9 O
CEl = #7505 =~ C8 NSO
CEO = CEI NGO
Q8 = B * 60 N30
FNR = 800 N9OQ
U = 1.0 NIQ
D2 20 MU=1s100 NSO
U = U + 3 NSO
AREA = QR / (U * TLMOL} NSO
CA = 740 * (AEA 7/ 13004} * * [ = o6} * (ENR / 400e) NDO
CAl = CA # ,20 / R300. NGO
RATIO = 495 NGO
DO 10 MU=1+52 N9Q
RATIO = RATIZ + ,03 NSO
GIC = ¢ (CAL / (CET * CI)) /7 1245 + 2476 % (la / RATIDNIY * % 4397890
GOO = ( (CALl 7 (CEQ * L2)) / (3475 + 3439 % RATION) * = 445} NYOQ
Hl .z ¢529E = 02 % GO » = ¢3 NGO
HO = ¢72E = 31 * GOUC * * .5 NTIOQ
RATIA = 1416 * (W0 / H[) NSO
IF (ARS(RATIA = RATIDY = 4021 15415910 N9Q
CONT INUE NYO
REPV = ls / ~1 + 4876 / HO NSO
V 2 ls / REPY N9U
IF (ABSIU = V) = ¢9) 25425420 N9Q
CONTINUE NSO
FI1 = 4059 % (40772 / ( (240617 /7 12¢) # GIOY) = ® 42 R N9O
POPL = (Bl * 4¢ # FI % 204 % GlU ® #* 2} / {24 * Lallt + U8 # DENSIAGD
1 * 2,767} . N90
FO = @31 #% (4392 7/ ( (24375 7/ 124) % GOU)J % % o1% N9O
FO = o431 » (4032 / [ (24375 7 124) = GCOY) * = el5 NG G
TMASS = TOTM(l4) * 23, % 50, N3O
TUBE = TMASS / (GIO * «0234)

N9 O

100.

0010
0020
QQ30
0040
0050
0060
€070
[¢143.10}
Q090
0l00
ollio
Q120
Q130
Ql40
Q150
0160
Q170
Q180
0190
0200
0210
Q240
0230
0240
0250
Q260
0270
Q280
0290
0300
0310
0320
0330
0340
0350
0360
0370
0380
0390
Q400
0410
0420
Q430
Qaau
0450
Q460
Q470
0480
Q490
0500
0510
0%20
0530
Q540
0550
[63-1-3V]
Q570
0580
0590
Qw600



30
35
40
45
50
55
60
65

70

NG90 pracz S

PDP2 = (4o * FO # 14 % TUBE #* GOO * # 2) / (24 % 4417E + 08 # DENS
10} : :

PDP2 = PDP1 # 1.75

WRITE(3.30)

FORMAT(////7 /" =#%% DESIGN PARAMETERS FOR £24)

WRITE(3.35)Q8 .
FORMAT(//4Xy* HEAT EXCHANGE DUTY(BTU/HR) =tE1204)
WRITE(3+401U

FORMAT{1Xs3Xs ' HEAT TRANSFER COFF{BTU/SQ FT/DEG F1=*'F6asl)
WRITE(3445)TLMDL

FORMAT{1Xs3Xs' TEMPERATURE DIFFERENCE(DEG F) S1F640)
WRITE{3+50) AREA

FORMAT(1X93Xs* SURFACE AREA(SQ FT) =4FT60)
WRITE(3+551PDP1

FORMAT(1Xs3X4s' PRESSURE DROP INSIDE (PSI) #1F5e1)
WRITE{ 234601 PDP2

FORMAT(1Xs3Xs' PRESSURE DROP OUTSIDE(®SI) , =*F541)
WRITE(3+65)FPRESS

FCRMAT(1X93Xs' PRESSURE(ATM) 24F5,0]

DESIGN CALCULATIONS OF ABSORPTION COLUMN T2

G = (503M(13) * 80, + 502M({13) * 64 + ZN2M{13}) * 28. + 0ZM(13}

1324) 7/ 60
T = (RAT * 25 # 15421 / 60
DENLL = 1542 / 1337
DENVV = 224 * PRES(7) / { (TEMPKU13) + TEMPKI{141) 7/ 2e)
VISCL = 3.8
CoA = (TL 7/ G) * (DENVV / DENLL) #* % ,5
TM = #3778 + 04 % COA + a754k + 03
TN = «209F + 04 # COA + 2880E + Q3
TLOAD = «50
DELTP = 1.5 * TLOAD
T0 = DELTP / (TM * DELTP + TN}
AREA = (G / DENLLY * (VISCL * # o2 / (DENVV #® TO)) # # .5
GO = G #* 3600e / AREA ’

COFJ = le06 #* (4146 * GO / «0679) * * { = 441}
PEND = (425 * 40675 / «327) * * 4666

HH = COFJ ® 4,25 % (U / PENC

TF13 = 1e8 * (TEMPK{13) =~ 273.) + 32,

TF14 = leB * (TEMPK{14) = 27341 + 32,

TF16 = 1aB * (TEMPKI(16) = 2734) + 32,

TFIS = 1B * (TEMPKI15) = 2734} + 32,

TEMRO = (TF13 - TFl4) / (TFL6 - TF15)

TINCR (TF12 = TF1l4) 7/ 5Q.
TEMG = TF13
TEML = TF16

DO 70 LM=14+50

TEMGL = TEMG

TEMG TEMG « TINCR

TAVG (TEMG1 + TEMG) / 2.
TEML1 = TEML

Hon

TEML = TEML « TINCR # {1le / TEMRQ}
TAVL = (TEML1 + TEML) / 2.

DIFF = TAVG = TAVL

RECP = 1s4 / DIFF

YitM) = RECP

CONTINUE

NDIM = 50

H = TINCR

CALL QSF(HeYaZeNDIM)

NDIM = 50

TINTR = Z(NDIM)

N0
N3O
NGO
N9O
N90O
N9Q
NSO
N9O
N9Q
NSO
NSO
NSO
NS0
NSO
NSO
N3O
NI O
NGO
N30
NGO
N9O

‘NSO

N9O

101.

0610
0620
0630
0640
0650
0660
0670
0680
Q690
0700
Q710
Q720
Q730
0740
Q750
Q760
0770
0780
0790
Q8Q0
0810
0820
0830
084Q
0850
0860
0870
o880
0890

0900

0910
0920
0930
Q940
0950
Q960
0970
0980
0990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1i00
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210



<

NG9o PpAge 3 oo T
_ TM13 = {SO3M(13) * 80. + SO2M(13} # 64e + 02MI13)
1% 284) * 60,

* 324 + IN2M{13IN90

NSO

TM14 = (SO3M(14) * 80, + SO2M(14) * _64e + O2M{14) ¥ 324 + ZN2M{14IN9OQ

TI*® 28.) % 60,

TMAVG = (TM13 + TM14) / 2 i
CP = ,25
_CSAREA = (TINTR # TMAVG * CP) / HH

THIGH = SAREA / (284 * AREA)
_THIGH = 1,333 % THIGK

DIAM = (AREA / 4785) * % 45
IF (THIGH = 10a) 75475480
75 THIGH = DIAM
80 PAC = AREA * THIGH
BEDS = THIGH / (3a * DIAM)
NBEDS = BEDS + 1

TPRED = (e75 * THIGH + #30 % {75 * THIGHY) / 12+ * (1447 / 344}

THIGH = THIGH + »30 % DIAM
WRITE (35,85
85 FORMAT(//s//' #==%% DESIGN PARAMETERS FOR T2
WRITE(3:90)DTAM
90 FORMAT(//4X%s' DIAMETER(FT}
T UWRITE(3455) THIGH
95 FORMAT(1Xe3Xs' HEIGHT OR LENGHT(FT}
WRITE(3+1C01PAC )
100 FORMAT(1Xs3Xs' PACKING (CU FT)
WRITE(3+1051NBEDS
105 FORMATU1Xs3X%s* NUMBER OF BEDS
T WRITE(3455)PRED
WRITE(3465JPRESS
DESIGN COF WASTE HEAT BOILER B
AVGTI = (TEMPK(25) + TEMPX(Z26)) / 2
DENST = 224 * PRES{(12) / AVGTI
PHI = ( {TEMPK(25) = TEMPK(26)} / (AVGT] = 4784))
TBI = 140 + 400184 / PHI
CIl = 4580E =~ 10 * Bl / DENSI * = 2
CELl = o75E ~ (8
QE = £ * 60,
ENR = 80O,
DTT = (AVGTI = TEMPK(32)) * 148
U = 1.0
DO 110 ML=1,+200
U= 3+ o3
AREA = OE / (U * DTT)
CA = (16000. * (AREA /s 1000a) * * 488} / AREA * (E
CAl = CA * .20 / 3300, s
TRATIO = 140

=1E5401
3'F540)
=tF640)

=t13)

* o782

NR / 1000}

GIO = ( (CAL 7 (CEI ® CI)) / (345 * RATIO = la)) #* * 4357

HI = #5306 ~ 02 * GIO * * 48
REPV = la / HI
V = 1a / REPV
ARE = QE / (Vv * DTT)

TIF (ABSIU = V) = 45) 11591154110
110 CONTINUE
115 FI = «055 % {4084 / { (26067 / 1241 % GIO}) * & 42

PDPL = (Bl * 4, * FI % 204 * GIO ® % 2) / (24 * 4elT£ + 08 * DENSI

1 % 2,067
WRITE(3+120)

120 FORMAT(/////t =»%%% DESiGN PARAMETERS FOR  E&')

WRITE(3+35)0E
WRITE(340)U
WRITE (3451077

NSO
N9Q
NSO
N9O
NSO

..Ng0

NSO
NGO
NZ0
N9O
NSO
NSO
NGO
NSO
NQO
N9Q
N9O
NIO
NSO
NSQ
NSO
NSO
N3O
N9Q
NSO
NSO
NGO
NSO
NSO
NFO
NSO
NSO
N9Q
NSO
NSO
NSO
NIO
NOO
NSO
NSO
NSO
N2O
NSO
N9O
NGO
NSO
N9O

NSO

NSO
NPOQ
NS Q
N9O
NSO

N9O

NFOQ
N9Q
NSO
NF0

102.

1220
1230
1240
1250
1260
1270
1250
1230
1300
13i0
1320
1330
1340
1350
1360
1370
1300
1390
1400
1410
1420
1430
l44Q
1450
1460
1470
1480
1450
1500
15i0
1520
1530
15490
1550
1560
1570
1980
1550
1600
1640
1620
1630
1640
1620
1660
1670
1630
1650
1700
1710
1720
1730
1740
1750
1760
1770
1780
17590
1800
18i¢
1820



Ngo pnge 4

WRITE(3
WRITE(3
WRITE(3

#5001 AREA
#59)1PDPL
2651 PRESS

c DESIGN OF FEED WATtR HEATER k6

AVGTL =
DENST =
PHI = |
Bl = 1l
Cl = 7
CEl = o
FQ = F

DT = 84
U = 1e0
ENR = 8
DO 125

U= U+
AREA =

CA = (1
CAl = C
RATIO =
GIC = |
HI = o5
HO = 15
REPV =

V = le

{TEMPK{26) + TiMPK(27
22e¢ * PRES(13) / AVOT
TEMPR(26) ~ TEMHRKI2T1}
0 + «00184 7 PHI
1€ =~ 11 7/ DENSI # » 2
758 -~ CE
% 60a
Qe

00,
NN=1s100

3

FQ 7/ (u » DT
6000« * [ARLA / 100041}
A % «20 7/ 8300

140

(CAL 7/ (CEL « CI)y 7
B5E = 02 % QIO » ¢ o8
Qe

le 7 HI + #8876 / HC
/ REPV

ARE = FQ 7/ (Vv # 840.)

IF {ABS
125 CONTINU
130 FI = +0
POPL =
1 ® la02
PDPZ =
WRITE(3
135 FORMAT(
WRITE(3
WRITE(3
WRITE(3
WRITE(3
WRITE(3
WRITE(3
WRITc(3

C DESIGN OF £COoNUMIZER

AVGTO
AVGTI]
DENSO
DENS]
DELTL
DELT2
TLMOL
PHI =
Al
Cl
(<]
CELl = o

#wow o8 v ooy

o5

LU I )

(U = v} = 351 (351300
£

55 # (408635 / { {1le333
(Bl * 44 » FI * 2ys *
3)

3.0

+135)

111770 ®Ewe DESIGN PAR
1251FQ

240U

s45107

$5J1ARLA

#551P0P]

1601PDP2Z

$651 R85

(TEMPC(Z3) + TeMPLlZ4
(TEMPK{37) + TE

27« * PRES(S) / AVOTO
22s * PRES(U3Y 7 AvVOTH
TEMPK{7] = TEMPKIZ2u])
TEMPRK ({373 =~ T:r™pRK{23}
( (DELT2 - DrLTl) /7 A
(TEMPK(37) = TeMPR(7)

10 + 00134 / FH]

T0E = 10 = Bl / DENGI

7508 - 08

CEQ = CEI
QC = C * 60
ENR = 800,

U = 140

DO 150 JM=1.100

U s U+

3

AREA = QC 7/ (U = TLwMDL)

Y)Y /. 2e
1
/ 230e * 1eB ® ,780

* % o88) / AREA * (ENK / 1000a)

(34> * RATIO = 1.0}

125 .

s/ 126) % GIOY} ®

* R 4327

«2

NSO

- NSQ

NS9O
N9O
N9O
N9O
N9O
NSO
NGO
NP0
NRO
NGO
N9O
N90
N9O
NFO
NYO
N9O
NGO
NGO
1490
NSO
N0
RN
N9O
NOO
NSO
NGO
NSO

QIO » ® 2) / (2e * 4el7t + 0B #* DENSINGO

AMETERS FOR £61)

Yy /7 Za

LOGIOELT2 7 DRLTIN
b/ LAVGTID = AVGTO))

. # 2

«10CE = 08 / CENSC » # 2

L EY-]

#*

o f82

N3O
NSO
NSO
N3O
NSO
NSO

" NGO

N9Q
N90
NIV
NGO

NSO

NSO
NS9O
NGO
N9Q
N9O
NSO
NGO
NSO
NSO
NSO

" NSO

NSO
NSO
NSO

Y

N9O
NSO
N9 O
N3O

103.

1830
1840
1850
1860
1870
1880
1890
iguu
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
Ul
2020
2130
2040
2050
2560
20170
LUB0
29090
2100
2110
2120
2130
2140
2150
2160
2170
2180
21%0
2200
2210
2220
2230
2240
2250
2260
2270
22484
2290
2300
2310
2320
2330
2340
2350
2360
2310
2380
2399
2400
2=%10
2420
2430



140
145

150
155
1

1

160

#STORE

Ndo pegc s o -
CA 3 Ta0 ® (AREA / 1000s) * % { = ,6) # (ENR / 4000} . . NSO

CAl = CA # 420 / B300s - N90
RATIO = 495 . , : N9O
DO 140 MI=1+25 NGO
RATIO = RATIO + 01 NSO
GIO = ( {CAI / {CET % CI1) /7 (245 + 2476 * (le / RATION)}) % % 4357NSO
GOO = ( (CAI /7 (CEQ # COY) / 13475 + 3439 # RATIO)) » # ,35] NSO
Hl = ¢525E = 22 * GIO * * .8 NSO
HO = #7E = 01 * GOO * * 4«5 . NSO
RATIA = lsl& * (HO / HI} N9O
IF {ABS{RATIA = RATIO} = L0201 14591455140 N9O
CONT INUE NGO
REPY = 1¢ / HI + 4876 / HO NSO
V = le¢ / REPV NSO
IF (ABS{U = V) = ,5) 15541555150 . NSO
CONTINUE NSO
FI 3 o055 #® (40772 /7 & (24767 /7 1243 % GIO)) * % 42 NSO
POPL = (Bl * 44 ® FI % 204 * GIO % # 21 / {2e * 6017 + C8 # VENSINGO
* 24067 NSO
FO = ¢31 * [.082 / ( (24375 7/ 124) % GOUM) % # .15 NSO
TMASS = TOTM(23) * 29, % &0 NSO
TUBE = TMASS / (GIO #* .0234) NSO
PDP2 = (4o * FO # 1o * TUBE * GOO * % 21 / (2« * 4417E + 08 #* DENSN9O
2} NSO
POP2 = 241 * POP] ) NSO
WRITE(35160) NSO
FORMAT(/////71 #%x%% DESIGN PARAMETERS FOR E7%) N9O
WRITE(3435)QC NSO
WRITE(3+40)U NSO
WRITE(3445) TLMOL NSO
WRITE{3+50)AREA NSO
WRITE(34551P0P1 NSO
WRITE(3,601PDP?2 NSO
WRITE(3465)PRESS NSO
END : NSO
NSO

104.

2440
2450
2460
24170
2480
2490
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590
2600
2610
2620
2630
2640
2650
2660
2670
2680
2690
2700
2710
2720
2730
2740
2750
2760
2770
2780
2790
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APPENDIX C - MISCELLANEQUS INFORMATTION

"The Effect of Pressure on Equilibrium Conver-

sion'"

Total catalyst requirement vs pressure

106.
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109.

APPENDIX D - COMPUTER OQUTPUT




110.

[

FILTER CAPACITY(ACFM) = 79310,
PRESSURE ( ATM) = 1.

*#%3t# DESIGN_PARAMETERS FOR . T1

DIAMETER(FT) : = 1645

—e o HEIGHT OR LENGHT(FT) _ . _ = 2led
PACKING (CU FT) = 3538,
NUMBER .OF.8EDS — — =1 .
PRESSURE DROP INSIDE (PSI) = 045
PRESSURE(ATM)... ... S 1P
— xxx _DESIGN .PARAMETERS- FOR—— Gl--
DIAMETER(FT) = 2242
HE IGHT-.OR -LENGHT (FT.) s—33e4
PRESSURE DROP INSIDE (PSI) = 0e5
PRESSURE (ATM)... .. e L S ———
”
e #%%X¥_DESIGN PARAMETERS FOR - El oo -
HEAT EXCHANGE DUTY(BTU/HR) = 0.3856E 08
z HEAT _TRANSTER_COFF(8TU/SQ ET/DEG. E)=_ 8e4_.
TEMPERATURE DIFFERINCZ(DEG F) = 643

: SURFACE AREA(SQ FTY .. . . e .. T001.
PRESSURE DROP INSIDE (PSI)

13
PRESSURE(ATMY . . z e




111

- s 2 ot . e 1 o m o

#xa% DESIGN PARAMETERS FOR F2

s meeee DL AMETER U FT U S £ o 'Y - e
HE IGHT OR LENGHTI(FT) . = 1048
s e PRESSURE DROP INSIDE (PSI) oo omc 003 - e e ——e
PRESSURE{ATM) = 1.
! - —
#%¥x% DESIGN PARAMETERS FOR R1
DIAMETER(FT)Y o B 2962 .
HEIGHT OR LENGHT(FT} = 52.8
CATALYST (TOMS). oo = bT30
NUMBER OF BEDS = 3
PRESSURE PROP _INSIDE -(RSI)..— mB a5
PRESSURE(ATM) = le
#x%%* DESIGN PARAMETERS FCR £S5
HEAT. EXCHANGE DUTYIBTU/HR)Y - oo . =__0e8789E Q7 . oo .-
HEAT TRANSFLR COFF(BTU/SQ FT/OEG Fi= F.0
TEMPERATURE .DIFFERENCE(DEG F) e 8336
SURFACE AREA(SQ FT) = 181l
PRESSURE .CRQOP. INSIDE. {PSI}. = le5__
PRESSURE(ATM) = le
##%% DESIGN PARAMETERS FOR g2 -
. HEAT EXCHANGE _2UTY(8TU/HR) = Ds3Q91E 08
) HEAT TRANSFER COFF(BTU/SQ FT/DEG Fi= 25
TEMPERATURE DIFFERENCE(DEG Fi .. C IR § - B —
- SURFACE AREA(SQ FT) = 41479,
PRESSURE OROP (INSIDE {PSI)- =0e2 ..
PRESSURE CROP QUTSIDE(RSI) = 045
_PRESSURE(ATAL = la

#xx% ODFSIGN..PARAMEIERS _FOR___ 12




112,

—— R Y

DIAMETERI(FT) = 1l8.

HE IGHT._.OR LENGHT(FT) 2 236 __

PACKING (CU FT) = 4580,

NUMBER OF BEDS ... o =)

PRESSURE DROP INSIDE (PSID = 0eb

PRESSURE(ATMY . . N A S
*#ax% DESIGN_PARAMETERS FOR..__E4

HEAT EXCHANGE DUTY({BTU/HRY = 0«4603E 08

HEAT_TRANSFER COFF(BTU/SQ ET/DEG Fl=_ _8e7T . ..

TEMPERATURE DIFFERENCE(DEG F) = 330.

SURFACE AREA(SQ FEI} 15838,

PRESSURE DROP INSIDE (PSI) = 13
PRESSURELATMY = Le

xx2% DESIGN _PARAMETERS FOR __E6
HEAT EXCHANGE DUTY(8TU/HR) = 0.1666€ 08
HEAT TRAMSFER COFF (8TU/SQ ET/DEG_Fl= _10e8 .. ______
TEMPERATURE DIFFERENCE(DEG F) = 840,
SUREACE_AREA(SO FI) = 1819.
PRESSURE DROP INSIDE (PSI) = 3.3
PRESSURE DRCP CUTSIDE(PSI) . = _340..
PRESSURE L ATHM) ' = 1l

#%x% DESIGN PARAMETERS FOR  E7
HEAT _EXCHANGE _DUTY.LBTU/HR]) = 043524E Q8 .
HEAT TRANSFER COFF(8TU/SQ FT/DEG Fl= 149 ‘
TEMPERATURE DIFFEREMCE(DEG -Flo— = 560e . _,
SURFACE AREA(SQ FT) = 331200 -
PRESSURE DRCP .INSIDE. (PSI) =__ 042
PRESSURE OROP QUTSIDE(PSI) 0e5

T ]

PRESSURELATMY le




113.

——EEX% _DESIGN PARAMETERS FOR . _F1l. ——

FILTER CAPACITY(ACFM) = 25669,
PRESSURE.(ATML = P
xxx® DESIGN_PARAMETERS _FOR 11
DIAMETER(FT} = 13,1
HEIGHT. OR LENGHTI(FT) - =170 -
PACKING (CU FT = 1772,
MNUMBER-QOF .BEDS- =%
PRESSURE DRCP INSIDE (PSI) = Qeb&
PRESSURELATH) = 3.
##¥#_DESIGN PARAMETERS _FOR -G} -
DIAMETERIFT) = 15.4
HEIGHT _OR_LENGHTIET) = 2341
PRESSURE DRCP INSIDE (PSI) = Qa5
PRESSURELATM) . .— = e -
*xx¥* DESIGN_PARAMETERS EOR .__E1
HEAT EXCHANGE DUTY(BTU/HR} = (e+3856E 08
HEAT TRANSFZR _COFF(8TU/SO_EI/DEG Fl=s__ 1662, ———
TEMPERATURE DIFFERENCE(DEG F) = 648,
SURFACE AREA(SQ FT) ... . = _365Qe._ e -
PRESSURE DRCZP INSIDE (PSI) 19

PRESSURE(ATMY . .

0N

3a.




114.

3

e DESIGN PARAVETERS F02 F2
e e ——-DTAMETER(FT) . e e e B B0l S
- HEIGHT OR LENGHTI(FT! = 6l
——— PRESSURE DROP .INSIDE (PSI}ecca .= . 063 G ——

PRESSURE{ATM) = 3

*%®E® DESIGN PARAMETERS FOR R1
DIAMETERIFT) e T2 0
HEIGHT OR LENGHT(FT) = 3l.3
CATALYST ATONS) - mme — - S B 1.« S ——
NUMBER OF BEDS = 3
PRESSURE -CROP .INSIDE_{PSI}) el a T
PRESSURE(ATM) = 3e

*%#% DESIGN PARAMETERS FOR E5
HEAT_EXCHANGE DUTY(BTU/HR) - = 0e7003E CTm e
HEAT TRANSFER COFF({BTU/SQ FT/D G Fl= 1Be0
TEMPERATURE.DIFFERENCE(DEG.E =543,
SURFACE AREA(SQ FT) = 712,
PRESSURE CROP.INSIDE. (PSL1__ B a2
PRESSURE(ATM) = 3

%% DESIGN PARAMETERS FOR

£2

HEAT EXCHANGE DUTY.(BTU/ZHR]

0.2964E_08

HEAT TRANSFER COFF({BTU/S) FT/DEG Fli= Sel

TEMPERATURE DIFFZRENCEIDEG F) i =293 4 o
- SURFACE AREA(SQ FT) = 19399,

PRESSURE.DROP INSIDE (PSI) e = 05

PRESSURE DRCP QUTSIDE(PSI) = (8

PRESSURE(ATM) = 3a -

¥x#® DESIGN PARAMETERS _EAR T2




115.

DIAMETER(FT) = l4,
HEIGHT OR _LEINGHT(ET).__ 718e ..
PACKING (CU FT) = 2247,
—— NUMBER OF BEDS VU _ JOULIUN NS
. PRESSURE DROP INSIDE (PSIL} = Qa4
— e PRESSURE CATMY . = 30 e

®#xn® DESIGN. PARAMETERS. FOR__.E4

HEAT EXCHANGE DUTY(BTU/HR) Oe&4bs4E 08

HEAT TRANSFER COFF({BTU/SQ FT/DEG Fl=_ . 17e4
TEMPERATURE DIFFERENCE(DEG F) = 330. ‘
SURFACE AREA(SQ FT1 .. o e = T689¢ o
PRESSURE ORCP INSIDE (PSI) = 18
PRESSURE{ATM] = 34

—RARX . DESIGN -PARAMETERS-FOR E6
HEAT EXCHANGE DUTY(BTU/HR) = 0.1609E 08
HEAT .TRANSFER COFF(8TU/SQ . FT/DEG Fl=20el i o
TEMPERATURE DIFFEZRENCE(DEG F) = 840,
SURFACE_AREA(SD FT L —F 1% O —
PRESSURE DRCOP [NSIDE (PSI) = 447
PRESSURE -2ROP -CUTSIDELPSI) - =—3.0
PRESSURE( AT} = 3.

*x%% DESIGN PARAMETERS FOR E7

HEAT EXCHANGE. DUTY(BTU/HRY

0s3435E 08

HEAT TRANSFER COFF(BTU/SQ FT/DEG Fi= 369

TEMPERATURE DIFFERENCE(DEG . Floe = 5630 i
- SURFACE AREA(SQ FT) = 15297

PRESSURE DROP_INSIDE (PSI) = 0eb

PRESSURE CRQOP QUTSIDE(PST) = 069

PRESSURE(ALAL 3
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e #%%%_DESIGN PARAMETERS FOR.. F1 & e — )
: FILTER CAPACITY(ACFM) = 13597,
PRESSURE LATM) =5,
xx%% DESIGN_PARAMEIZRS FOR___ T1
OIAMETER(FT) = 11.4

HEIGHT OR LENGHT(FTY .o . = 1448 _ —

PACKING (CU FT) = 1164,
NUMBER.OF_BEDS = 1
PRESSURE DROP INSIDE (PSI) = Ot
PRESSURE (ATMI._ .. = S,
e #%#%_DESIGN. PARAMETERS -FOR-—-G1
DIAMETER(FT) = 13,0
HEIGHI_CR_LENGHT(FT) = 1945
PRESSURE DROP INSIDE (PSI) = 0.5 -
PRESSURE(ATM) : e S
®x%%_DESIGN.PARAMETERS.FOR___£1._
HEAT EXCHANGE DUTY(BTU/HR) = 043856E 03
HEAT_TRAMSFER COFE(8TU/SA FI/LDEG El=__ 2242 .
TEMPERATURE DIFFERENCE(DEG F) = 648,
SURFACE AREZA(SQ FTi_._ = __2668a ...
PRESSURE DROP INSIDE (PSI) = 243
o _PRESSURE(ATM) _ _ __ . I S
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o S 2 4 i TS A - ] S 5 e < o, Wi & e et 1 e e S e S

e R XXX _DESIGN PARAMETERS.EOR - F2. 0 .

it e e HE TGHT OR LEAGHT(FT) s

DIAMETER(FT) ' = 540

Hon
ol
L
w

PRESSURE DROP INSIDE (PSI)

PRESSURE(ATM) - e L

: xx2#¥_DESIGN -PARAMETERS -FOR R1

DIAMETER(FT) ' ' = 19.5

HEIGHT .OR LENGHT(FT) coomem 2 2206 oo

CATALYST (TONS) = 83,

NUMBER QF 8EDS ____ 2 -

PRESSURE CROP INSIDE (PSI) = lel
—e__PRESSURE(ATMI. : = Se... ——

##%% _DESIGN PARAMETERS FOR....E5 — ——

HEAT EXCHANGE DUTY(BTU/HR) = 0e43782E 08

HEAT_TRANSFER _COFF(BTU/SQ _FI/DEG Fl=__23al e .

TEMPERATURE DIFFERENCE(DEG F) = 5484

SURFACE AREA(SG FT).. . = 2973 o

PRESSURE CROP INSIDE (PSI) = 243

PRESSURE(ATM) =&, -

##x%¥% DESIGN. PARAMETERS FOR.___E2._ .

»

HEAT EXCHANGE DUTY(BTU/HR) = 0e3356E 08

HEAT_TRANSFER COFF(BTU/SQ FT/DEG Fl= . Ta2 oo .

TEMPERATURE DIFFERENCE(DEG F) = 387

SURFACE AREA(SQ FT) ..o =-11861le o .

PRESSURE CROP INSIDE (PSI) = 0.6

PRESSURE .CRCP._CUTSLOELPSL) = _le2..

PRESSURE(ATM) = 5,

%*%#% DESIGN PARAMETERS FOR T2
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DIAMETER(FT)

i
i
i
1

1
¥

o
|
|
i

H}
[
N
- |

HE IGHT. OR LENGHTU(ET) oo = _1ba — oo
PACKING (CU FT) , = 1528,

e NUMBER OF BEDS . oo e ® L
PRESSURE DROP INSIDE (PSI) = Qub

- _PRESSURE(ATM} .. - . e o Ba

——ieee B 2R _DESIGN. PARAMETERS FOR .. _E4

HEAT EXCHANGE DUTY(BTU/HR}
HEAT TRANSFER COFFA({3TU/SQ ET/DEG FL
TEMPERATUREZ DIFFERENCE(DEG F)

SURFACE ARZA(SQ FTI.
PRESSURE DROP INSIDE (PSI)
PRESSURE(ATMY

onom N

Qe«4027E 08
ERNY- 3. '
330,
51236 — .
242
Se

sxx® DESIGN.RARAMETERS _EQOR E6.

HEAT EXCHANGE DUTY{BTU/HR}

Qel456E 08

HEAT TRANSFER - COFF{BTU/SQ FT/DEG Fl= —288] o e
TEMPERATURZ OIFFERENCE(DEG F) = 840
SURFACE—-ARZA(SQ. FT) = 651
PRESSURE CROP INSIDE (PSI) = 5aeb
PRESSURE -CROP--QUTSIDE{PSI - =30 -
PRESSURE{ATM) = Se

##%% DESIGN PARAMETERS FOR €7
HEAT. EXCHANGE _CUTY (BTU/HR] = 0.2669E_08
HEAT TRANSFER COFF({BTU/SQ FT/DEG Fi= 57
TEMPERATURE DIFFERENCE(DEG Fl = 8328
SURFACE ARZA(3Q F 1) = 8002.
PRESSURE DOROP INSIDE (PSI) 2046 -
PRESSURE SROP QOUTSIDCIPSI) = le4

PRESSURELATM)

S
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PRESSURE(ATMY ..

e w#%% DESIGN_PARAMETERS _FOR. __El R
FILTER CAPACITY(ACFM) = 9712.
PRESSURE(ATM) S —_

#xx%_DESIGN_PARAMETERS_FOR___T1
DIAMETER(FT) = 1047 i
HE LGHT. OR LENGHT(ET1_ =139
PACKING (CU FT) = 974,
NUMBER _QF_BEDS =] _
PRESSURE CROP INSIDE (PSI) = 0e3
PRESSURE (ATM] - e Te
— ®x%x%x DESIGN PARAMETERS.FOR--_Gl
’ +
DIAMETER(FT) = 1146
HMEIGHT _CR._LENGHTI(ETY =. 1744
PRESSURE DROP INSIDE (PSI) = 045
PRESSURE (ATM1 =T _

-—_®%%% DESIGN_RARAMETERS-EOR.__E1
HEAT EXCHANGE DUTY({STU/HR) = 0e3856E 08
HEAT TRANSEER_COFFAS8TU/SQ .ETL0EG _Fl=— 27,3
TEMPERATURE DIFFEZRENCE(DEG F) = 648
SURFACE. AREA(SG FT) - oo A-_2171.

PRESSURE CROP INSIJE (PSI) = 245
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e W B #_DESIGN. PARAMETERS_FOR F2

DIAMETER(FT)

= Ge3
—___HEIGHT OR LENGHT(FT) - o o2 Ge3 . R
PRESSURE DRO® INSIDE (PSI) = 0e3
PRESSURE (ATH)_. f 7. _
A _
#xxs DESIGN_PARAMETERS FOR___RI1
DIAMETER(ET) ' = 179 :
HE IGHT. OR LENGHTFT). : 19T
CATALYST (TONS) = 59,
NUMBER OF_BEDS.. = 2
PRESSURE CRO® INSIDE (PSI) = 049
PRESSURE (AT R _ .
#xxx DESIGN PARAMETERS FOR__ ES
HEAT EXCHANGE DUTY(BTU/HR) = 0.3817E 08 -
HEAT TRANSEER COFFARTU/SQ FT/DEG El=__ 2842 "_
TEVMPERATURE DIFFERENCE(DEG F) = 549,
o _SURFACE ARZA(SQ FT] —._._ = 2452w
PRESSURE CROP INSIDE (RSI) = 246
PRESSURE (ATML.— | . 7. .
%x%%_DESIGN PARAMETERS EOR.__E2.
-
HEAT EXCHANGE DUTY(BTU/HR) ' = 03319 08
HEAT _TRANSEER COFF(8TU/SQ FT/DEG Fl= —_ 940
- TEMPERATURE DIFFERENCE(DEG F) = 382,

SURFACE AREZA(SQ FTi--- " 95364 . ..

PRESSURE CROP INSIDE (PSI) = 048 .
PRESSURE DRCP.OUTSIDE(RSL) 2 let -~
PRESSURE(ATM) = Te '

#x#%x DESIGN PARAMETERS FOR T2
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DIAMETER(FT) § = 1le
HE IGHT_OR LENGHTU(FTY. — oo = 154
PACKING (CU FT) = 1269,

e ] NUMBER OF BEDS U S
PRESSURE DRGP INSIDE (PSI} = Oeb

e ~PRESSURE ( ATM) e - SR PR N

—_— ‘#x%% DESIGN PARAMETERS FOR.. -E&_. .
HEAT EXCHANGE DUTY(BTU/HR) = 0e4027E 08
HEAT. TRANSFER COFF(BTU/SQ FT/DEG.Fl=. 29l oo .
TEMPERATURE DIFFERENCE(DEG F) = 330,

SURFACE AREA(SG FT) -

PRESSURE DROP INSIDE (PSI) 245
PRESSURE(ATM) = T

PSS, B -

#2A%_DESIGN -PARAMETERS FOR--—E6

HEAT EXCHANGE DUTY(8TU/HR) Del456E 08

HEAT TRAMSFER COFF(RBTU/SO FT/DEG Fl= -~ 3009 — o
TEMPERATURE DIFFERENCE(DEG F =  84Qa.

SURFACE AREA(ST FTJ. = 559,

PRESSURE DORCP INSIDE (PSI) = 6e3

PRESSURE . DROP QUTSIDE(PSI) s 3eQ . —
PRESSURE({AT™) = Te

£

#x#% DESIGN PARAMETERS FOR E7

HEAT_EXCHANGE . DUTYABTU/HRL _0.e2507E_08

HEAT TRANSFER CCOFF(83TU/SQ FT/DEG Fis= Te2
TEMPERATURE DIFFERENCEIDES Flome— e ® 5336 oo
SURFACE AREA(SQ FT) = 6434,
__PRESSURE CROP [NSIDE (PSII 5 . De8 .
PRESSURE DROP QUTSIDEI(PSI) = 1.7
PRESSURE(AT M) = 7o
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—— e B EER__DESIGN PARAMETERS FOR o iF 1l

FILTER CAPACITY(ACFM) = 7554,
PRESSURE ( ATM) s 9.

®x23% DESIGN PARAMETERS.FOR___T1

DIAMETER(FT) = 1042
HEIGHT .OR LENGHT(FT) _._ = 1343 ..
PACKING (CU FT) = 8564
NUMBER OF 3EDS =1
PRESSURE DROP INSIDE (PSI) = 0e3
PRESSURE (ATM) . = 9.
®#%%_DESIGN PARAMETERS .FOR—. Gl
DIAMETER(FT) = 10.7
HEIGHT.OR. LENGHT(FT) = 1640.
PRESSURE CROP INSIDE (PSI) = 045
PRESSURE ( ATM)-. = 9,
X %%%_DESIGN .PARAMETERS.FOR-—_E1 —
HEAT EXCHANGE DUTY(BTU/HR) 043856E 08

R

HEAT_TRANSFER COFE(BTU/SQ FI/DEG.El=___30.49

TEMPERATUREZ DIFFEZRENCE(DIG F) = 648,
SURFAJE AREA(SO FT)Y _ . ... = 1919,
PRESSURE CROP INSIDE (PSI} = 267

e PRESSURE(ATM) . _ 9e
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e B E X DESIGN . .RARAMETERS .FOR_._F2 .. -

DIAMETER(FT] = 3.8 »
— o HEIGHT OR LENGHTU(FT) . . o= 3aB . o e
PRESSURE 'DROP INSIDE (PSI) = 0.3
PRESSURE (ATM] ' =94

e R K _DE S IGN_RARAMETERS _FOR R1

DIAMETER(FT) = 1648
_HEIGHT OR LENGHTI(FTY . . om 1789

CATALYST (TONS) ‘ = 466

NUMRER. OF. _BEDS = 2

PRESSURE DROP INSIDE (PSI) ‘= 0e8

PRESSURS(ATMI_ = 9e —_
#%%3% _DESIGN PARAMETERS FOR....E5

HEAT EXCHANGE DUTY(BTU/HR) = 0e3852E 08

HEAT. _TRANSFER COFF(BTU/SQ_FT/DEG_El=__3049

TEMPERATURE DIFFERENCE(DES F) = 551

SURFACE ARFA(SG FTI__ . __ = 2252

PRESSURE CRCP INSIDE (PSI} = 2.8

PRESSURE(ATM) . = Se . -
#x#%_DESIGN PARAMETERS FOR ._.E2

HEAT EXCHANGE DUTY(BTU/HR) = 0«3281E 08

HEAT .TRANSFZR COFF(BTU/SQ FT/DEG Fl=. -10«5.. —_

TEMPERATURE DIFFERENCE(DEG F) = 377«

SURFACE AREA(SQ FT)- - =B82060

PRESSURE DROP INSIDE (PSI) = 0.9

PRESSURE-CROP-QUTSIDE(PSTL e —
PRESSURE(ATM)} Fe

#x%% DESIGN PARAMETERS FOR T2
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DIAMETERIFT) ... folle oo
HEIGHT OR LENGHTI(FT) = 14,
-PACKING (CU FT) SNSRI ¥ o L
NUMBER OF BEDS = 1
e —PRESSURE DRCP INSIDE (PSI) . 2 063 . e
. PRESSURE(ATH) = 9
*#%xx% DESIGN PARAMETERS FOR E4
e i HE AT, EXCHANGE DUTY(BTU/HR)Y . .= __0e4027E Q8 . .. ...
HEAT TRANSFER COFF({BTU/SC FT/DEG Fl= 3346
TEMPERATURE DIFFERENCE(DEG Fleooi— 33006 -+ —rm e e
SURFACE AREALSQ FT) = 3618,
PRESSURE DROP.INSIDE .(PSI} = 2el
PRESSURELATM) = Se
*#%% DESIGN PARAMETERS FOR £6
HEAT. EXCHANGE DUTY(BTU/HR) e =204 1456E 08 - oo
HEAT TRANSFER COFF(STU/SUQ FT/DEG Fl= 30.9
TEMPERATURE DIFFERENCE(DEG.EL =840,
SURFACE AREA(SQ FT) = 559
PRESSURE DRCOP INSIDRE (PSI) = _ 661 S P
PRESSURE DRCP QUTSIDE(PSI) = 3.0
PRESSURE{ATM) ... —— =

Qe .-

®x¥*_ DESIGN PARAMETERS FOR.. _ET

HEAT EXCHANGZ DUTY(BTU/HR)
HEAT_TRANSFER.COFF({BTU/SQ FT/DEG F)
T TEMPERATURE OIFFERENCE(DEG FI
SURFACE AREA(SO FT) .. ...

Ca2544E Q8

e B
535,

S 520 16 P —

(L 1}

LU ]

PRESSURE DRCP INSIDE (PSI)
PRESSURE DROP.QUISIDEL(PSI)

09
1eS - e

PRESSURE(ATM)

[ ]

Fa
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e B RRR_DESIGN PARAMETERS FOR . ._F1

FILTER CAPACITY(ACFM)

= 5229,
PRESSURE LATM) =13, _
— o m¥%% DESIGN_PARAMETERS_FOR___T1
DIAMETER(FT) = 9.5
HE IGHT. .OR_LENGHT (FT.) __ = 1245
PACKING (CU FT) = 712
NUMBER. OF._BEDS = 1
PRESSURE DRO? INSIDE (PSI) = 0.3
PRESSURE(ATM) =13,
— . ®%¥% DESIGN_PARAMETERS _FOR___ Gl
§
i DIAMETER(FT) = 9.4
, HEIGHT _OR_LENGHT (ET.) A 1642
PRESSURE DRGCP INSIDE (PSI) = 045
PRESSURE (AT} - = 13, . -
- ®x%%_DESIGN._PARAMETERS -FOR .—_E1 .
. HEAT EXCHANGE DUTY(8TU/HR) = 0«3856E 08
i HEAT_TRANSEER .COFFAATU/SQ_ET/DEG Fl=__3049
TEMPERATURE OIFFIRENCE (DEG F) = 543,
SURFACE AREA(SQ FTl.— = 1919e_ _ _
PRESSURE DRC? INSIDE (PSI 3.1

PRESSURE(ATM)

(L]

X3




126.

#x®% DESIGN PARAMETERS FOR F2

DIAMETER(FT) .. F— T3 62 o e s
HE IGHT OR LENGHT(FT) = 3.2
PRESSURE..CROP INSIDE APSI} = e 2 003 e o oo e

PRESSURE{ATM) . = 13,

w%%% DESIGN PARAMETERS FOR Rl

DIAMETER(FT) . 5 1543 -
HEIGHT OR LENGHT(FT) = 15e4

CATALYST (TONS) .. = 3le -

NUMBER OF BEDS = 2
BRESSURE.DROP _INSIDE {PSI Ve 5 Qb

PRESSURE(ATM) = 13

##x% DESIGN PARAMETERS FOR ES

HEAT-EXCHANGE DUTY({BTU/HR} . e

= 0e3922E.08 — e
HEAT TRANSFER COFF(BTU/SQ FT/DEG Fl= 309
TEMPERATURE .DIFFERENCE(DEG -EJ =554, -
SURFACE AREA(SQ FT) = 2280e.
PRESSURE DROP._INSIDE (PSI) = 3el.
PRESSURE{ATM! = 13
*E%% DESIGN PARAMETERS FOR E2
HEAT EXCHANGE_DUTY.(BTU/HR] = N.3206E8.08
HEAT TRANSFER COFF({BTU/SQ FT/DEG Fl= 12.9
TEMPERATURE DIFFERENCEIDEG Fl. = 3686a_ .
SURFACE AREAISQ FT) = 6726
PRESSURE CROP.INSIDE (PSLI. = lal
PRESSURE DROP QUTSIDE(PSI) = 244
PRESSURELATM) = 13,

*¥x* DFESICN PARAMETERS FOR T2 —
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DIAMETER(FT). = 10e. S
HEIGHT OR LENGHTI(FT) = 13 v
PACKING {CU FT)y . .. - 2918 o
NUMBER OF BEDS = 1
PRESSURE CROP INSIDE (PS]) = _(Qe3 .
PRESSURE(ATM) = 13,
xxx% DESIGN PARAMETERS FOR  E4
—e  HEAT CEXCHANGE DUTY(BTU/HR) L o = 0e4027E 08, me-
. HEAT TRANSFER COFF(3TU/SQ FT/DEG Fl= 420
TEMPERATURE DIFFERENCEIDEG FY.o = 3308 oo e
SURFACE AREZA{S0O FT) = 2896
PRESSURE DRORP _INSIDE_{BSI} =z 3.1
PRESSURE(AT™) = 13,
#xx% DESIGN PARAMETERS FCR E6
HEAT _EXCHAMGE DUTYU(BTU/HRY oo ®  Qel456E.08 .. .

HEAT TRANSFER (OFFI{BTU/SQ FT/DEG Fi=  30.9

TEMPERATURE DIEFERENCELDEG..FI = B4Qs.
SURFACE AREA(SQ FT) = 559
PRESSURE DROP _INSIDZ (PSIY . s Ta5
PRESSURE DROP CUTSIDE{PRSI) = 340
PRESSURELATME =13 —-
— ER R _DESIGN PARAMETERS FOR £7
HEAT EXCHANGE DUTY{3TU/HR) = (Qe2619E 08
HEAT. TRANSFER COFF(B8TU/SU-FT/DEG-Fl=—10e5 - v
- TEMPERATUREZ DIFFERENCE(DEG ¥ = 538
SURFACE- ARZA(SG FT)o—r Z 585 ¢ o -
PRESSURE DRQOP INSIDL (PSI) = 1.0
PRISSURE DRCP.QUTSIQE(RSIL 52 el

PRESSURE{ATM} 13,

L]
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APPENDIX E - PHYSICAL PRCPERTIES




PHYSICAL PROPERTIES

T o ‘ oy K, Btu s
emperature - Cp, Btu/# F JL 5 ft-hv, hr. Ft* (°F/Ft.)
OF Air  S03 S0z  98% Air 507 987 Air S0,
H2504 Acid
100 .35 26.4  .0181  .0069
200 2412 .161 .141 .37 .0521 .00039 8.2
1300 | - 38 |
400 2446 174 .161 .40 .0630  .00049 .0225  .0075
500
600 .2502 .185 .168 .0726 .00059 .0266  .0080
800 2566 194 .172 .0813  .00070 .0303  .0085
1000 .2630 .201 .176 .0892  .00081 .0337  .0088
1200 .2687 .204 .18 .0967 00090 .0369  .0090

‘671
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