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FOREWORD

) The Envirommental Protection Agency was established to coordinate admin-
istration of the major Federal programs designed to protect the quality of our
environment.

An important part of the Agency's effort involves the search for infor-
mation about environmental problems, management techniques and new technologies
through which optimum use of the nation's land and water resources can be
assured and the threat pollution poses to the welfare of the American people
can be minimized.

EPA's Office of Research and Development conducts this search through a
nationwide network of research facilities.

As one of these facilities, the Robert S. Kerr-Environmental Research
Laboratory is responsible for the management of programs to: (a) investigate
the nature, transport, fate and management of pollutants in ground water;

(b) develop and demonstrate methods for treating wastewaters with soil and
other natural systems; (c) develop and demonstrate pollution control tech-
nologies for irrigation return flows; (d) develop and demonstrate pollution
control technologies for animal production wastes; (e) develop and demonstrate
technologies to prevent, control, or abate pollution from the petroleum re-
fining and petrochemical industries; and (f) develop and demonstrate technolo-
gies to manage pollution resulting from combinations of industrial wastewaters
or industrial/municipal wastewaters.

The use of inplant processes to remove undesirable components of a
wastewater stream prior to discharge to a wastewater treatment plant can often
effect significant improvements in treatment plant effluent quality. This
report contains the findings of a study to utilize new correlations between
sour water constituents so as to improve the ammonia removal efficiency of
sour water scrubbers in petroleum refineries.

hetbisin C. H

W. C. Galegar
Director
Robert S. Kerr Environmental Research Laboratory
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ABSTRACT

A new correlation model has been dexe]oped f8r calculating sour water
equilibrium data at temperatures from 20°C to 140°C. The correlating

equations in this new sour water equilibrium model (SWEQ) have been used to
obtain a computer program capable of handling the various chemical and physical
equilibria of NH,, CO,, and H,S in sour water systems including the effects

of carboxylic ac%ds oﬁ ammonig (NH,;), -Carbon Dioxide (CO,), and Hydrogen
Sulfide (H,S) in sour water systemg including the effecté of carboxylic acids
on ammonia“ fixation and release by caustic addition.

This new SWEQ correlation model has been used to evaluate published and
new vapor-liquid equilibrium data, and comparisons are made with the Van
Krevelen prediction equations as published by Van Krevelen. Average errors
between calculated and measured partial pressure data can be summarized.

Both models predict low temperature data quite well, but at high temp-
eratures the Van Krevelen model deviates considerably from measured data,
and errors between the SWEQ model and measured data increase from about 11%
to about 29%. Comparisons with variations of the Van Krevelen model as
published by other authors have not been made.

The basic NH,-H,S-H,0 equilibfium program has been inserted into a tray
by tray program'b§ CSNOC.. Two brief example problems have been run to date.
The calculated stream requirements appear to be approximately 30 percent
greater for a refluxed tower and 20 percent more for a non-refluxed unit com-
pared to Van Krevelen - Beychok procedures. Definite conclusions cannot be
drawn until wider user experience is obtained.

Details of the SWEQ correlation model, correlating equations, the com-
puter program, and evaluations of experimental data are given in this report.
This report covers a period from March 15,1976, to March 17, 1977, and work
was completed as of November 30, 1977.
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SECTION 1
INTRODUCTION

Previous design calculations of vapor-liquid equilibrium compositions
in sour water strippers have primarily been based on a correlation by Van
Krevelen (1) as outlined in Aqueous Wastes from Petroleum and Petrochemical
Plants by M.R. Beychok (2). The Van Krevelen correlation has proved suffi-
ciently reliable and many sour water strippers have been designed and built
using his correlation as a basis. New vapor-liquid equilibrium measurements
have been made since Van Krevelen's correlation published in 1949 including
new measurements at Brigham Young University sponsored by the API Technical
Data Committee. Although used considerably, the Van Krevelen correlation has
been previously recognized to be deficient in the following areas:

1. Only data to 60°C were correlated; thus the use og the correlation
at sour-water stripper temperatures of 100 to 120°C represented an
extrapolation of existing data.

2. The calculation method outlined by Van Krevelen did not allow for
mixtures containing ammonia over hydrogen sulfide ratios less than
1.5 in the liquid phase.

3. The calculation did not take into account reduced volatilities of
hydrogen sulfide and ammonia at low parts per million concentrations
due to the ionization constants of the two compounds in water.

Subsequent sections of this report give details of a new sour water
equilibrium model (SWEQ) which is based on new higher temperature data and
which avoids deficiencies mentioned above. This new correlation model also
permits the addition of caustic for release of NH3 held by carboxylic
acids or stronger acids.



SECTION 2
PROJECT OBJECTIVES

The development of a new correlation for ammonia, carbon dioxide,'and
hydrogen sulfide volatilities from aqueous sour water systems has required
the completion of the following project objectives:

1. Compare new NH,-H,S-H,0 experimental vapor-liquid equilibrium data
developed by B?igﬁam ?oung University with previously published data
by Van Krevelen.

2. Check and "fine tune" (if necessary) the new vapor-liquid equilibrium
equations developed by Brigham Young University to the measured
experimental data.

3. Compare BYU equations to equilibrium expressions previously published
by Van Krevelen and Beychok.

4, Modify the BYU equilibrium equations to allow calculations with or
without external pH adjustment (i.e., using caustic).

5. Modify the existing BYU computer program to allow equilibrium
calculations with or without adjustment.

These objectives have been achieved by first developing .a correlation
model in which literature data of Van Krevelen, new BYU data, and other Titer-
ature data have been used to develop equations capable of predicting data
over wide ranges in concentration and temperature. Based on these equations
a new sour water equilibrium computer program has been developed which is
capable of handling the various chemical and physical equilibria of sour
water systems including the effects of carboxylic acids or stronger acids on
ammonja fixation and release by caustic addition.

This new sour water equilibrium correlation has now been used to evaluate
published and new vapor-liquid equilibrium data. Details of the correlating
equations, computer program, and data evaluations are given in subsequent
sections of this report.



SECTION 3
THE SWEQ MODEL

The SWEQ correlation model developed from this project is very similar
to the model used by Van Krevelen (1) except that some of the Timitations
imposed by that model have been removed. Van Krevelen assumed that H,S and
CO, only exist in aqueous solutions as ionized species. This is virtaally
trGe at concentrations where NH, is in excess, but such an assumption would
not be true when these acid gasgs are present in the absence of NH, or other
basic components. The method used here, therefore, avoids this prgblem by
considering the chemical equilibrium between ionic species of HZS or CO2 and
undissociated HZS or CO2 in the liquid as follows.

5y ('
HyS (q) > HS™ + wt k = ‘ﬂ§1ﬁz§7-l (1)

-\t
HyC05yy > HCO,™ + Wt k = (ﬂ%%gc%§§—l (2)

The SWEQ model not not take into consideration the equilibrium between dissolved
002 and carbonic acid (H2C03) according to the following reaction

€0, + H,0 > HCO, (3)

because the presence of other acidic or basic component does not affect this
equilibrium. This reaction is apparently slow enough that the kinetics of
absorption of CO, into basic aqueous solutions is slower than for H,S. In
spite of this s]gwer reaction rate, the assumption is made here thg? sufficient
contact time or catalyst is used to achieve chemical equilibrium. By this
method, the partial pressure of H,S or CO2 in the vapor phase above a solution
can be calculated from the concentrations®of the undissociated species as
follows.

a)Because of the slower absorption of CO2 into water and because of the
possibly slow conversion of bicarbonate ion to carbomate ion by excess ammonia,
a warning is given that actual plate efficiencies could be low compared to
expected efficiencies when CO, is present.



PH2S = s (4)
Peo, = Heo, Cnco, (5)
where
PH,S, Pco, = partial pressure of H,S or C0,
HHZS, HC02 = Henry's constants for HZS and CO2
Cy

25’ CH2CO3 = liquid phase concentratigns of HZS and

H2C03, moles/Kg of solution
The Henry's constant used here must apply at finite concentrations as well
as infinitely dilute concentrations, so, in general, HH,S and Hgg, become
dependent on the composition of the solution. This method of calculating
H,S and CO, partial pressures is analogous to Van Krevelen's method for
ca]cu]atins ammonia partial pressures which a composition dependent Henry's
constant is used. The addition of Henry's constants and undissociated H,S
or H,CO, species concentrations makes possible the calculation of vapor-
liqu?d gqui]ibria at acid gas concentrations in excess of ammonia or of other
basic components; thus the Van Krevelen restriction to compositions with
excess ammonia is avoided.

This method for calculating vapor-liquid equilibrium data under condi-
tions of simultaneous chemical equilibrium requires two properties that
must be correlated in terms of analytical equations as follows.

1. Analytical equations for the effect of temperature and composition
on Henry's Law constants so that component partial pressures in
the vapor phase can be calculated from calculated concentrations
of undissociated NH3, COZ’ and HZS in the Tiquid phase.

2. Analytical equations for the effect of temperature and composition
on chemical equilibrium constants so that the concentrations of
undissociated NH3, COZ’ and HZS in the 1iquid can be calculated.

Rather than do an exhaustive recorrelation of existing literature data
for these properties, an attempt has been made to use existing correlations
where possible. Modifications to these existing correlations have been made
when necessary to improve the representation of multicomponent data studied
in this project. Fortunately, the Henry's constants for NH,, COZ’ and H,S
can be based primarily on binary data in water. This simp]%fies the corfre-
lation because these properties are fairly well known. Multi-component
vapor-liquid data thus serve primarily to establish the effects of high
concentrations of the various compounds in solution on these Henry's constants.

4



By this method, the Henry's constants for ammonia and carbon dioxide at Tow
concentrations of each compound have been taken directly from the literature,

Van Krevelen's correlation was made in terms of component concentrations
in moles per liter (2) of solution or molarity. This method introduces an
unnecessary variable which is the density of the solution. This occurs
because the density is needed to calculate the molarity when the number of
moles or number of pounds or grams of each component in a mixture are speci-
fied. The SWEQ model avoids this problem by using concentrations in moles/Kg
of solution. At Tow concentrations of the solutes the density of the solu-
tion is about one, so the low concentration parameters of Van Krevelen's
correlation still apply. However at conditions where the density deviates
significantly from unity, then parameters in the two correlations cannot be
directly compared. At these conditions, the parameters in the SWEQ model
have been determined by directly fitting available phase equilibrium data
using concentrations in moles/Kg of solution. By this method there is no
ambiguity in the correlation because concentrations in moles/Kg of solution
have only been used in the correlation, and the method avoids the need for
density at the various concentrations and temperatures of the correlation.

At low concentrations of the components, published Henry's constants and
chemical equilibrium constants have been used in units of moles/Kg of water
because the two sets of units are the same at the zero concentration unit.

Table 1 summarizes the various equations used in the SWEQ model for
calculating Henry's constants for NH,, C02, and H,S. The Henry's constant
for ammonia at lTow ammonia concentra%ions has been taken directly from the
equation of Edwards, Newman, and Prausnitz (3) rather than from Van Krevelen
because their correlation is more recent and includes data which was not
available to Van Krevelen. Exisiting literature data for the volatility of
ammonia from aqueous solutions scatters considerably, but the equation of
Edwards et al appears to correlate the data of greated precision.

The Van Krevelen model does not require Henry's constants for CO, and
H,S, so these have been obtained from another source. Kent and Eisengerg
hgve recently published correlations (4) on H,S and CO, partial pressures
from aqueous monoethanol amine and diethanol gmine so]Btions which appear
to correlate these systems quite well. In their correlation they adjusted
the amine equilibrium constant for reaction with hydrogen ions to obtain
agreement with published data on H,S and CO, partial pressures, By this
method they obtained a model capab%e of accarately predicting equilibrium
in H S-C02-amine systems, Their equations for the Henry's constant for CO
has geen used without any changes as it is given in Table.1. Their Henry'
constant for H,S however was increased about 12% in order to improve the
represenation gf multicomponent data by a change in the first constant as
noted at the bottom of Table 1.

The use of Henry's constants to correlate volatility data introduces
two methods for calculating concentration effects. One method is to assume
that the Henry's constant varies with the concentration of the various com-
pounds in solution, and the other method is to assume the various compounds
in solution. In some cases, the choice of a concentration parameter in the
Henry's constant or of using a concentration parameter in the equilibrium

5



TABLE 1.

SUMMARY OF EQUATIONS USED TO CALCULATE TEMPERATURE
AND COMPOSITION EFFECTS ON HENRY'S LAW RELATIONS2

Lit. Fortran
Compound Ref. Symbol
Ammonia 3 HA
Carbon
Dioxide 4 HC
Hydrogen
Sulfide 4 HS
Water 13 HW

a) T = temperature in °R
CAS = free ammonia concentration, gram-moles/Kg of solution.
CC = total 002 in solution, gram moles/Ka of solution.
CS = total HZS in solution, gram-moles/Kg of solution.

Eguationb)

In(HA) = 178.339 - 15517.91/T - 25.6767 In(T) + .019660T + (131.4/T - .1682)(CAS)
+ (.06)(2cC + CS)
13,44

In(HC) = 18.33 ~ 24895.1/T + .223996 X 10%/1% - .090918 X 10'V/13 + .12601 X 10'3/T

In(HS) = 100.684* - 246254/T + 2.39029 X 10%/T2 - 1.01898 X 10'//73
+1.59734 X 10'3/7% - .05(cAS) + (.965 - 486/T)(CC)

In(HH)) = 14.466 - 6996.6/(T-77.67)

b) Henry's constant in psia/(gram-moles/Kg of solution).

c) Water vapor pressure in psia; the partial pressure in water is calculated from Raoult's Law

*Constant adjusted from 100.573 to 100.684 in order to fit new HZS solubility data; and
multicomponent NH3-C02-HZS-H20 data.




constant has been arbitrary. A summary of methods used in the SWEQ model is
given in the following.

Concentration Effects on

Compound Volatility Data Correlated by Principal Data
Affected Henry's Const. Equil. Const. Correlated
absorbed C02 HZS—COZ-NH3-H20
co, absorbed H,S HZS-COZ-NH3-H20
jonic strength COZ-NH3-H20
absorbed CO, absorbed CO2 HZS-COZ-NH3-H20

Van Krevelen used a Henry's constant for ammomia which he assumed to
be only dependent on free ammonia concentration. Additional effects of ab-
sorbed H,S and C0, were found necessary in the SWEQ model in order to corre-
late moré recent ﬁ S-C0,-NH,-H,0, so any concentration effects for these
compounds in his madel orrgla%ed in the equilibrium constant.

The effects of free ammonia, and of absorbed HZS or C0, on the Henry's
constants used in the SWEQ model are given in Table™1. In %his table, the
Henry's constant of ammonia is proportional to a constant times CAS, free
NH,, and to a constant times (2 CC + CS), absorbed CO, and H,S. No concen-
trgtion effects were introduced in the SWEQ model on %he Hen?y's constant of
C0,, but effects for free ammonia and absorbed €0, were introduced to corre-
1a%$ H?S volatility data as shown by terms propor%iona] to CAS and CC in
Table

An equation for water is also given in Table 1. Water generally exists
as the principal component even in concentrated solutions of electrolytes so
that liquid-phase non-ideality effects on the partial pressure of water are
small. For this reason, the partial pressure of water in the vapor phase can
be calculated from Raoult's Law where the moles of each ionized and unionized
species in solution is considered in calculating the mole fraction of water.
The partial pressure of water is then calculated from its vapor pressure
according to the following equation.

0
- - X
P07 P H0 *H,0 (6)



where

o
I
o

t]

vapor pressure of water

1iquid phase mole fraction of water

>
X
o
]

By this method, the constants for water in Table 1 are simply the vapor
pressure of water fitted over the range from 250C to 1500C from data in the

steam tables.

No attempt has been made in the SWEQ model to correct for noq-idga] .
behavior in the vapor phase. At low pressures, errors from assuming ideality
are probably less than + 5%; but at pressures of 50 psia or higher, the
errors will be greater than this and serious consideration should be made
to correct for non-ideal in the vapor phase.

Besides Henry's constants, one must correlate the chemical equilibria
of reactions occurring in the Tiquid phase as mentioned above. The Van Kre-
velen correlation is limited because the effects of other acidic or basic
components cannot be readily taken into account. This problem is avoided
in the SWEQ model by assuming that the various chemical equilibria are depen-
dent on the concentrations of either the ionized or undissociated species of
a component and the hydrogen ion concentration. For an acid, the general

form of the equilibrium equation is as follows:

Fy -
AH - AT+ H k={)A)

while for a base the equilibrium can be written as follows:
Lot
+ + + _ B )
BOH+ H - H -> B +H20. k--(géﬂ-)—(m (8)

In principle, the assumption of equilibria according to these equations makes
possible the calculation of the equilibrium species concentration of each
component knowing only the total concentration of that component and the pH.
If the pH is not known it can be calculated by trial and error until electrical
neutrality is achieved in a given mixture of compounds. This method of
calculation permits the development of generalized calculation methods, so
that new compounds can be added as necessary. In many respects the method

is similar to an equilibrium flash calculation where the feed composition and
equilibrium K-values of individual components are known. In a flash calcu-
lation, the concentrations of each component in the vapor and liquid phase

is known, But in general, the fraction as vapor or liquid is not known so

an iterative calculation is made until the concentrations in each phase add
to 100%. For acid-base equilibria, the problem is nearly as simple except
that the iteration parameter is pH instead of fraction as vapor or Tiquid.
The picture for H,S and CO, is slightly more complicated because both com-
ponents have seco%d ioniza%ion constants so that two chemical reactions must
be simultaneously solved at a given pH value. In this case, a calculation
example is given as follows,



- _ (AT (W'
AH2 +~AH + H k] = i—jrﬂﬁi“l' (9)
- = + B A_) H
A > A+ H kp = j’?ﬁﬁF7)" (10)

To solve these equations, it is assumed that the total concentration
of both ionized plus undissociated species concentrations is known by
chemical analysis; but that the concentration of each individual species is
not known. In this case, the concentrations of individual species can be
related by the following equations.

(AHZ) = Ny -a-B (11)
(AH™) = o (12)
(A7) = 8 (13)

From these equations, the following equations are obtained for k] and k2.
e o () (H)

M nA—u-B. (14)
_ _(8)("

kp = <ERy (%)

These simultaneous equations can be algebraically solved for o and B8 to
give the following equations.

o = k1nA
DI i (16)
g = kykona/ (H) (17)

(H') + Ky + k]kz/H'F

If no second ionization occurs, then k2 is zero and o becomes as follows.

: (18)

After o« and B have been calculated from equations 16 and 17, then the con-
centration of undissociated species can be calculated from equation 11.
Because of computer yound-off error due to subtracting two large numbers to
get a small number, it has been found better to calculate the undissociated
species concentration from equation 14 instead of equation 11. This is done
by rearranging equation 14 to the following equation in which the round-off
error ia avoided.

ngma-8= (AH,) = () (H')/k, (19)



The calculation of chemical equilbria in mixtures contqining bqth ¢
ammonia and carbon dioxide requires allowance for the reaction of bicarbamate
ion with free ammonia to produce carbamate ion as follows.

HCO,~

3 * NH

- 20
3 > HoNCO0™ + H,0 (20)

_ (HoNC0O™)
= {HEo, 1)

This introduces a third simultaneous reaction for CO, and a second s1mu]tan-
eous reaction for NH,. This added complexity makes %ecessary a seconq itera~
tive calculation progedure to calculate individual species concentrations at
a specified pH value. This calculation is made by assuming various bicarbo-
ate concentrations from which the concantrations of the other species can be
algebraically calculated. The resulting concentrations of individual CO
species are then added compared with the specified moles of CO2 in the sglu-
tion as follows.

nCOZ(ca]c) = (C0,) + (HCOST) + (c03=) + (H,NC00™) (21)

The amount of carbonate is then adjusted up or down by the following ratio.

- - (g,
(Hco3 )new = (Hco3 )0]d 2 actual (22)

Nco

2)01d

Fortunately, this iteration method appears to converge after only town or
three iterations.

This discussion of chemical equilibria involving HZS’ co,, NH3, and
water outlines the details of various steps used in the“SWEQ ﬁode] to calcu-
late the concentration of each indiviuual species in solution. Table 2 gives
a summary of the various reactions which are accounted for by the model.

There are a total of eight reactions listed in this table. First ionization
constants are involved in reactions 1, 3, 5, 7, and 8; and second ionization
constants are involved in reactions 2 and 6. In addition, bicarbonate ions
react with ammonia to produce carbamate ions in reaction 4. The corvresponding
equilibrium equations based on the extent of each reaction occurring are
given to the right for each reaction in Table 2. Except for reaction number
4 for carbamate formation, the equilibrium concentrations of each species

are shown to be proportional to the pH of the solution. If the pH is known,
it becomes a rather easy matter to compute the equilibrium concentration of
each species in solution. If the pH is not known, an iterative method has

to be devised as discussed above whereby an initial pH is assumed, Then as
steps in the iteration Toop, the concentration.of each species is calculated
by calculating the extent of each chemical reaction., From the calculated
species concentrations the sum of all electronic charges HT can then be cal-
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culated by the equation shown at the bottom of Table 2. Generally this sum
will not be zero, but the assumed pH can then be adjusted to bring the sum
closer to zero thus forming a closed iteration Toop. Iteration can then be
formed until the two valves agree within a small tolerance. This calculation
method is very convenient and powerful because it can be readily expanded to
include other basic compounds as future needs arise.

A rigorous thermodynamic approach to the problem of calculating chemical
equilibria in electrolyte solutions involves the use of activity coefficients
for each species in solution requiring interaction parameters between each
species. These activity coefficients are then used to calculate the effect
of composition and ionic strength on the chemical equilibrium constants. Such
a method has been proposed by Edwards, Newman, and Prausnitz (3) for agueous
solutions of volatile weak electrolytes. However, because of assumptions in
their model, thegs correlation is not suitable for concentrated solutions of
these compounds.”’ To avoid this problem and to minimize computer time required
for calculating the activity coefficient of each individual species, a more
empirical method was used for the SWEQ model.

In the SWEQ model, the equilibrium constants in Table 2 are assumed to
be given by equations of the following form,

0.4

1nKi=]nK$+aCS+bC +CIv (23)

Hy

equilibrium constant

co,

where Ki

K°

] equilibrium constant at infinite dilution of

all species

a,b,c = parameters

HZS = Total moles HZS absorbed/Kg of solution
C = Total moles CO, absorbed/Kg of solution
CO2 2
I = ionic strength = 1/2 2101212, Zi = jonic charge

THe constant a and b have been found to be independent of temperature while
c-is found to be dependent on temperature. In many respects, this empirical

a)A paber was diven bv Edwards, Newman. and Prausnitz at the 7Uth AICHE
Meeting, New York Session, 13-17 November 1977, on "Vapor-Liquid Equilibria
in Multicomponent Aqueous Solutions of Volatile Weak E]estrolytes;" They
report a new correlation similar to their first paper, 4) but the range of
application has been extended to temperatures from 0 to 170°C (32 to 3380F)
and total solute concentrations up to 10 molal. This new work was published

as the final report of this project was being written, so no comparisons with
the SWEQ model have been made.

11
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TABLE 2. SUMMARY OF CHEMICAL EQUILIBRIA INVOLVED IN CALCULATING
NH3-C02—H25—H20 VAPOR-LIQUID EQUILIBRIA

5.

Chemical Reaction

-,
CO2 + H20 > HCO3 + H

ﬂc°a-8-€ a
HCOZ + con + K'
3 3
a 8
+ +
NHy + H' > N
nA-G-E 6
NHz + HCO3 = H,NCOO™ + H,0
nA-G-e o €
HyS + HS™ + W
Ng=v=v v
HS™ + s~ + H'
Y v

0+ H + oW
(o + CCAU)

RCOOH + RCOO™ + H'
Y L

Hy

Equilibrium Constant*

k= (e
(nc-a-B-e
+
o
8
k - (H9) lnA-G-e)
k = L
aan~6-e,
+
ks-(-H—-.Ll
Ng=v=¥
+
k=.(H_Ll
Y

k= (H) (o + CCAU)

« = o(H)

Y

*The sum of all electronic charges is given as follows: (HT) =a + 28 -8 +vy +2y +o+e + ¢ -CCAU - H'




method is similar to the method used by Van Krevelen. Van Krevelen found
that the equilibrium constants for reaction of H,S and CO, with NH., were
proportional to ionic strength, so a single corrélation parameter Was intro-
duced to account for this effect. This has been changed slightly in the SWEQ
mgdel in order to predict multicomponent equilibrium data at high concentra-
tions by introducing a and b as additional parameters for the separate effects
of absorbed CO, and H,S. Actual parameters used in the SWEQ model are sum-
marized in Tab?e 3. %his table shows that only three coefficients have been
introduced. A multiplying factor of -.278 times the concentration of absarbed
H,S and a temperature function time the ionic strength appear for the first
dissociation constant of CO, as given by reaction 1 in Table 3. The effect

of ionic strength has been %aken directly from Figure 3 of Van Krevelen's

papers by fitting the curves in his.plot to an analytical equation of the
following form

(Effect of ionic strength on 1n K) = c1" (24)

where C = temperature dependent parameter

n = empirical exponent (a value of 0.4 was

found although a value of 0.5 would be more
correct from Debeye-Huckel considerations)
Van Krevelen's correlation was made in terms of the following reaction.

+

C0y(g) * Ha0(e) + NH3(q) 2 HCO3 + NHy (25)

_ (HCO;™ ) (NHzT)
where K, , = 1(——1)—(———3:——
VK. T (P TNH,

2

This equilibrium constant can be rewritten in terms of a Henry's constant
for CO2 as follows.

HCO2 ™) (NH, ™
Ky.k, = T_L)'(}_T%_L (26)
V.K. HCO H2C03 NH3)

2
From Table 2, this represents the sum of reactions 1 and 3 as follows.

(Kq)(K
Ky.k. = ~TH (27)

In the SWEQ model, it is assumed that H and k, are independent of compo-
sition; thus any effect of ionic streng%ﬂzof ionfc strength on Ky g, becomes
a similar effect on K]. ‘ K.

The term of -0.278 Cy,s in Table 3 has resulted from fitting CO, partial
pressures data from quarternary H,5-C0,-NH;-H,0 mixtures measured at“Brigham
Young University. (5) It does no% afféct %ernary C02-NH3-H>0 data and only

13



TABLE- 3. EFFECT OF COMPOSITION AND IONIC STRENGTH
ON CHEMICAL EQUILIBRIUM CONSTANTS@)

. 0.4

where Ki° = equilibrium constant at infinite dilution of all
species
a,b,c = parameters
Cher C = total moles of H,S or CO, absprbed in one Kg of
HZS COZ solution 2 2
I=1/23,¢,2.% = fonic strength

Zi = jonic charge

Chemical
Reaction
in Table 2 a _b c
1 -.278 0 -1.32 + 1558.8/T°R
2 0 0 0
3 0 0 ob)
4 0 0 0
5 0 427 0
6 0 0 0
7 0 0 0 N
8 0 0 0

a)The equation and constants given here are discussed in the section
on the SWEQ model, equation 23.

b)No effect of ionic strength is required for NH, because its equili-
brium constant is used in combination with eit%er H,S or CO,.
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becomes important when significant concentrations of both C0, and H,S are
present. The third coefficient in Table 3 appears as a mu]t?p]ying factor
of 0.427 times the concentration of absorbed C0, which affects the first
dissociation constant of H,S as given by reactign 5 in Table 3. This effect
was also found necessary bésides concentration terms in the Henry's constant
to correlate the quarternary H S-COZ-NH -H,0 data. Van Krevelen found that
a multiplying factor of 0,089 %1mes ion?c gtrength to be necessary in log

K. In the SWEQ model, this is accounted for in the concentration-depende%g
terms of the HZS Henry's constant given in Table 1. ‘

The concentration effects given in Tables 1 and 3 were developed in the
following steps:

1. Binary NHQ-H90 data were correlated to obtain the effect of free
NH3 on.the Hénry's constant of NH3.

2. Binary H,S-H,0 and ternary H,S-NH,-H,0 data were correlated to
obtain a% adJusted zero conc@ntra%io Henry's constant of H,S
as noted at the bottom of Table 1, and an additional concen%ration
parameter proportional to free NH3 concentration for the Henry's
constant of H,S was introduced as“shown in Table 1. The chemical
equilibrium cOnstant of reagtion 3 in Table 2 for the combination
of NH, plus H to give (NH, ) was also adjusted as an empirical
paramgter in order to fit %he H,S-NH,-H,0 data. It was also found
necessary to introduce an effec% of gbsgrbed H,S on the Henry's
constant of NH, in order to correlate the ternary data. Thus
four effects wgre correlated:

a) The zero concentration Henry's constant of HZS

b) The effect of free NH3 on the Henry's constant
of HZS

c) The equilibrium constant of NH3 +H > NH4+

d) The effect of absorbed HZS on the Henry's constant
of NH,.
3

3. Binary CO -H20 and ternary CO,-NH,-H,0 data were correlated. The
effects o% ionic strength on %he ¥ir t dissociation constant of
€0, was used directly from Van Krevelen's correlation. The
available data appear to be suitably correlated by this one
effect so no new additional concentration parameters were in-
troduced. However, the zero concentration dissociation con-
stant of CO, was adjusted slightly in order to obtain an im-
proved reprgsentation of the C0,-NH —H20 data. The equilibrium
constant for the reaction of HCB,~ and2NH, to produce H,NCOO™
carbamate ions in reaction 4 of ?ab]e 1 wgs not changed from
Van Krevelen's correlation,

15



4. Quarternary H S-COZ-NH3-H20 data were corrglated to obtain the
effect of absérbed“H,S°on“the first dissociated constant of
H.CO. and the effect“of absorbed CO, on the Henry's constant
o% HgS and on the first dissociatioﬁ constant of HZS’

Comparisons between measured and calculated data are given in a subse-
quent section of this report.

The chemical equilibrium constants for the reactions.given in Table 2
are dependent on temperature. This effect is ca]cu1ated in the SWEQ model
from equations of the same form given by Kent and Eisenberg (4) as follows.

n KO = A+ B/T+ o/12 + py13 + /7% (28)

where T is in degrees Rankine and concentrations are in gram moles or gram
jons/Kg of solution. Actual parameters used are given in Table 4. In many
cases the parameters are the same as the ones used by Kent and Eisenberg (4).
Various changes were made in these constants as noted at the bottom of Table 4.
These changes were as follows.

1. The reaction constant of NH3 + H > NH * was first adjusted
empirically using available HZS-NH3-H volatility data and
the equilibrium constant of HZS as pug1ished by Kent and
Eisenberg.

2. The reaction constants for the first and second ionization
constants of CO, were adjusted from Kent and Eisenberg's
equations to fi% available CO -NH3-H 0 data. This was done
so as not to affect the HZS-NE3-H20 gorre]ation.

3. After Parts 1 and 2 were done it was found by detailed com-
parisons of measured and calculated data given in subsequent
tables of this report that both the H,S and CO, volatility
data could be adjusted slightly to imErove the%r predicted
values. This was done by changing the first dissociation
constants of H,S and CO,. The original constant for NH,
was left unchanged. Thg net effects of these various cﬁanges
are noted at the bottom of Table 4.

The equilibrium constant of NH, reacting with HCO, to produce H,NCOO~
carbamate ion was used as published”by Van Krevelen. ?he dissociation con-
stant of H,0 was used as published by Kent and Eisenberqg (4), The ionization
constant og carboxylic acids (RCOOH) in water (H,0) are nearly independent
of temperature thus a single constant is used fog RCOOH ionization according
to reaction 8 in Table 2. The va]ug)of -11.28 is based on a pK, of about
4.9 reported by Bomberger and Smith”’/ from potentiometric titrafions of actual
refinery sour water streams. This reaction has been introduced into the
calculation method so that the effect of carboxylic acids on the volatility
of NH, can be calculated. A molecular weight of 60.05 is assumed in the SWEQ
ca]cu?ation model, but another value could be entered if necessary. The
amount of carboxylic acid in a given sour water stream can be obtained from a
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TABLE 4. SUMMARY OF TEMPERATURE PARAMETERS, USED TO CALCULATE CHEMICAL
EQUILIBRIUM CONSTANTS IN TABLE 1

(an; = A+ B/T+ C/T2 + D/T3 + E/T4 for T in °R, and concentrations in gram
moles or gram ions per Kg of soln.)

Chemical

Reaction Lit Temperature Parameters

in Table 2 Ref 3 B C ; D 3
1 4,7,6  -241.79% 536256+  -4.8123 X 10°  1.94 X 10"} -2.96445 X 10'3
2 4,7,8,9 -295.60% 655893 -5.9667 X 108 2.4249 x 10" -3.7192 x 10'3
3 x 1.587% 11160% 0 0 0
4 1 -5.40 3465 0 0 o
5 411,12 -203.88%  63858*  -6.27125 X 105  2.555 x 10)0  -3.91757 x 10\
6 4,11,12  -657.965 1649360 -15.8964 X 10°  6.72472 X 10’ -10.6083 X 10'3
7 2,10 39.5554  -177822 1.843 x 10  -.8541 x 10" 1.4292 x 10'3
8 6 -11.28 0 0 0 0

*Adjusted to fit experimental data. The following is a comparison of correlated K's with literature K°'s for
reactions 1, 3, and 5.

Literature Values K/K1it
Ionization Reaction A B 180°F 240°F
HoC03 1 -241.818 536855 .40 .48
HCO3~ 2 -294.740 655893 42 .42
HoS 5 -304.689 696979 .81 .99

(C also adjusted from -6.31007 x 10-8)

The reaction of NHz + H* > NHs* was adjusted empirically as was done by Kent and Eisenberg4) for amines.
H2S-NH3 data were %itted first so the changes in the HpS dissociation constant were primarily temperature
effects. When C0O» data were correlated, its ionization constant was adjusted so as not to affect the HpS-
NH2-H20 correlation.




potentiometric titration of samples taken from the stream as performed by
Bomberger and Smith. This information can then be used to calculate the
amount of caustic to be added in order to release the NH3.

In the SWEQ mgdel, the volatilities of H,S, C0,, or NH, in solution are
dependent on the H  ion concentration or pH o% the go]u§1on. This effect

is shown in Figure 1 where the rat18 of vapor over 1iqu1d concentrations on

a wejghts%-basis are plotted at 120°C (or about 30 psia) versus pH measured
at 25°C. These data were calculated assuming a 0.01 weight-% concentration

in the liquid phase. From this plot, we see that HZS and CO .have grgater
volatilities at low pH levels while NH, has greater vo]ati]i%1es at high pH
levels. This means that a process for simultaneous stripping of all three
components from solution must operate at an intermediate pH where all three
hage reasonable volatilities. From this plot, the optimum pH measured at

25°C appears to be around 10, but we find that it varies depending on the
mixture involved. The equilibrium-constant parameters in Tables 3 and 4 and
the Henry's law equations in Tabie 1 give all the parameters necessary for .
predicting vapor-liquid data in NH,-CO,-H -H20 systems. Other acidic or basic
components could be added to the cgrreTat on“simply by adding parameters for

the added components to these tables and by incorporating them into the com-
puter program,

Details of a computer program based on the SWEQ model and comparisons
with literature data are given in the next sections of this report.
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Ratio of Vapor Over Liquid Concentrations

10,000

8,000 L ! ! [ T T ]
6,000 Note: Equilibria Calculated at 30 psia
. (about 120°C)
4,000 |- pH calculated at 25°C -
Basis is .01 wt% each of'NH3, COZ’
and HpS with .05% of RCOOH.
pH adjusted by caustic addition

2,000 |-

1,000
800

600
400

(about 120°C)
N
[an]
(e

at 30 psia

20

—
2 0o

12

pH at 25°C

Figure 1. Sample plot of the volatility of NH3, C02, and H,S versus
pH determined by caustic addition. 2
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SECTION 4
COMPUTER PROGRAM BASED ON THE SWEQ MODEL

A computer program for calculating NH,, CO,, abd H,S volatility data
from aqueous sour water systems has been dgve]oged ba§ea on the SWEQ model.
The program is written to handle a wide range of conditions and temperatures.

The estimated ranges of applicability are as follows:

Property Range

Temperature 20°C to 140°C

Pressure up to 50 psia* _
Composition 1 ppm to about 30 weight %

dissolved NH,, carboxylic acid,
salts, and caustic
pH 2 to 14

*Corrections for vapor phase non-ideality are recommended at
pressures above 50 psia.

As presently written, the program will handle NH,, CO,, HZS’ and water plus
NH, fixation effects due to carboxylic or stronggr ac%ds and the effects of

caustic addition.

This computer program uses the new vapor-liquid equations presented
in the previous section of this report which were developed from both old
and new experimental data. This same program was used to develop data
comparisons given in the next section of this report.

The main features of the SWEQ model as it has been programmed are as
follows:

1. As shown in the next section, it is more precise than the Van
Krevelen method of prediction. This improvement is primarily
due to the use of actual data at the conditions of commercial
interest for development of the SWEQ model while the Van
Krevelen correlation is used at extrapolated conditions.

2. The program will take into account NH, fixation effects
due to carboxylic acids in sour water“systems.

3. The program will also take intovaccount caustic addition
to release fixed NH3.

20



4. The program can be readily converted to a subroutine for
equilibrium stage calculations for various separation pro-
cesses. Calculations can be made going either up or down
in a distillation process.

5. The SWEQ model can be expanded to additional acidic or basic
components with only minor changes to introduce new ioniza-
tion constants and Henry's constants.

Various ggtions in the computer program are available to the user as
follows.

1. Option 1 allows the calculation of vapor-Tiquid equilibrium
data at a specified temperature and liquid composition. This
option would be used for circumstances in which the temperature
at Tiquid vapor equilibrium is known rather than the pressure.
This was the option used in correlating available experimental
data of this project. It may also be useful in some process
situations.

2. Option 2 allows the calculation of vapor-iigquid equilibrium
data at a specified pressure and liquid composition. This
option would normally be used for equilibrium stage process
calculations going up a distillation tower. The program
calculates the temperature and vapor composition from a given
stage. The pressure change from stage to stage must be con-
trolled by the user in specifying the pressure of the equilib-
rium calculation.

3. Option 3 allows the calculation of vapor-liquid equilibrium
data at a specified pressure and vapor composition. This
option would normally be used for equilibrium stage process
calculations going down a distillation tower. The program
calculates the temperature and liquid composition from a
specified vapor composition and pressure. This option would
normally be used for sour water stripper calculations. The
pressure increment between stages must be controlled by the
user in each pressure specified to the program. Option 3
also calculates water in the condenser vapor at a specified
pressure, temperature, and vapor stream composition on a
water-free basis. In this case, a zero water content is
specified as input data for the calculation. This response
for zero water content only occurs with Option 3.

Ammonia fixation and caustic addition effects can be calculated with
all three options given above. Ammonia fixation effects can be calculated
by entering as data a specified wt. % of carboxylic acids in the liquid

a)Beéidés the three options Tisted here, a. fourth.option for a flash
calculation has been completed. This was done after this report

was written, so the results are not in this report. Please contact
the author for the details.
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analysis. The amount to be entered may be determinable f(om a_potent1om§tr1c
titration of the sour water under study. The method of titration could be
the same or similar to that used by Bomberger and Sm1th.(6). A molecular .
weight of 60,05 is assumed in the computer program. This number was assume
without any real basis and can be changed in the'progrqm'w1thout affecting .
other parts of the program. The effect of caustic addition can be calculate
in two ways as follows:

1. If a negative pH is specified as input data, tben the program
ignores the entry and calculates the pH based in the amount of
caustic in wt % specified in the input data. Thg input concen-
tration refers to the 1iquid phase even when option 3 is used
for calculating down a distillation tower.

2. If a positive pH is specified as input data then the program
computes the amount of caustic necessary to obtain the.speg1f1ed
pH. In this case, the concentration of caustic specified in
the input data is set to zero.

Both of these pH options use or compute pH daga at the temperature of the
equilibrium stage. If the pH of the liquid at 25°C is desired, the user must
specify this temperature ‘and the Tiquid composition obtained from a higher-
temperature equilibrium stage calculation. This would involve the use of
distillation option number 1,

Table 5 gives a flow chart of the main program. The format for entry of
data to the program is the same regardless of the options used. The basic
program involves the reading of input data which then converts the data so
it can be processed by options 1, 2, or 3 in the program. After these options,
the calculated equilibrium data are then printed by the program.

Flow charts for options 1, 2, and 3 are given in Figures 3, 4, and 5
respectively. These options primarily act as executive programs which call
various subroutines necessary to perform the calculations. Iteration loops
are involved in each of the options because of the problem of calculating
simultaneous chemical equilibria at each condition. The primary interation
of pH is done in each option by calculating equilibrium concentrations of
each species at assumed pH values. Initially chosen pH values are arbitrary
so a test is made to check for electrical neutrality of the solution. For an
arbitrary pH, neutrality will not occur; so then a new pH is chose in subse-
quent iterations until electrical neutrality within a small tolerance is
achieved.

A direct Tisting of the main program is given in Table 5, and listings

of the various subroutines used by the main program are given in Tables 6
to 15. These subroutines and their functions are as follows:
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no

Read option and wt% carboxylic
acid and caustic in liquid

Read temperature, pressure, pH,
and either liquid or vapor
compositions in wt% depending

on option

Convert temperature im-°C to
absolute temperature in °R and
©

K

Test for wt% NH3 to be a
positive number

yes

y

Add a small value to the-com-
position to avoid calculation

problems at zero concentrationsj

e | T

Option 1
Calculate pressure
and vapor compn.
from temperature
and 1liquid compn

—“‘—_-—h————h—___-_‘—-“ﬁk———_______

Option 2
Calculate temperature
and vapor compn. from
pressure and liquid compn.

Print Equil.

Figure 2.

Data

\

Option 3
Calculate temperature
and liquid compn.
from pressure and
vapor compn.

e

Flow diagram of SWEQ main program.
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Convert input compositions to moles/Kg of
soln in liquid - subroutine CFX

Initialize iteration parameters for pH
calculation - subroutine PHST

Calculate chemical equilibrium constants -
subroutine KREAC

Calculate the concentration of each K
species in the liquid - subroutine SPECL

Estimate a new pH value - subroutine NPH

Test if input pH is positive

less than ten cycles

yes

no

| L

Iterate ten times with a new estimated
value for caustic concentration each time

no

Test to see if electrical neutrality is
computed within a small tolerance

yes

Calculate equilibrium pressure and vapor
compositions - subroutine PRESY <

after ten cycles

Print results

Figure 3. TFlow diagram of option 1 of SWEQ computer program.
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Convert input composition to moles/Kg
of soin. in liquid - subroutine CFX

Calculate equil. pressure and
vapor compositions - subroutine

!

Initialize iteration parameters

PRESY
4

Estimate new temp. - subroutine

i)

Initialize pH parameters for each
temperature iteratioq - subroutine
PHST

NTEMP
L

Test to see if calculated press-

N

ure is within a small tolerance

Calculate chemical equilibrium con-
stants - subroutine KREAC

of specified pressure

yes

|}

L

Print results

Calculate the concentration of each

species in the liquid - subroutine
SPECL

Su

b

Estimate a new pH value - subroutine

NPH
]

Test if input pH is positive

less than ten iterations

25

2 J_ves
Iterate ten times with a new estimated| |
o | value for caustic concentration each |R.
S | time
I
Test to see if electrical neutrality N\\
3 is computed within a small tolerance aftdr ten
iterations
yes
Figure 4, Flow diagram of option 2 of SWEQ computer program.




Convert input compositions to mole
fraction in vapor - subroutine YFX

]

Convert wt% carboxylic acid and
caustic to moles/Kg of soln in

Tiquid
i)

Initialize iteration parameters

J

Initialize pH parameters for each
temperature - subroutine PHST

L

Calculate Chemical equilibrium
constants - subroutine KREAC

Al

Test to see if electrical neutrality.
—y is computed within a small tolerance

Qﬂno J, yes

Estimate new temp. - subroutine
NTEMP
L

Test to see if calculated pressure
no js within a small tolerance of

L

specified pressure

j, yes

Print results

L

Calculate pressure and equilibrium
concentration of each species in
the liquid - subroutine SPECY

2

Estimate a new pH value - subroutine

NPH
L

Test if input pH is positive

3
o

less than 10 iterations

;L yes

Iterate ten times with a new caustic
concentration each time

more than 10 iterations

l

Figure 5. Flow diagram of option 3 of SWEQ computer program.
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TABLE ‘5. COMPUTER PROGRAM BASED ON THE SWEQ MODEL

A0 0

OO0 OMOMO0

SWER COMPUTER PROGRAM
'HIS COMPUTEK PROGRAM WAS WRITTEN BY GRANT M, WILSON FOR THE API CREC
COMMITTE, RONALD 6, GANTZ SOUR WATER STRIPPER PROJECT MANAGER. QUESTIONS
ABOUT THIS PROGRAM SHOULD BE DIRECTED TO EITHER GRANT M, WILSON OR RONALD
G, GANYZ, THIS PROGRAM IS WRITTEN IN FORTRAN FOR OPERATION ON A TIME
SHARE TERMINAL CONNECTED 1O A DIGITAL EQUIPMENT CO.MODEL 10 COMPUITER,
IT CAN BE CUNVERTED FOR USE AS A SUBROUTINE OR FOR BATCH OPERATION, FOR
OPERATION AS A SUBROUTINE THE ERROR MESSAGES NOA PRINTED ON THE TERMINAL
WOULD HAVE TO RE CHANGED SO THAT THE EXECUTIVE PROGRAM wOULD TAKE
CORRECYIVE ACTION, ERROR MESSAGES ARE NOW PRINTED BY STATEMENTS 320, 420,
AND S1S IN THE MAIN PROGRAM; AND BY STATEMENTS 12 AND 35S IN SUBROUTINE
SPECV AND BY STATEMENT 7341 IN SUBROUTINE SPECL.
THIS PROGRAM CALCULATES EGUILIBRIUM VAPOR-LIGUID COMPOSITIONS FOR WEAK
ELECTROLYTE MIXTURES CONTAINING NH3,C02,H2$,RCO0OH,CAUSTIC, AND WATER,
COMMENTS IN THE PROGRAM DESCRIBE VARIOUS OPTIONS POSSIBLE AND THE FUNCTION
OF VARIOUS PARTS OF THE PROGRAM
COMMON TC,TK,TR,PST,P,XA,XC,XS,XW,CA,CC,CS5,CAS,CCS,CSS,
IYA,YC,YS, YW, WA, WC, WS, AW,PHO,PH, TOL,HT,DPH,PHA,PHB,AL,BT,GA,
eDE,SI,HP,SD,EPS,EKS,EKCA,EXKCAD,EKCB,EKA,EKW,EKCC,EKSB,EKSA,HTU,
3ELYI,HA,HC ,HS,HW,CCST,RHO, XSA,XCAU,CSA,CCAU,2ET,NSA,wCAU,CCAUS
COMMON ICD .
OPEN(UNIT=20,DEVICE='DSK' ,ACCESS='SEQIN',FILE='SHWSD")
DATA WA, WC,WS,WW,WSA,WCAU/17.03,44,01,34,08,18.02,60.05,40/
RHO = 1
STATEMENT 1 READS THE OPTION NUMBER AND CONCENTRATIONS OF RCOOH AND
NAOH IN WTX IN THE LIOUID. THREE OPTIOUNS ARE PROGRAMED AS FOLLOWS,

OPT10N NO, EQUIL, DAVA CALC, AT
1 CONSTANT TEMPERATURE FROM LIQUID COMPN.
e CONSTANT PRESSURE FROM LIWUID COMPN,
3 CONSTANT PRESSURE FROM VAPOR COMPN.

READ(206,1001) NDOPT,XSA, XCAUD
STATEMENT 2 READS TEMPERATURE, DEG. C; PRESSURE, PSIA; PH; AND WTX
RESPECTIVELY OF NH3, CO2, t2S, AND H20 IN THE STREAM, FOR OPTIONS 1 AND
2 THIS wilL BE A LIQUID COMPOSITION; FOR OPTION 3 IV wlItL BE A VAPOR
COMPOSITION, FOR OPTIONS 283 THE TEMPERATURE GIVEN IS USED AS A STARTING
POINT FOR THE ITERAVIVE CALCULATION OF AN ISOBARIC TEMPERATURE, STEAM
REQUIREMENTS AT A GIVEN CONDENSER TEMPERATUKE AND PRESSURE CAN BE
CALCULATED IN OPTION 3 BY SPECIFYING THE VAPOR COMPOSITION ON A WATER~
FREE BASIS AND BY ENTERING A VALUE OF ZERO FOR THE WATER CONCENTRATION,
FOR OPTION 1 THE PRESSURE IS NOT USED. IF A POSITIVE VALUE OF PH IS
GIVEN, THE PROGRAM CALCULATES THE AMOUNT OF CAUSTIC NECESSARY T0 OBTAIN
THE SPECIFIED PH; THEN 1T CALCULATES THE VAPOR-LIQUID EQUILIBRIA OF THE
COMPONENTS AT THIS PH, 1F A NEGATIVE VALUE FOR PH IS SPECIFIED THE
COMPUTER IGNURES THE VALUE AND CALCULATES A PH BASED ON THE LIGUID
COMPOSITION DETERMINED N THE EWQUILIBRIUM CALCULATION, THESE PH'S
CORRESPUND TO valLUES AT THE TEMPERATURE OF THE EQUILIBRIUM CALCULATION,
PH'S AT RUOOM TEMPERATURE CAN BE CALCULATED BY DOING AN EQUILIBRIUM
CALCULATION Al RUUM TEMPERATURE USING THE LIGQUID CUMPUSITION FROM A

POINT AT HIGHER TEMPERATURE, ]
(continued)
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TABLE 5 (continued)

2 REED(20,1000) TC,PSI,PHD, XA, XCy XS, XN
IF(xw) 10,10,20

10 1C0 = 1
60 10 30

20 ICO = 0

30 XCAY = XCAUC .
€ CONVERT 70O ABSOLUIE TEMPERATURES IN DEG, K AND DEG. R.
TK = 1€+273,15
Tk = TK»1,8 )
C A SMALL VALUE IS ADDED 10 THE COMPOSITIONS IN ORDER TO AVOID CALCULATION

C PROBLEMS AT ZERO CONCENTRATIONS,

XA = XA+iE=12
XC = XC+iE=-12
X8 = XS+iE=12
Xvi = XWwelE=12
C NEGATIVE AMMONIA CONCENTRATION SIGNALS NEW OPTIUN, RCOOH, OR CAUSTIC

C DATA,
IF(XA) 1,200,200
200 G0 TO (300,400,500),NDOFT
C OPTION | CALCULATES PKESSURE AND VAPOR COMPOSITION FROM SPECIFIED
C TEMPERATURE AND L1GUID COMPOSITION, SUBROUTINE FUNCTIONS ARE LISTED WITH
C THE SURROUTINES
300 CALL CFX
PH = 7
HTO =
CALL PHSY
CALL KREAC
ELT = CA
C ITERATION LUOP TO CALCULATE EITHER EQUILIBRIUM PH OR EQUILIBRIA AT
C SPECIFIED Ph.
00 310 IC = 1,100
CALL SPECL
CALL NPH
IF(PHO) 305,305,302
302 CCAU = (CCAL+HT) /2
IFC(IC=-10) 310,310,330
C TEST FOR PH CONVERGENCE

305 IF(ABS(HT/TOL)=-,0001) 330,330,310

310 CONT1INUE

320 WRITF(5,1010)

330 CaLL PRESY

C EQUILIBRIA CALCULATED; TRANSFER TO PRINTY OUT OF RESULTS,
GO 10 900

C OPTION ¢ CALCULATES TEMPERATURE AND VAPOR. CUMPOSITION FROM SPECIFIED
C PRESSURE AND LIWUID COMPUSITION,

400 CALL CFx
P = PSI
ELI = CA
PH = 7
HTI0O = 1

C FIRST DU LOOP JTERATES TO DETERMINE TEMPERATURE.
- (continued)
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TABLE 5 (continued)

DO 440 1E=1,100
CALL PHST
CALL KREAC
€ SECOND 0O LOOP 1TERATES T0 FIND EQUIL. PH AT ITERATION TEMPERATURE,
00 410 IC = 1,100
CALL SPECL
CALL NPH
IF(PHO) 405,405,402
402 CCAU = (HT+CCAU)/2
IF(IC~10) 430,410,430
€ TEST FOR PH CONVERGENCE

405 IFCABS(HT/TOL)=,0001) 430,430,410
410 CONTINUE
420 WRITE(S,1010)
430 CALL PRESY
CALL NTEMP

C TEST FOR PRESSURE CONVERGENCE,
IF(ABS(PSI/P=1)=,001) 460,460,440
440 CONTINUE
WRITE(S,1011)
C EQUILIBRIA CALCULATED; TRANSFERS TO PRINT OUT OF RESULTS.
460 GO YO 900
C OPTION 3 CALCULATES TEMPERATURE AND LIGUID COMPOSITION FROM SPECIFIED
C PRESSURE, VAPOR COMPOSITION, PLUS WIX OF RCOOH AND CAUSTIC 1IN LIBUID,.
500 CALL YFX
P = PS1
CSA = 10xXSA*RHO/NWSA
CCAU = J10xXCAUXRHO/WCAN
ELI = 0
cC

o
>
nen
OO0

C FIRST DO LOOP ITERATES TO t-ETERMINE TEMPERATURE,
DO S30 1E = 1,100
CALL PHST
C SECOND DO LOOP 1TERATES TU FIND EQUIL. PH AT ITERATION TEMPERATURE.
DO 510 IC=1,100
CALL KREAC
CALL SPECV
CALL NPH
1IF(PHO) 505,505,502
502 CCAU = (CCAU+HT)I/2
IF(1C~10) 510,520,520
C TESYT FOR PH CUNVERGENCE.

505 JF(ABS(HT/TOL)=~,0001) S20,520,510
S10 CONTINUE

515 WKITE(S,1010C)

520 CALL NTEMP

(continued)
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TABLE 5. (continued)

C TEST FOR PESSURE CONVERGENCE,
1F (ABS(FS]1/P=1)=.001) 550,550,530
530 CONTINUE
WRITE(S,1011)
C EQUILIBRIA CALCULATED; TRANSFER TO PRINY OUT OF RESULTS.

550 GO TO 900 .
COMPOSITION DATA IN THE LIGUID PHASE ARE USED IN THE PROGRAM IN TERMS

c
C OF MOLES OF COMPOUND PER KILUGRAM OF SOLUTION, THE VAPOR PHSAE IS IN TERMS
C OF MOLE FRACTION, THE NEXT TEN STATEMENTS CONVERT THESE BACK TO WEIGH]
C PERCENT. THE ORIGINAL CONVERSION OF THE INPUT DATA TO MOLES PER KILOGRAM
C AND VAPUR MOLE FRACTION IS DOUNE IN SUBROUTINES CFX, YFX, AND FOR OPTION
€ 3 PARTLY IN THE MAIN PROGRAM,
900 XA = 100%xCA*xwA/(1000%RHO)

XC = 100xCCaWC/(1000xRHO)

XS = 100%CS*WS/(1000*RHO)

XCAU = 100ACCAUAWCAU/(1000%RHO)

XN = 100-XA=XC=XS~XSA=XCAU

YT = YA*WA+YCHRCHYSAWS+YWrNA

YA = JOOXYAXWA/YT

YC = 100xYCAWC/YT

¥YS = 100xYSawS/YT

YN = 100xYWxwnw/YT

XMY = XA/WA+XC/WC+XS/AS+XCAU/WCAU+XW/WH+XSA/WSA

XMT = 100/XMY

XMA = XAAXMI/WA

XMC = XCxXMT/WC

XMS = XSAXMT/WS

XMCAU = XCAUXXMT/WCAU

XMA = XWaXMT/WW

XMSA = XSAKXMI/WSA

YMT = YA/WA+YC/WC+YS/nS+YW/WH
YMY = 100/YM]

YMA = YARYMT/wA

YMC = YCrxYMI/wC

YMS = YS®YMT/nS

YMR = YWxYMT/wWw

TF = TCx1,8+32

PKPA = P»6,895

ATM = P/14,696
€ OUTPUT FROM THE FOLLOWING STATEMENTS IS MORE OR LESS SELF EXPLANATORY
C IN THE FORMAT STATEMENTS,

WRITE(S,1030) TC,TF,TK,TR,P,ATM,PKPA,PH

WRITE(5,1020)

EK = YMA/XMA

WRITE(S5,1040) XA,YA,XMA,YMA,EK

EK = YMC/xXMC

WRITE(S,1050) XC,YC,XMC,YMC,EK

EK = YMS/xM$S

WRIVE(S,1060) XS,YS,XMS,YMS,EK

EK = YMW/XMu

NRITE(S,1070) XW,YW, XMW, VYMW,EK

(continued)
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TABLE 5 (continued)

1000
1061
1010
1011
1020

1030

1040
11050
1060
1070
1072
1074
1075
1080

WRITE(S5,1072) XSA,XMSA
WRITE(S,1074) XCAU,XMCAU

XTOT = XA+XC+XS+XW+XSA+XCAU

XMTOT = XMA+XMC+XMS+XMN+XMSA+XMCAU
YTO01 = YA4YC+YS+VW

YMTOY = YMA+YMC+YMS+YMW
WRITE(S,1075) XTOT,YYOT,XMTOT, YMTOT

GO Y10 2

FORMAT (10€E)

FORMAY(1,2E)

FORMAT(' PH DID NOT CONVERGE IN 100 CYCLES')

FORMAT(®' TEMPERATURE DID NOT CONVERGE IN 100 CYCLES®)

FORMAT(
1! WEIGHT PERCENT MOLE PERCENT'/
2' COMPONENT LIQUID VAPOR LIQUID VAPOR K
3=VALUE')

FORMAT (//
1' TEMPERATURE',F8,2,' C, YyF8.2," F, 1,F8,24" Ke'eFB 2, RY/
2' PRESSURE: ‘,F8,2,"' PSIA,',FB8.3,"' ATM,*,F9.2,' K=PASCALS'/
3 PH',8X,FB,3//)

FORMAT (' AMMONIA ',SF10,.5)

FORMAT(* CARBON DIOXIDE *',5F10.5)

FORMAT(' HYDROGEN SULFIDE'*,5F10.5)

FORMAT(* WATER '45F10.5)

FORMAT(* CARBOXYLIC ACIOD *,F10.5,10X,F10,5)

FORMAT(* SODIUM HYDROXIDE',F10,.5,10X,F10.5)

FORMAT(' TOTAL 'y5F10.5)

FORMAT(X,F4,0,3F7,3,7F6,2,9F6.3,F06,2)

END
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TABLE 6, SUBROUTINE KREAC

SUBROUTINE KREAC

C THIS SUBROUTINE CALCULATES CHEMICAL EQUILIBRIUM CONSTANTS AS FOLLOWS,
c SYMBOL EQUILIBRIUM

C EKS H2S FIRST IONIZATION

c EKCAD €02 FIRST IONIZATION AT ZERO IONIC STRENGTH

c EKCA C02 SECOND IONIZATION

C EKA NH3 PLUS PROTON GOING TO AMMONIUM ION

c EXKW WATER DISSOCIATION )

c EKCC BICARBONATE PLUS AMMONIA GOING TO CARBAMATE

C EKSB H2S SECOND IONIZATION

c EKSA RCOOH IONIZATION

C THE EFFECT OF IONIC STRENGTH ON EKCAO IS CALCULATED 8Y THE CALLING PROGRAM,

CUMMON IC,TK:TR,PSI,P,XA,XC'XS'XW,CA,CC,CS;CAS,CCSICSS'
lYAcYC'YSUYW,WA,“C'WSoWW,PHO,PH;IOL'HI'DPH'pHA'PﬂB;ALIGTIGAI
2DE,ST,HP,S8D,EPS,EKS,EKCA,EXCAC,EKCB,EKA,EKN,EKCC,EXKSB,EKSA,HTO,
3ELI,HALHC,HS,HW,CCST,RHO, XSA,XCAU,CSA,CCAU,ZET,wSA,wCAU,CCAUS

EKS = EXP(=293.88+4683858/TR=6.27125E8/(TRxTR)+2,5551E11/ (TR%x*3)
1=3.917STEL13/(TRA%U)+,427*CC)

EXCAD = EXP(=241.79+4+536256/TR=4 BI123E8/(TR*TR)+1,94E11/(TR%xx3)
122.96445E13/(TRx*x4) =, 278%CS)

EKCB = EXP(=295.64655893/TR=5,966TE8/(TRxTR)+2.4249E11/ (TRA»3)
1-3.7192E13/7(TR*x%4))

EKA = EXP(1.587+411160/TR)

EKW = EXP(39.555U=177822/TR+1,BU43EB/(TRATR)=,8541E11/(TR%%3)
141,4292613/7(TRx%4))

EKCC = EXP(=~5,40+41925%1,8/TR)

EKSB = EXP(~657,965+1649360/TR=15,8B964E8/(TR*TR)+6,.72472E11/ (TR
1x4%3)=10,6043E13/7/(TR*x%4))

EKSA = E€EXP(~11,28)

RETURN

END
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TABLE 7: SUBROUTINE HENRY

SUBROUTINE HENRY
€ THIS SUBRUOUTINE CALCULATES HENRY'S CONSI1ANTS FOR NM3,C02, H2S, AND H20
C RESPECTIVELY AS HA, HC, HS, AND Hw, HA OF AMMONIA IS DEPENDENT ON THE
C CONCENTRATIUNS OF SPECIES NH3, C02, AND H2S RESPECTIVELY BY THE SYMRBOLS
C CAS, CC, AND CS, HS OF H2S IS DEPENDENT ON CAS AND CC. HW FOR RATER IS
C THE VAPOR PRESSURE OF WATER, ‘

COMMON TC, 1K, IR,PSI Py XA, XCyXSs)XW,CA,CC,C5,CAS,LLCS,ESS,
1YA,YC,YS, YW, WA, WC, WS, W, PHO,PH, TOL,HT,DPH,PHA,PHB,AL,BT,GA,
eDE,SI, HP,SD,EPS,EKS,EKCA,EKCAQ,EKCB,EKA,EKN,EKCCIEKSR,ERKSA,HTO,
ZELI,HA,HC ,HS ¢ HWN,CCST,RHO, XSA/ XCAU,CSA,CCAU,ZET ,nSA,NCAU,CCAUS

TIK = IR/1.8

HA = EXP(178,339-15517.91/TR=25.,6767xALOG(TR)
14,01966xTR+(131.4/TR~,1682)+xCAS
14,06*(2xCLC+(CS))

HC = EXP(IG.BS-Z“BQS.1/1R+.223996€8/(TR*TR)-.OQOQIBEIl/(TR**B)
14.,12601E13/(TRx%x4))

HS = EXP(100.,684=24,6254E4/TR+2,39029E8/(TRxTR)~1,01898E11/ (TR
1%%x3)+1 ,59734E13/(TRA%4) =, 05*xCAS+(.,965~486/TR)I%CC)

HW = EXP(14,466=~6996.,67(TR=T7,67))

RETURN

END

TABLE 8. SUBROUTINE YFX.

SUBROUTINE YFX
€ THIS SUBROUTINE CONVERTS COMPOSITIONS IN WTX TO VAPOR CONCENTRATIONS
C IN MOLE FRACTION, VAPUR COMPOSITIONS FOR NH3,C02, H2S, AND WATER RESPECTIVE
C ARE GIVEN BY THE SYMBOLS YA, YC, YS, AND Ya,
COMMON TYC, YK, TR,PSI P+ XAsXC o, XSoXW,CA,CC,CS,CAS,CLS,CSS,
1YALYC,YS, YW, WA, WC, NS WW,PHO,PH,TOLsHT,DPH,PHA,PHB,AL,BTY,GA,
2DE,SI,HP,SD,EPS,EKS,EKCA,EKCAQ,EKCB,EKA,EKW,EKCC,EKSHB,EKSA,HTO,
IELI,HA,HC,HS MW, CCSTH,RHU, XSA, XCAUICSA,CCAU'ZET:WSAINCAU'CCAUS

XT = XA/WA+XC/VCHXS/NSH+XN/WNW
YA = XA/Z(WAxXT)

YC = XC/(nCaXT)

¥S = XS/(wSxXT1)

YW = XW/(wwWxXT)

CA = )

RETURN

END
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TABLE 9. SUBROUTINE CFX

SUBROUTINE CFx
C TRIS SUBROUIINE CONVERTS COMPOSITIONS IN WTX 70 LIQUID CONCENTRATIONS
C IN MOLES PER KG OF SOLUTION, LIQUID COMPOSITIONS FOR NH3, C02, H2S, RCOOH,
C AND CAUSTIC RESPECTIVELY ARE GIVEN BY THE SYMBOLS CA, CC, CS, CSA, AND CCAU
COMMON TC,TK,TR,PSI,P,XA,XC,XSyXW,CA,CC,CS,CAS,CC5,C33,
1YA,YC,YS, YK, NA; HC , S, A, PHO,PH, TOL,HT,DPH,PHA,PHB,AL,BT,GA,
2DE,SI,HP,SD,EPS,EKS,EKCA,EKCAU,EKCB,EKA,EXN,EXCC,EKSB,EKSA,HTO,
3ELI,HA,HC,HS,HW,CCST,RHO,XSA, XCAU,CSA,CCAU,ZET,ASA,WCAU,CCAUS
F = 1000%RHO/Z (XA+XC+XS+XW+XSA+XCAU)

CA = XAxF/WNA
CC = XCrF/viC
CS = XSxF/WS

CSA = XSAAF/WSA
CCAU = XCAUxF/WCAY
RETURN

END

-- RS

SUBROUTINE PHST
C THIS SUBROUTINE -INITIALIZES PARAMETER VALUES FOR ITERATIVE CALCULATION
C OF PH, THIS SUBROUTINE DETERMINES THE VALUE OF THE TOLERANCE TOL TO BE USED
C IN TESTING FOR PH CUNVERGENCE, AND INITIALIZES PH AND OTHER PARAMETERS FOR
C THE ITERATION
COMMON TC,TK,TR,PSI,P,XA,XCsXS,XW,CA,CC,CS,CAS,CCS,C5S,
1YA,YC,YS, YW, WA WC , WS, W, PHO,PH,TOL,HT,DPH, PHA,PHB, AL ,BT,GA,
2DE,S1,HP,SD,EPS,EKS,EKCA,EKCAQ,EKCB,EKA,EKN,EKCC,EKSH,EKSA,HTQ,
3ELT,HA,HC,HS, HW,CCST, RHU, XSA, XCAU,CSA,CCAU, 2ET,WSA, WCAU,CCAUS
IF(PHO) 40,30,30

30 PH = PHO
40 PRA = 0
PHB = 14
HTA = «CA
HTB8 = 2*CC+(CS
IF(HTB+HTA) 50,50,60
S0 TOL = =HTA
G0 70 70
60 TOL = HTB
70 AL = 0
TOL = TOL+1E-4
DPH = 1
EPS = 0
HIO =
RETURN
END
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TABLE 11. SUBROUTINE SPECV

OMOOOOOOOOOOOOOO000O0O0

SUBROUTINE SPECV
THIS SUBROUTINE CALCULATES EQUILIBRIUM SPECIES CONCENTRATIONS IN THE
LIQUID PRASE FROM A SPECIFIED VAPOR COMPOSITION, TEMPERATURE, AND AN
ASSUMED PH. SPECIES CONCENTRATIONS IN THE LIQUID ARE GIVEN BY THE FOLLOWING
SYMBOLS.

SYMBOL SPECIES

CAS NH3

ccs co2

CSs H2S

AL HCO3=

BT CO3we

DE NH4+ v
EPS CARBAMATE 1ON
GA HS=

SD So-

S1 OH=

Z2ET RCOO~-

CCAUS NA+

THIS CALCULATION IS PERFORMED AT AN ASSUMED PH SO THAT SPECIES CONCENTRATIO
CAN BE SOLVED FROM DIRECT ALGEBRAJIC EQUATIONS, SOME ITERATION IS REQUIRED
BECAUSE OF THE EFFECT OF IONIC STRENGIH ON THE FIRST IONIZATION OF COp
AND THE EFFECT OF SPECIES CONCENTRATIONS ON THE VOLATILITY OF NH3 AND H2S.
ELI = IONIC STRENGTH,
COMMON TC,TK,TR,PSI,P,XAsXCsXS,XN,CA,CC,CS,CAS,CCS,CSS,
1YA,YC,YS, YW, WA, WC , NS, WN ,PHO,PH, TOL,HT,DPH,PHA,PHB,AL,BT,GA,
2DE,SI,HP,SD,EPS,EKS,EKCA,EKCAD,,EKCB,EKA,EKN,EKCC,EKSB,EKSA,HTO,
JELI,HA,HC ,HS ,HW,CCST,RHO,XSA, XCAU,CSA,CCAU,2ET,uSA,nCAU,CCAUS
COMMON ICD
CALL HENRY
<9
1E=-19
0
0
0
EKCA = EKCAD
DO 30 i=1,100

)
x
[ L LI 1]

©
w
[

EKAP = EKCA

EXCA = EKCAD*EXP((=1,32+1558,8/TR)*EL]%%,4)
EXKCA = SART(EKAPxEKCA)
Pw0 = PW

PAQ = PA

PCO = PC

PSO = PS

PN = HWaXW

IF(ICD) 6.6,2

P = PSI

IF(PSI=PWN) 3,3,5
WRITE(S,4)

FORMAT(' WATER PARTIAL PRESSURE IN CONDENSER GREATER THAN
1 TOTAL PRESSURE')

YN =z }

YA = JE=12*YA

'YC £ j1E~-122rYC

Y8 & JE=124Y8

(continued)
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TABLE 11. (continued)

P = Pw
ICO = 0
G0 10 6
S Yn = Pn/PSI
YTOT = (1=Yw)/(YA+YC+YS)
YA = YAxYTOT
YC = YC2xYTOT
¥YS = ¥YSxY10T
PA = PSIxYA
PC = PSIxYC
PS = PSIxYS
G0 T0 7
6 PA = (YAXPW/YW+PA)/2
PC = (YC*PW/YW+PC) /2
PS = (YSxPW/YwWe¢PS)/2
PBA = P
P = PWtPA+PC+PS
7 CAS = PA/HA
CCS = PC/HC
€SS = PS/HS
HP = EXP(=2,30259%PH)
AL = EKCAXCCS/HP
BT = EKCBxAL/HP
OE = EKAxHPXCAS

EPS = EKCCACAS®AL
GA = EKS®CSS/HP
SO = EKSBAGA/HP
SI = EKW/HP«CCAU
2ET = EKSAXCSA/(HP+EKSA)
CCAUS = CCAU~-SI
CA = CAS+DE+EPS
CC = CCS+AL+BT+EPS
CS = CSS+GA+SD
ELYI = ((AL+4*BT+DE+EPS+GA+4xSD+SI+HP+ZET+CCAUS+CCAU)/72+ELI) /2
TINW = (1000*RHO~CAXWA~CCANC=CS*WS=CSAXNSA-CCAUXACAU) /7N
1=AL+EPS~-SI
TNM = CA+CC4+CS+BT=DE+GA+SD+STI+TNW+ZET+24xCCAU+CSA
XWNO = XW
XA = TNW/TNM
Xw = (XW+Xn0)/2

8 IF(Xw) 80,80,9
80 XW = XW+e,1
60 T0 8
C TEST FOR 1TERAT1ON CONVERGENCE
9 IF(ABS(Pw/PWO=1,)=,001) 10,10,30
10 IF(ABS(PA/PAD=1,)=,001) 15,15,30
15 IF(ABS(PC/PCO=1,)=.001) 20,20,30
20 1F(ABS(PS/PS0~1,)=,001) 50,50,30
30 CONTINUE
is WRITE(S,80)
a0 FORMAT(' OIONT CALCULATE LIQUID IN 100 CYCLES')
So RETURN
END s
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TABLE 12. SUBROUTINE NPH

SUBROUTINE NPH
€ THIS SUBROUTINE CALCULATES A NEW ESTIMAYED PH FROM A PREVIOUS PH,
C CRITERIA USED ARE THE SUM OF JIONIC CHARGES 10 ELECTRICAL NEUTRALITY, HT;
C AND ANY CHANGES IN SIGN OF HY FROM A PREVIOUS ITERAVION,

COMMON T1C,TK,TR,PSI,P,XA,XC XS, XW,CA,CC,C5,CAS,CCS,CSS,
1YA,YC,YS, YW, KA, NC, NS, NN,PHO,PH, TOL,HT,DPH,PHA,PHB,AL,8T,GA,
2DE,SI ,HP,SD,EPS,EKS,EKCA,EKCAO,EXKCB,EKA,EKN)EKCC,EXSB,EKSA,HTO,
3ELI,HA,HC,HS,HW,CCST,RHO, XSA,XCAU,CSA,CCAU,ZET,wSA,NCAU,CCAUS

HT = AL+2»BT+6A=DE+S1=HP+2ASO+EPS+ZET~CCAV

TOL = 2xCC+CS

IF(TOL=CA) 60,70,70

60 JoL = CA
70 IF(PHO) 81,81,80
80 HT = AT+CCAU
G0 TO 88
81 IF (HT/DPH) 84,84,82
82 HTO = ,52xHT70
84 DPH = «HTAHTO/(ABS(HT)+1E=19)

PH = PH+DPH

GO TO (88,88,85),NDOPTY
85 REF = HP*(HY+EKA*CAS%HP)

PH = SART(REF/(EKAXCAS))

PH = =,S*xALOG(PHAHP)/2.,30259
88 RETURN

END
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TABLE 13. SUBRODTINE SPECL

SUBRUUTINE SPECL .
THIS SUBROUTINE CALCULATES EQUILIBRIUM SPECIES CONCENTRATIONS IN TH L1qulo

PHASE FROK A SPECIFIED LIQUID COMPOSIVIUN, TEMPERATURE, AND AN ASSUMED
Ph. SYMBOLS USEy FOk SPECIES CONCENTRATIONS ARE THE SAME AS FOR SPECV,
ITERATIUN 1S NECESSARY BECAUSE THE CARBAMATE CONCENTRATION CANNOT BE
SOLVED DIRECTLY, AND BECAUSE EKCA IS DEPENDENT ON IONIC STRENGTH.,
COMMON lc,TK,IR.PSI,P.Xn,xc,xs.xw,CA.CC,CS.CAS,CCS'CSS,
1YA,YC,YS, YN, WA, NC, NS, WW,PHO,PH, TOL,HT,DPH,PHA,PHB,AL,BT,GA,
20E,SI,HP,SD,EPS,EKS,FKCA,EKCAQ,EKCB,EKA,EKW,EKCC,EXSB,EKSA,HTO,
3ELI,HA,HC,HS,HW,CCST,RHO, XSA, XCAU,CSA,CCAU,ZET,wSA,wCAU,CCAUS
HP = EXP(=2,30259xPH)
AL = CC
DO 734 1AL = 1,100
EKCA = EKCAO*EXP((=1.32+1558,.8/TR)%ELLI**,4)
CCS = HPxAL/EKCA
Bl = EKCBrAL/HP
DE = EKAxXHP®CA/((1+ALXEKCCI*(1+EKAXHP/ (1 +AL*EKCC)) )
EPS = AL*EKCC*(CA=-DE)/(1+ALAEKCC)
CCST = CCS+AL+BT+EPS
C TEST FOR ITERATION CONVERGENCE
IF (ABS(CCST/CC=1)=-,0001) 736,736,732

OO0

732 IF(CCST~1E~16) 733,733,7340
733 AL = CC/2
CCS = CC/2
B8V = iE~-19
DE = EKAxHP2CA/ (1+EKAAHP)
EPS = {E~19
G0 YO 736
7340 AL = ALxCC/CCST
GA = CSAEKS/(HPx(1+(1+EKSB/HP)IXEKS/HP))
SD = GA*EKSB/HP
81 = EKw/HP=CCAU

ZET = EKSA*CSA/(HP+EKSA)
CCAUS = CCAU~S]

754 ELI = (AL+4xBT+DE+EPS+GA+4xSD+SI+HP+ZET+CCAUS+CCAU) 72
7341 WRITE(S,735)
735 FORMAT(* CARBAMATE OIDNT CONVERGE IN 100 CYCLES')
736 RETURN
END
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TABLE 14. 'SUBROUTINE PRESY

SUBROUTINE PRESY
€ THIS SUBROUTINE CALCULATES EQUILIBRIUM VAPOR COMPOSITION AND PRESSURE
C FROM TEMPERATURE AND CALCULATED SPECIES CONCENTRATIONS OF NH3, CO2, AND H2S
C IN THE LIQUID
COMMON TC,IK,TR,PSIlP'xAcxclxs'xwrCA,CC,CSrCAS,CCS,CSS'
IYA,YC,YS, YW, WA, WC, NS, WW,PHO,PH,TOL,HT,DPH,PHA,PHB,AL,BT,GA,
ZDE'SI,HP,SQ;EPS,EKS(EKCA;EKCAO'EKCB,EKA,EKN,EKCC:&KSB,EKSA;HTO:
3ELI,Hﬂ,HC,HS:NW,CCS‘,RHO,XSA,XCAU,CSA:CCAU,ZET,“SA,WCAU'CCAUS

CCS = HPxAL/EKCA

CS8S = HPxGA/EKS

CAS = DE/(EKAxHP)

CALL HENRY

PA = CAS%*HA

PC = CCS*HC

PS = CSS*HS

TNW = (J000ARHO=CAxWA=CCAWC~CSANS=CSAxNSA=CCAUrNCAU)/nNW
1-AL+EPS~ST

TNM = CA+CCH+CS+BT=DE+GA+SO+SI+TNN+ZET+22CCAU+CSA
PhN = TNWsHW/TNM
P = PAYPC+PS+PW

YA = PA/P
YC = PC/P
¥YS = P8/P
YW = Pn/P
RETURN
END

TABLE 15. SUBROUTINE NTEMP

SUBRCJTINE NYEMP
C THIS SUSBROUTINE ESTIMATES A NEW TEMPERATURE IN AN ITERATIVE CALCULATION
C TO AGREFWITH A SPECIFIED PRESSURE, THE ONLY CRITERION USED 1S THE CALCULATY
C PRESSURE OF A PREVIOUS ITERATIUN VERSUS THE SPECIFIeD PRESSURE, AN ASSUME(
C EFFECTIVE HEAT OF VAPORIZATION OF 9000X1,987 BTU PER POUND MOLE IS USED
C TO ESTIMATE A NEW TEMFERATURE.
COMMON TC,TK,1R,PSI,P,XA,XC,XS,XW,CA,CC,CS,CAS,CCS,CS8S,
IYA,YC,YS, YW, WA, WC, WS, WN ,PHO, PH, TOL,HT,DPH,PHA,PHB,AL,BT,GA,
20€E,S1,HP,SD,EPS,EKS,EXCA,EKCAO,EKCB,EKA,EKW,EKCC,EKSB,EKSA,HTO,
BELIcHA'HC'HS,HW'CCST,RHO'XSA’XCAU'CSA'CCAUpZEIlﬂSA(WCAU,CCAUS

TRY = TR

TR = =ALOG(PSI/P)/9000+1/TR]
TR = 1/1R

'C - FR/108-2730‘5

TK = TR/1.8

RETURN

ENnD
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Table Function

Subroutine No. of Subroutine

KREC 6 Calculates chemical equilibrium constants from
parameters in Tables 3 and 4

HENRY 7 Calculates Henry's constants from parameters in
Table 1

YFX 8 Converts vapor compositions jn wt % to vapor
concentrations in mole fraction

CFX 9 Converts liquid compositions in wt % to
liquid concentrations in moles/Kg of solution

PHST 10 Initializes pH iteration parameters

SPECV 11 Calculates pressure and equilibrium species con-

centrations in the liquid phase from a specified
vapor composition, temperature, and asssumed pH

NPH 12 Calculates a new estimated pH from a previous pH

SPECL 13 Calculates equilibrium species concentrations in
the liquid phase from a specified liquid composi-
tion, temperature, and an assumed pH

PRESY 14 Calculates equilibrium vapor concentrations and
pressure from temperature and calculated species
concentrations in the liquid

NTEMP 15 Estimates a new temperature in an iterative cal-
culation so- that the calculated pressure will
agree with a specified pressure

A discussion of each of these subroutines in the order listed above is given
in the following text of this report.

KREAC

Equations used in KREAC come from Tables 3 and 4. The symbols used in
the subroutine relate to the various chemical reactions in Table 2 as follows.

Fortran Chemical Reaction

Symbo1l in Table 2

EKS
EKCAO
EKCB
EKA
EKW
EKCC
EKSB
EKSA

O NPHJWN -

40



The effect of ionic strength of EKCAO of reaction 1 is not computed in the
subroutine because it changes each pH iteration. This effect is therefore
computed in subroutine SPECL for each pH iteration cycle where the ionic

strength from the previously computed cycle is used for the next jteration.

HENRY

Equations used in HENRY come from Table 1. The symbols used in the
subroutine relate to the Henry's constant parameters given in Table 1 as
follows.

Fortran Henry's
Symbol Constant for
HA free NH3
HC free CO; (or H2C03)
HS free H g
HW vapor pressure of water

YEX

The conversion of wt.% in the vapor to mole % in the vapor from sub-
routine YFX is fairly straight forward. The fortran symbols and associated
molecular weights entered by means of a data statement at the beginning of
the main program are as follows.

Component Symbol Molecular Weight
NH3 WA 17.03
co WC 44,01
H2 WS 34,08
H,0 W 18.02
REOOH WSA 60. 05
NaOH WCAU 40

128

Subroutine CFX is similar to YFX except that the concentrations in wt.
% are converted to liquid concentrations in moles/Kg of solution. To do this,
the sum of all wt.% given as input to the program are summed and divided into
1000 x RHO to obtain the normalizing factor. A value of RHO = 1 has to be
used or the concentrations will not come out in moles/Kg of solution. This
assignment is made in the main program as the first executable statement. The
number of moles of each component is then computed from the normalizing factor
times its concentration on a weight basis divided by its molecular weight,

PHST
Subroutine PHST initializes parameters used in the pH iteration pro-
cedure. If a positive PHO (for pH) is specified to the subroutine, then the

subroutine assigns PH = PHO and thé other parameters have no effect. If a
negative PHO is specified then it means that the program must compute the pH.
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In this case, it assigns the limits over which the pH can be varied whlch

are from 0 to 14 and assigns a tolerance to be.used ?y subrout!ne NPHh 0

test for convergence. The tolerance variable 1s assigned to either the ;gm
of acid gas concentrations if they are in excess or to the NHﬁ concentration
if it is in excess. Carbon dioxide reacts with two_mo]es of Hﬁ’ so its con-
centration is multiplied by two in computing the acid gas_gonce tration. If
the tolerapce assigned by this method is less than T x 10" then a tolerance
of 1 x 107" moles/Kg of solution is assigned. The variables DPH and HTO are
iteration parameters used by NPH. For their use, see subroutine NPH.

SPECV

Subroutine SPECV is the main subroutine used in option 3 to ca]cu]a?e.
temperature and 1iquid composition from specified pressure, vapor composition,
plus RCOOH and/or caustic in the liquid. The steps of this subroutine are not
too obvious, so details of the calculation procedure will be d1scussed'here.
Temperature iteration and pH iteration are done outside of the subroutine,
so the subroutine calculates pressure and liquid composition from temperature,
pH, and a specified vapor composition. This is d ne by first estimating the
partial pressure of water in the vapor phase using the vapor pressure of
water and Raoult's law as follows.

PW = (HW) x (XW) (29)
where PW

HW
XW

water partial pressure

vapor pressure of water

mole fraction water in liquid phase; initially
assumed to be 1.0

The partial pressures of the other components are then calculated from the
mole ratio of the :components over water times the partial pressure of water.

YA, YC, or YS
(PA, PC, and PS) = ¢ (ngr L x (pu) (30)

where PA, PC, and PS = partial pressures of NH3, C02,
and HZS’ respectively

YA, YC, or YS
YW

PW

vapor mole fractions
water mole fraction
water partial pressure

The total pressure P is then calculated as the sum of the partial pressures;
and the concentrations of free NH3 (CAS), CO, (CSS), and H,S (CSS) are calcu-
lated from their partial pressure“divided by“the Henry's cgnstant of each
component. These Henry's constants depend on the composition of the 1iquid
phase so this computation involves an iterative procedure where Henry's con-
stants computed from the Tiquid composition. This procedure could diverge
instead of converge, so each new partial pressure is assumed to be the average
of the new computed partial pressure and the old computed partial pressure.
This technique requires a minimum of ten iterations to achieve an accuracy of
+.0.1%; so it uses more computer time in order to avoid possibility of
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diverging instead of converging. A maximum of 100 cycles is specified in

the subroutine for convergence; if this number is specified in the subroutine
for convergence; if this number is exceeded, the subroutine writes to unit 5
a warning signal that 100 cycles are exceeded. If this occurs, one may want
to give the old partial pressure more weight than the new one so as to improve
convergence.

Once the concentrations of free NH,, CO,, and H,S in the liquid have
been calculated for each iteration cyc]g, th%n the cgncentrations of all
species concentrations in the 1iquid phase can be computed according to the
chemical equilibria summarized in Table 2. Symbols used by the subroutine

for each species present are summarized as comment statements at the beginning
of the subroutine in Table 11. Once these concentrations have been computed,
then the mole fraction of water can be recomputed and then the iteration cycle
is repeated., iterations are continued until the new computed partial pressure
of each component equals the old computed partial pressure within a tolerance
of + 0,1%. In each iteration cycle, the subroutine allows for any RCOOH or
caustic specified to be in the Tliquid phase as input data to the subroutine.

NPH

Subroutine NPH estimates new pH values based on information gained from
previous pH iterations. This subroutine uses the requirement of electrical
neutrality as the determining equation for either increasing or decreasing
the pH. The equation for electrical neutrality can be written as follows.

L Ci Zi =0
i
where Ci = concentration of component i in moles/Kg

of solution

Zi = electronic charge

In general, for a randomly selected input pH, the electrical neutrality
summation will not equal zero. In this subroutine, this summation is repre-
sented by the symbol HT. 1In order to bring to zero, the step length for a
new pH value is computed from the following equation:

ApH = 0(k) x (HT)/[HT| (32)

where pH = computed pH increment, DPH

k - a proportionality constant, HTO
HT = electrical neutrality summation
[HT| = absolute value of HT

If HT changes sign compared to a previous iteration, then the proportionality
constant k is increased by a factor of two, and the iteration is continued.
By this procedure, the pH increments are only determined by the algebraic
sign of HT compared with previous iterations. Thus, when HT changes sign,
then the increments are reduced by a factor of two. DPH and HTP are intially
set to unity by subroutine PHST. This convergence method is slow, but
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dependable. Other faster methods could probably be devised to speed up this
calculation.

SPECL

Subroutine SPECL is similar to SPECV in that the pH, temperature, qnd
composition of one of the phases is given and the pressure and composition of
the other phase is calculated. In the case of SPECL, the total @mouqts of
NH., CO.,, H.S, H.,0, RCOOH, and caustic in the 1iquid phase are given; and the
co%posi%ionzof tﬁe vapor phase is calculated,

This subroutine is used for both options 1 and 2 of the main program.
The method of computing the concentrations of each individual species 1n_the
liquid requires a knowledge of the chemical equilibrium constants which 1in
turn are dependent on the concentrations of the individual specyes.present.
Thus, an iterative calculation procedure is required where the ionic s@rength
ELI is initially set to equal the total NH, concentration CA in @he main pro-
gram, Subsequent iterations then give bet%er values for the ionic strength,
The calculation method used in this subroutine is based on the calculation
method discussed in the previous section of this report on the SWEQ model;
equations 7 to 22. Because of H,NCOO  formation, equations 16 and 17 are not
used to solve for o and B; instegd o is used as an iteration parameter along
with ionic strength. Initially o (Fortran symbol AL) is assumed to be the
total CO, concentration in the liquid; equations 14 and 15 are then used to
ca]cu1at5 the concentration of free CO, (CSS) and of H,NCOO ions (BTl. These
are also listed as equations 1 and 2 i% Table 2. The gqui]ibrium NH, con-
centration in solution is obtained by simultaneously solving equagioﬁs 3 and
4 in Table 2 by algebraic methods to obtain the equations for NH, concen-
tration (DE) and H,NCOO™ concentration (EPS) used in this subrou%ine. Iter-
ation is continued~until the sum of all CO, species equals the amount of CO2
in the Tiquid from the starting compositiog. If the sum of the species
concentrations is higher or lower than the starting composition, then AL is
proportionately changed by multiplying the old AL by the ratio of starting
composition over the sum of the species concentration as follows.

cC)

AL oy = (AL q4) 3T) (33)

new

cC CO2 starting concentration

CCST

sum of CO2 species concentrations

After this calculation, the concentrations of (HS™) and (S ) ions are cal-
culated using equations similar to equations 16 and 17 in the section on
the SWEQ model. The actual equations involved are equations 5 and 6 in
Table 2. These can be solved to give the following:
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KeMe

-

) [(H) + kg + k5k6/(H+X] (34)
s = Kakehs/ (') _vk (35)

= 2 +
LOHY) x kg + kgke/(H)] ~(H
In the subroutine, these have the following symbols:

Fortran Symbol

Y GA
1 SD
Ks EKS
kg EKSB
M§ )
H HP

After this calculation, the only species left are from RCOOH and from
water dissociation; these are calculated from equations 7 and 8 in Table 2
where SI represents the extent of water dissociation and AET represents the
extent of RCOOH dissociation. From the calculated species concentrations,
the ionic strength can be calculated and iteration is then continued until
the sum of CO2 species equals the CO, in the starting composition within
+ 0.01%. When this test is satisfie%, the subroutine returns to the main
program.

PRESY

This subroutine computes the partial pressure of NH3, co,, HZS’ and
water from equations 4, 5, and 6 given in the section on“the §WEQ model.

To do this, the individual species concentrations of C02, H,S, and NH3 repre-
sented by CCS, CSS, and CAS are computed from equations sim?]ar to equation
19 in the section on the SWEQ model. In order to calculate the partial
pressure of water, two quantities are first calculated in the subroutine.
These are the total number of moles of water, TNW, present in 1 Kg of solu-
tion (RHO = 1) and the total moles of all components, TNM, in 1 Kg of solu-
tion. TNW is computed from the residual weight Teft after subtracting the
weight of NH,, CO,, HZS’ RCOOH, and caustic respectively from the 1000 grams
of solution aividgd by the molecular weight of water. TNM is calculated by
summing the moles of all species present including water in 1000 grams of
solution. The partial pressure of water is then computed from the vapor
pressure of water, HW, times the moles of water over the total moles. The
total pressure is then calculated as the sum of the partial pressures, and
the vapor mole fraction of each component is calculated from its partial
pressure divided by the total pressure.

NTEMP

Subroutine NTEMP is used to estimate the correct temperature for an
equilibrium calculation where the total pressure is specified. This occurs
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in options 2 and 3. For this purpose a simple equation js used as follows.

(36)

p £ 1
1n(—specified \_ _gq99 TO%____ - TUK_TE
0

pca]cu]ated new

where -9000 corresponds approximately to the heat of vaporization of water.

-9000 ¥ *Myap ¥ 18,000 Btu/1b mole (37)
T.987 T.987

The above equation can be solved for T°Rnew to give the following:

1 1 [Pspec 38
o = sog— - : 9000 (38)
new old calc

In the subroutine, these have the following symbols:

TR = T°Rnew (39)
PSI = Pspec. (40)

P = pca]c. (41)
TRI = T°Ro1d (42)

This subroutine also computes the temperature in Oc from TR before returning
to the main program.

Tables 5 to 15 represent a total of ten subroutines used by the main
computer program. A large bumber of subroutines are used in order to make
it possible to devise various options in the main program. Many options are
possible; an attempt was not made to develop programming for each possible
option because of the large amount of programming required. Instead, three
options were programmed which demonstrate the use of the subroutines. Thus,
flow charts for options 1, 2, and 3, given in Figures 2, 3, and 4, primarily
involve the use of subroutines with some programming done in between to satis-
fy the requirements of the option. In option 1, the main iteration is to
calculate the pH. When the pH is specified, then the iteration changes
slightly to calculate the amount of caustic necessary to achieve the speci-
fied pH. This method of calculation occurs in all three options. Distilla-
tion options 2 and 3 involve a second iteration Toop besides the pH iteration
loop. This is necessary to find the correct temperature at a specified
pressure. An example of input and output data for the computer program
listed in Table 5 is given in Tables 16 and 17,
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Table 16 explains the data format to be used in entering data to the
computer program. The information in this table must be studied carefully
before using the computer program. Table 17 gives an example of computer
output from data specified in Table 16. This Tisting is self explanatory.

The next section of this report gives a numerical example of calculations
necessary for an actual design problem and a subsequent section gives data
comparisons and evaluations between calculated and measured data.
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TABLE 16. INPUT DATA FOR SAMPLE PROBLEM
WITH SWEQ COMPUTER PROGRAM

Parameter

Option number 3 forcalculating
1iquid composition and temp-
erature from a specified vapor
composition and pressure

Weight percent carboxylic acid
in liquid

Weight percent caustic in
liquid

Temperature, °C (For Option 3
this is used as a starting
temperature)

Pressure, psia; specified
pressure

pH, a positive entry specifies
the pH for the calculation.
The computer program will
adjust the amount of caustic
in the liquid independent. of
the concentration entered
above when a positive pH- is
entered

Weight percent concentrations
in the vapor phase

NH3
H,S

2

HZO

48

Value
Symbol ~ Entered
NDOPT 3
XSA .05
XCAUO .05
TC 100
PSI 20
PHO 8.5
XA .01
XC .01
XS .01
XW 100

(continued)



TABLE 16. (continued)

Format for data entry:

3 .05 .05

NDOPT XSA XCAUO
100 20 8.5 01 00 L0
C PSI PHO XA XC XS

Additional 1ines of temp., pressure, etc. can follow

1T11-1 111 This entry will signal a new option line to
follow this one.

NDOPT XSA XCAUO

Then 1lines of temp., pressure, etc.
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TABLE 17. COMPUTBR OUTPUT FROM DATA IN TABLE 16 WITH
COMPUTER PROGRAM BASED ON THE SWEO MODEL

TEMPERAIURE 108.88 C, 227.99 F, 382.03 K, 687,66 R
PRESSURE 20.00 PSIa, 1.361 ATM, 137.90 K~PASCALS
PH 8.500

WEIGHT PERCERT MOLE PERCENT
COMPONENT LI1QulID VAPOR LIQUID VAFOR K=VALUE
AMMONIA 0,00091 0.01000 0,00096 0.01058 11,02807
CARBON DIOXIDE 0,00017 0.01000 0.00007 0.00409 57,7830S
HYOROGEN SULF IDE 0.00073 0.01000 0.00039 0.00529 13,62491
WATER 99.93077 99,97001 99,97572 99,98004 1,00004
CARBOXYLIC ACID 0,05000 0.01501
SODIUM HYDROXIDE 0.01742 0,0078%
TOTAL 100.00000 100,00000 100,00000 100.00000
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SECTION 5
SAMPLE PROBLEM USING THFE SWEO MODEL

Information given in the two prior sections of this report on the SWEQ
model and on the computer program based on the SWEQ model can probably be
better understood by giving a numerical example which shows the calculations
necessary in an actual sour wa;er stripper design case. For this purpose
the following sample problem a7 s given.

o A refluxed sour water stripper operates at a condenser temperature of
212°F at a pressure of 8.7 psig (23.4 psia). To achieve the desired removal
of HZS and NH, from the stripper feed, the overhead gas from the condenser
must-contain 38 1b/hr of NH, and 49.7 1b/hr of H,S. Determine the amount of
water in the exit gas, and %he reflux compositioﬁ.

_ 48 1b/hr -
Gas rates NH3 = 17703 Tb/7b ToTe 2.82 mole/hr

49,7/34.08 = 1.46 mole/hr

I
w
1l

From Raoult's Law, the partial pressure of water in the vapor phase is:

p.p.(HZO) = (V.P.Hzo) . XHZO

Assume that X _ 0
H20 = 0,9 At 212°F, V.P.H20 - 14.7 psia

p.p.(HZO) = 0.9 (14.7) = 13.2 psia

The partial pressure of (H,S = NH,) = 23.4 - 13.2 3 ]Q.Z psia, therefore
the total moles of overheag gas =3(2.82 + 1.46) x ig 2 = 9,82 moles/hr.
Assumed water rate is 9.82 - (2.82 + 1.46) = 5.54 mot€/hr, In summary,

the assumed vapor composition is

a)This sample calculation is given through the courtesy of Ron Gantz
and co-workers of CONOCO who did the numerical calculations and wrote this
sample problem. It has been checked at Brigham Young University and found

to be correct.
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1b/hr  mole/hr mole/fr. p.p., pPsia

NH3 48 2.82 .287 6.72
HZS 49,7 1.46 .149 3.49
HZO 99.8 5.54 . 564 13.19

9.82 1.000 23.40

Calculation of the liquid composition in equilibrium with the assumed
vapor composition involves simultaneous solution of the appropriate chemical
equilibria and phase equilibrium equations. The chemical reactions (Tables
2 to 4) are:

+ =
*y on" _ CH' 300w
+ +

1.0
+H - NH Ky = DNHa'J
3 2 Ny NH, i, T

- +
HpS 2HS + H “H,S = CHs JLH']
IHZS ]
oy )
HS [AS~ 7
T?e chemical equilibrium constants are correlated in the general form (Table
4).

NH

HS™ 2~ + H' k

Tnk, =A+B/T+ o/12 + o/13 + /1t

where T is the tegperature in °R.
At 100°C (= 671,7°R),

8 .nl1 13
n k 39.5550 - 177822  1.843 - 10° .8541 - 10'' 1.4292 - 10

H,0 T671.7 T (eTL.NZ T (6T T TeInF
_ ya-13
kH20 = 5.054 - 10
n ky, =1.587 + 11160/671.7
NH
k., =8.032-.10
NHy " S
In k. = -293.88 + 683858 _ 6.27125-10% 2.5551. 10" 3.91757.10'3
H,S A% 2 YA P T (72 b ) - Bl (72 By AL
) T
ky g = 2.805 10
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8 n 13
L 1649360 _ 15.8964 - 108 6.72472 - 10 .10
In kyg= = 657965+ - T (e - ]‘%ml)'ﬂ—671.7

k -13

HS™ = 9.06 - 10

For phase equilibria, the Henry's Law coefficients from Table 1 are used:

15517.91

n (HNH3) = 178.339 - 2353l - 25,6767 Tn (TR) + .01966 - (TR)
(‘3] 4 1682> +0.06 -C

where TR is the temperature in °R
Cps is the free NHy concentration (Tiquid) in gm-moles/Kg
and CS is the total HZS concentration (1iquid) in gm-moles/Kg
Kg = kilogram
Assume CAS = CS =0
H, = 3.64 psia/gm-male/Kg
NH3

4 8 N 13
. - 107, 2.39029 - 10°_1.01898 - 10°", 1.59734 - 10
T (Hys) = 100. 684 - £1-E228 TR ™ T
0
- 0.05.65
HH g = 442.5 psia/gm-mole/Kg
2
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From the Henry's Law coefficients for H S and NH,, and Fhe assumed.vapor
partial pressures, the free HZS and NH3 concentr§t1ons in the liquid can
be calculated:

p.p.(NHB) = HNH3CAS

E—E—i——Bl 6 72 = 1.85 gm-mole/Kg
NH
3

Css(free HZS) = 3—%23-- 7.89 - 10'3 gm-mole/Kg
A pH must now be assumed - use 8.5

A pH must now be assumed - use 8.5

‘]Og]o[H+]

pH

[H'] = e72:303 - PH _ 395 . 1079

The chemical equilibrium equations can now be solved for the concentrations
of all other species in solution:

o = [H'I[OH™]
[OH"] = kHZO §~9$%-—}%-3 1.60-107% gm-ions/Kg
3 .
[H¥]
o= [NHg
NHy = [NHSIIH
[N "] = [NHIIH'D ky Note: [NH,] = C
3 ©OL3d T s
[NH,*1 = (1.85)(3.15 - 10°°)(8.032 - 107) = 0.468 gm-ions/Kg
« = [HSTILH
H)S H,S
-1 = ky <[H,S]
[HS™] = “Hpstf2 [H,8] = ¢
2 ss
ICial
-7 1073
[Hs] = (2:808 ';?]s)f{b§gr 19 7) - 0.70 gn-ions/kg

>
n

S IHt
HS™ [[ﬁggj”J
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[s71 = [HS Tky-
H

=1 . (0.70)(9.06 - 1013 -
[S ] 3.15 - 10-9 )= 2.02 - 10 4 gm‘iOHS/Kg

If the assumed pH and values of CAS’ CSS are correct, the solution should
be electrically neutral, that is:

+ + - = -

W'D + [NH*T = [HS™D + 20577 + [on]

3.15-107% + 0.468 = 0.68 + 2(2.02 1074 + 1.6+ 107
0.468 X 0.68

A trial and error procedure for pH, with successive substitution for species
concentrations at each pH level, must be used to reach a converged solution,

First, adjust the Henry's Law coefficients for the current values of H,S

and NHq concentrations: 2

= 131.4
In (HNHB) = Tn (3.640) + R - .1682)(CAS) + .06 CS

where Cg = total HyS = Cgq + [HS™]1 + [S"]
= .00789 + 0.68 + 1.96-107% = 0.688 ﬂmigglga

n (H 1.292 + (131:5 N _]582’(1.85) + .06(.688)

671.7
sia
NH = 3.99 gm-moTe/Kg

In (HHZS) = 1n (442.5) =-.05 Cas

)
NH.

H

403.4 psia
HZS gm-mole/Kg

"

H

Calculate new free HZS’ NH3 concentrations

_ p.p.(NH3) _ 6.72 _
CAS = HHZS 3799 1.68 gm-mole/Kg
C.. = p.p.(HyS) . 3.49__ g g5 1073 gm-mole/Kg
SS HH S 403.4
2
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The total ammonia concentration, CA’ is

+
- = ) = 2.15 gm-moles/Kg
Cp = Cpg * [NH, ] =1.68 + 0.468 g

The total HZS concentration, CS’ is
Cg = Cog + [HST] + [$71 = 8.65-1073 + 0.70 + 1.96 - 107" = .709 Emigglgi

A new water mole fraction in the liquid should be calculated for use with
Raoult's Law to provide a new vapor composition.

A free water concentration, CH 0

2
- gn _ . - C, - C
CH20 [1000 Kg Cq (mol1. wt. HZS) Cp (mol. wt. NH3)] moT- WE. H,0
- [OH7] 0
Cy o - [1000 - 0.709(34.08) - 2.15(17.03)] -4
H20 ]8.02 --I. . ]0
- m-mole
CHZO = 52,2 Q‘Ka""‘

The free water mole fraction in the 1iquid is
C

TCT
. + +q. - = -
xCi = [NH3] + [NH4 1+ [H]+ [H23] + [HS"] + [ST] + [H20] +[0H]
= 1.68 + .468 + 3.15-10"2 + 8.65- 1073 + 0.70 + 1.96 - 10°%
+52.2+1.6-10°%
= 55.06
X, ~ _ 52.2

p.p.(H,0) = (0.948)(14.7) = 13.9 psia

p.p.(HZS + NH3) 23.4 - 13.9 = 9.5 psia

4.28 -23'4 = 10.54

Total moles in the vapor
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Moles of H20 vapor = 10.54 =-4.28= 6.26

The new vapor partial pressures are:

_2.82 ) _
p.p.(NH3) = To0.55 - 23.4 = 6.26 psia

_1.46 ) .
pop.(st) = 10.54 23-4 - 3-24 pS'Ia

Calculate new free NH3, HZS concentrations in the liquid

= P.p.(NHj) _ 6.26 _ gn-moles
Cas = Ty > T 3ig9 < 157 g
3
= P:p.(HyS) - 3.24 _ . 10-3 gm-moles
Css = T~ 27 F qo3.q - 8.03 - 107 FeeEs
2

Using the same pH, calculate new ionic concentrations

-3 .
[OH™] = Kpog = 2:054 - 10~ _ 1.6 -10°4 gmk;ons

TH 3.15 - 10-9
[NH, "] = [NH3][H+]kNH3
= (1.57)(3.15 - 1077)(8.032 - 107) = 0.397 anfons
[Hs™] = Xu a[HzSJ _ (2.805 - ;t_);p‘(%gg-m'?’)z 71 mcdons
[s7] = [Hs;]k s - (0.7;?§g.p$d;;o“3)= > 05 - 1074 gmiégni

Checking again for neutrality
[NH,"1 + [H'] = [OH™] + [HS™] + 2[S7]
0.397 + 3.15 '10-9 = 1.6 -]0—4 + 0.71 + 2.05 -10_4 (2)
0.397 X 0.69

i i i i i the negative
Since the total electrical charge appears ti be increasing on ti
side, the assumed ph must be incorrect, and nothing further would be gained

by converging to final concentrations at this pH.

The major ionic concentrations are [NH4+j]and LHS;Y.

Since [@H4+;7= [NH?]l;H+] kNH3

and [Bs™] = kstl”zs7
']
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. + -
increasing the value of H" would increase NH and decrease HS .

Thus, the correct pH must be lTower than the ini%ia] assumption of 8.5.

If [H+] = 4.15 -10'9,Aand [NH3], [HZS] are assumed constant, then
+ _ 4.15-10-9 _
[NH4 ]new - 0.397 ¢ 3.]5 N ]0- - 0.523

- 3.15-10-9 _
(HS"1 ., = 0.69 e T0<9 = 0.524

This is close enough to use for the next guess

[H'] = 4.15- 1079 = ¢2.303 - PH
-9
IRETRTE

Using this pH and the current values of free H,S, NH,, begin again the
successive substitution procedure for species goncen%rations and continue
until a final solution is reached (achieving electrical neutrality). In
most cases, several more pH trials may be required.

The final solution is

pH = 8,38
Vapor Composition Liquid Composition
1b/hr mole/hr wt. fr. mole fr.
NH3 48 2.82 .036 .0384
HyS 49.7 1.46 .018 .0096
H,0 114 6.33 .946 .9520
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SECTION 6

COMPARISONS AND EVALUATIONS BETWEEN
CALCULATED AHD MEASURED DATA

Information in this section will be discussed in the following order:

a) Evaluation of Van Krevelen prediction model

b) Evaluation of SWEQ prediction model

c¢) Evaluation of new NH,-H,S-H.0 and NH3-C02-H S-H,0 data

d) Ammonia fixation by éar%oxy ic acids“and re?easg of
NH3 by addition of caustic

These subjects will be discussed by frequent referral to data summarized in
Tables 18 to 27 which contain comparisons between calculated and measured
vapor-1iquid equilibrium data. Not all literature data were examined in

this project because of the limited scope of the project. However, an attempt
was made to examine as much data as possible, Table 28 summarizes various
references collected during the project. This table also indicates the type
found in each reference and whether the data were used for modeling purposes.
Tables 29, 30, and 31 give summaries of deviation errors between calculated
and measured partial pressures in Tables 13 to 27 for NH3, C02, and HZS
respectively.

In developing the SWEQ model, some individual experimental points have
been ignored and some entire data sets have been ignored. As a general policy,
individual experimental points in a given set of measurements have been ig-
nored in developing the correlation model when deviation errors from these
points appeared to be radically difference from the main set of data. Entire
sets of published data were ignored when deviations appeared to have little
or no definite pattern and were also very large. When this has occurred, the
data ignored and reasons for ignoring are noted at the bottom of the table.

Evaluation of Van Krevelen Model

The Van Krevelen prediction model which app11?3 when NH,/H,S ratios are
greater than 1.5 was derived by Van Krevelen et al'’/ from ]o% temperature
data., These are compared with Tables 20 to 27 where co]umnsaﬁeaded VK repre-
sent predicted partial pressures from the Van Krevelen model™’ and columns
headed MEAS represent measured partial pressure data. The following is a

summary of the various comparisons.

a)I\ listing of the Van Krevelen computer program is given in the Appendix.
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TABLE 18.  H,S-H,0, NH3-H,S-H,0, AND NHy-H,0 SYSTES, COMPARISON OF CALCULATED AND
MEASURED DATA OF MILES AND WILSON2' AND OF CLIFFORD AND HUNTER'’

09

—_— e = e e r——————p—

Partial Pressure, mm Mg

Temo. Moles/Kgq of Soln. NH3 HzS

S LI €0,  H$ 14 APL MEAS K APL MEAS

TR e,0¢8 @e,A0m 8,054 1068,6 951,83

™ e,w%0 n,e08 ©,297 5932,6 b5125,6

an, 8,200 5,000 8,509 1Ris8, 1 9978,1

e, 2.,4¥8 9,000 8,519 10297,7 9978,1

120, @,9¥0 0,Mv0 9,047 1166,7 1198,3 i
120,  ©,098 A,000 9,200 4932,2 a797,8 Miles
20, 2,098 0,008 9,3a) 822,04 8421,4

ise, 2,008 9,000 0,040 1172,5 1334,

159, ¢.P08 2,028 4,136 3637,5 4iey,8 and
159, 8,238 2,008 0,232 6223,5 6917,

8o, 2,999 9,000 §,358 2,0 S,1 4,3 8160,6 8536,3 i
83, 2,914 8,000 0,925 12,0 12,1 2399,0 2388,5 Wilson
88, 4,359 o,ap0 4,157 85,4 12,8 8678,7 12144,3

80, 2,159 0,000 1,066 137,80 127,17 136,5 349,0 38p,8  319,0 Dat
se, 6,369 0,000 5,553 200,7  208,9 7652,1 9512,8 ata
™ 6,828 0,008 4,250 296,9  399,6 485,3  1225,1 2203,7 1912,9

s, 7,399 o,Aee 4,320 382,07  a79,8 597,71 1056,7 964,86 1918,1

se, a,53% @,008 1,015 384,80 242,5 574,48 99,2 99,1 94,8

89, 13,7435  o,ppe 2,831 776,5 2823,3 2373,9 172,84  173,1  158,1

o, 14,358 a,e00 3,528 775,3 2099,5 2285, 233,01 269,6 20,4

120, 2,515 0,000 0,69 24,9 23,8 6281, 6410,8

120, 1,872 ©o,pem 8,906 186,3 9%, 4 as8av,§  4627,1

120, 8,959 @,n08 @,477 17Te, 1 178,2 182,85  3@24,5 81,8 95,1

120, 8.435 ©,000 0,178 91,8 87,8 85,2 285,8 249,2  333,%
128, 2,519 ¢.,000 0,108 145,8  135,9  177,3 55,8 82,3 82,7
120, 1,953 @a,pp2 9,813 505,2 S21,.6 568,7 206,6  234,1  2068,)
120, 8,099 0,008 1,698 1605,3 2583,4 3179,5 T62,4 738,00 972,09
120, e.atl ©,n08 0,00} 3,6 3,1 2.1 '’ 2,1 8,6

'TH 3,452 o,ne8 0,008 181,5 214,77  2a1,4

60 2,655 B,000 0,000 324,9 638,08 627, .

60, 13,155 ©.008 8,000 395.6 1342,8 1042.8 Clifford
o2, 19,302 @#,p08 0,PER an?,3 2195,6 2957,2

s8, 23,808 o,008 0,000 387,6 a178,@8 4559,9

se, 27,066 A,0p8 ©,000 365,2 5618,8 6079,9 and
100, 3,452 9,020 6,000 668,99 711,84 178,3
fen, 8,675 9,000 0,000 1229,3  2065,% 2311,0
180, 12,358 @a,ond ©,ve0 ta16,4 3255,6 3867,2 Hunter
198, 17,386 ©o,008 B,002 1491,6 5258,9 6979,
s, 2,555 0,000 0,000 302,8 294,48 299,9
180, 3,285 o.000 9,008 1530,7 1788,9 1825,9 Data
140, 5,692 0,008 8,000 2399,3  ¥i66,1 3376,0

149, 7,829 90,000 0,000  2808,2 443S,9 4927,0
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TABLE 19. NH

3

-HZS-HZO SYSTEM, COMPARISON OF CALCULATED AND MEASURED DATA OF TERRES

29

Temp,

20,
20,

20,
20,
a0,
ag,
.0,
aa,
60,
69,
'™
'TH

Moles/Kq of Soln.

Ny

o,010
1,574
3,978
4,127
5,526
1,356
3,453
4,238
S, udk
1,894
3,253
3,993
3,285

€,

o,tne
e, PR
2,700
0,000
2,000
°,na0
o008
0,000
®,P00
2,000
2,000
8,000
8,800

HyS

0,411
8,783
1,998
2,356
2,158
2,688
1,719
2,138
2,746
8,954
1,633
1,998
2,656

Partial Pressure, wm Hg

_HH,

19 APL MEAS

4,3 4,2 0,0

8,3 8,8 ')
19,3 26,1 8,0
22,1 33,0 Seb
25,9 40,7 13,8
18,2 17,8 8,2
a4, 52,4 22,2
52,3 66,7 26,9
65,8 93,9 30,4
57,8 55,1 25,5
94,8 102,8 48,5
114,10 131,7 76,1
145,0  §86,7  145,9

Hy$

VK APL MEAS
a,9 5.6 53,3
8,3 18,1 65,6
16,8 24,6 13%.4
18,1 28,0 154,8
19,6 32,3 1498,0
3,0 29,1 92,9
59,7 61,8 183,8
69,4 84,2 220,6
78,1 1pe,2  293,2
123,2 130,84 134,31
185,35 213,2 205,90
2085,1 255,4 250,9
242,2  333,2  365,8




D,AND . MEASURED
-H,0.SYSTEM, COMPARISORN UFLEQLC‘E#AXE 1
TABLE 20. NH3—HZS A OF VAN KKEVE

I CIUre,
ar "15
— P 4] MEAS
Moles/Kq of Soln. e — m i
Yewo, co. Hs % Arl ” ”
o o, =2- ’ ” g ,.: s o
d . 1 . M H o
o 8,188 . : : i :
A 2 23 5 R i
2, . o ane 1,169 a's L 1% 0. s e, .
28, 1,799 soeo0 1,599 3 N 8:2 2 § th p
20, 2,358 g'nn 1,490 19, 23 50 . i s
' : ot . ot
i, e . 8,142 1e 1 0,8 . 1.2 .
;oniene : 05 . ] 6ol . 9.8
e, e,2% e, 000 9,283 2 R 3 2 :
[ %3 . :
0, 90503 §e2m0 0,580 '™ s .8 : 4k
20 . 8,5 . HH
29, 1,198 s.oue  e,860 . 8.4 2.8 o HE i
Y io: 13,0 . :
20, 1,788 8,000 1,159 12, 148 8.8 ' i :
| : . HH : 1,7
29, 2,080 e,0n8  1,0a0 15,. 03 HA 3 s :
e, 2,938 a.008  o.110 ™ 1l s 0: i i
: : HH . o
2, 9,280 o,au0 0,228 3, 31 5o : i :
: . 4,8 . :
20, 8,580 8.pa2 8,455 1,2 L 8.8 3 i i
e, 1,175 "ooe 8,698 n,' 123 88 & 3 i
8 . !
20, 1,780 9.020 9,873 18, 2 8 s i :
3 > 8,3 . 3
te, 2,208 .‘500 1,119 17, 1o HH : & .’
: : e . 1,1
HH o200 .'eq“ 8,070 .i’g 4,5 e,8 ‘2 1,3 »
29, b, 288 0,008 9,145 . 3 58 . s it
: . 1.7 . s
29, 8,575 v.008 8,298 ., e 2 : i i
2 14, 11 . ;
28, 1,152 2,000 8,435 13, LS 8.8 : 3 :
4 .
20, 1,738 .'00' 9,588 17,1 B4 HH 2 H £
‘ 2' 0,2 . S
28, 2,318 .'oao 23,733 2),‘ 1.2 . : s i
. .
i nin ai12e 3 als 8,8 . o7 09
s 8,00 2. ‘ i :
! s s.900 aite0 . 9,1 2,0 . 1.2 te4
: . $e8 . H
28, 8,585 8,008  @,229 s, s 8.8 : ; ,‘
o Tt 1.2 1,
28, 1,068 g'mw 9,358 13, 15:5 8.8 ‘ i3 i
: . 1,8 .
(4 1,720 .'oan 9,939 18, H3 8.0 : i i
i . 1,3 . H
fee  ere smse 3% 22, 3 ene . T s
7 37, 13 s
W, 2,870 "QBG 9,598 28, 1.3 82 e 3 i3
o . 29,5 2T,
28, 3,468 g‘ouﬂ 2,145 . 2.9 8.0 : i i
’ : 542 .
49, 8,328 s.e08 2,315 t,’ e 8 23! it i
s, 8,595 0,080 1,165 16, 2 3 52 3
: N 1,2 180,
49, 14792 o"BBO 1,543 21, 0 5. 18 ; 3
2 3, 12 o
a8y 2,352 0,008 1,898 27, 83 se : 6 i
3 . 2,7 11,
48, 2,928 .'uo ,148 ., 3.8 8.8 k2 i 1
3 . 6 23,
a0, 8,295 a.00a 2,285 8, 3 RE 12 : e
' s 18, e i
43, 8,535 €200 2,580 16, 0 5.8 20t : H
‘ 3 1,6 a3,
i, 1,498 o 300 8,860 'ea,s 25, 2.e 3 a3 i
e, 1,780 8,008 1,158 ;z,. 35.3 s s i i
a8, 2,008 6,008 1,440 sa,, 38 8.8 e 3 i
40, 2,938 #.000 9,110 Gl or s B
: . 3.8 12,
an, 6,280 e 000 9,220 9.. o 88 o 3t &
. ns 9,455 19, .2 8,2 18,9 s 2e.3
P : 3519 o 23,0 22,
40, 1,17 9,088 0,693 . ¢ HE : i
| e 3! 7.9 28,1
49, f,700 .'oea 0,875 3s, s o 2 : i
: e 14 1,
4s, 2,268 9,208 1,110 .4, 2.9 RE : i i
: . 2.8 .
e, 2,800 ¢'oaa ¢,070 s, 2 8.8 : 2
[ 18, 2.8 2
i s : 01250 23 N 8,0 ' .8
15 4,000 15.8 i H i
1, 8,5 3 8,29 : ¢ e ‘ i
i als N 8,8 8,0
i i 21335 . S a0 . 19,0
32 9,200 337 3 b 1
9, 12 o,e06  ©,585 . s s o 3 b
! S 81250 i s oo o0 . 1.5
i R : 2 H4 .5 1,3 .
9, 2,9 0,908 0,260 T 2 2 i e
", n,280 ‘oce 2,120 12, o 1 s : i
-1 9,08 127 1t 3 i3
4, 8,58 8,088 9,228 M s 8 : 3
q 364 i3 3
&, 1,008 . 9,35S 3s, : se : £
s slese . 86,2 St. 5.8 S, .
a8, 1,72 9,08¢ 9,440 . 3 8.2 : 5
n: Y S8 LY
., 2,278 . 8,558 56, 4 HH : ki
b oo ' "33 ™ a,2 40,8 .
0, 2,87 2,200 9,598 %2 60 .0 & R o
. o 1203 2,183 . 'z e, 8,3 . 82,3
2¢  €,99 13 & B
e, Sedce 8,000 0,315 HME Y ole 2 G i
te, 0, a8 1.16S 38, ‘ s 26312 g e
796 a.% 3.7 m i '
i, . 1,540 . ! o sea it
S8 ¢,dn¢ 38 e : 13 :
& 3 s s . 3 8,8 19, ' 33,5
28 9,09 9.9 8, g s :
9, 2,9 e, 000 0,168 N 53 8 i i i
t XIS e 0,205 18,9 . 0,8 15.6 IS, 8.6
foOLE o b s 3. e R
e, L} PT B850 . . .a.' ' : ui
8 9.m 74,6 75, o s s
9, 1.78 8,002 1,152 . 4 e 123 ; &
147 92, . ’ 82,3 31
it i : i1l It 8,9 19, . “,3
w e ol 10,8 s,1 ' 19,9 20,
i £ o220 . e,8 39,8 . 8,6
an o, M00 . H4H el e b
o8, 0,2 @ 9,22v . s ole i ; i
86 8,08 2.8 1 13
(1N 0.5,5 #3082 9,455 &3 o o s i i
(18 l-'an .'gaq 23,690 [$H .e', e a3 : i
22,8 . 1.3 13 .
[I l.'.a "qnl 3,87% . R o8 . i 3
L1 2.2 ‘aas  t.118 18,5 . 8. 3 : :
fOH L oS W onEon 2 I B
e, . P Sl . 3 80 : ' b
15 e.qe 52,3 as, : 1313 182
s, s 8,820 0,298 243 aie aie 1! i
6,2 .
R an! 2.3 ¢.0 212 2, 3.8
1.738 . Py 100,2  qg2, 4 2 2z :
::: 2l I 123,4 130,2 ::n ’z:s 2,3 o
., 2.‘:: Ay a,a00 13.: ;;'; e.8 2.5 ": £
oo g dia N u,a 8,5 HAAPIN
., s, a.223  a,220 sh‘ 1. .0 13,2 n.' tes
o e nin R 1944 a I B A
: | YT . :
W ens e 130,2 :n.s o e 2 '
IR R R T :
o, . N
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TABLE 21. HZS IN AQUEOUS BUFFER SOLUTIONS, COMPARISON OF CALCULATED AND MEASURED DATA OF SHIH, ET I-\L.26

Partia) Pressure, mm Hq
Moles/Kg of Soln. H,S

pH °¢ LLI €, HyS 13 APL MEAS
7.00 se, #.000 0N,000 8,010 59,3 64,0
100, 8,008 ©,008 0,10 50,1 98,8
;88 120, 8,008 @,0P0 0,010 61,8 104,0
7.00 {u. M.288 0,008 @,010 68,8 1;;.0
. 60, 9,070 o©o,00n 0,019 86,8 125.0
7.00 tes, 2,092 0,002 0,018 136,7 133,80
7.00 89, 2,000 0,000 2,010 19,1 16,1
7°90 100, 0,092 2,083 ©,010 11,5 19,6
' 120, 0,048 ©o,pP0 0,310 12,4 22,7
7.83 149, 2.AYD  B.000 8,010 15,0 25,4
7.80 164, 2,000 ©,P08 0,010 20,1 29,5
7.77 185, 0,08  a,0n0 0,010 e.0 42,2 32,3
.15
.70
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TABLE 22.

NH3-C0

DATA OF VAN KREVELEN, ET AL.

-H,0 AND C02-H

22

2

1

0 SYSTEMS, COMPARISON OF CALCULATED AND MEASURED
AND DATA FROM LANGE'S HANDBOOKZC

Males/Kg of Soln.

N,
p,490
1,969
1,99
2,010
0,690
2,509
2,980
e,989
1,000
2,480
2,000
e,500
2,5%00
1,000
1,000
1,000
2,000
2,000
2,008
2,200
2,840
B, 04Q
8,pv0
8,080

€0, _
9,123
2,680
»,4a90
0,545
2,316
n,257
8,609
8,623
8,513
1,826
2,540
2,098
8,319
8,158
e,364
8,872
2,370
0,696
8,998
1,338
g,078
8,039
#,024
9,018

Hp8

p,000
2,000
o,A00
#,000
8,000
2,000
0,000
2,000
2,000
2,000
0,000
2,000
2,000
0,009
f,000
e,0u0
0,000
0,000
2,Pu0
2,200
2,200
2,000
8,000
9,000

Partial Pressure, mm Hg

N N e

ol RO e e B

LY

VK AL MEAS
3,2 3.t n,0
8,2 9,0 9,4
1,8 12,8 13,0
8,7 12,8 12,5
3,1 2,8 2,0
4,7 4,3 a,a
5,2 S s,

5,0 a,8 f,0
7.9 1.8 9,0
F N 13,1 1,5
8,4 36,0 a,0
2,9 19,7 21,5
8,1 1,2 7,0
3,2 39,1 42,0
0,0 21,1 29,2
1,6 10,8 12,0
1,6 81,1 95,0
2,8 54,0 61,0
a,i 33,7 36,0
7.1 17,6 18,0
8,0 2,8 2,0
s,0 2,8 2,0
e,a 2,0 8,2
P8 8,8 Q,e

ca,

VK ML s
e, 8,2 0,2
8,9 a,8 0,8
2,3 2,3 #,3
9,4 2,3 8,4
28,6 23,3 27,8
‘t.' .90‘ ‘eo‘
41,1 13,6 8,0
as,9 37,5 46,5
18,1 16,5 16,7
25,9 21,4 23,5
2,5 2,1 2.4
3,8 3.4 3,7
101,1 95,2 93,9
4, A, 4,1
23,1 22,48 20,4
2e0,1 enld, e 215,90
4,6 3,6 5,3
25,6 23,2 29,9
94,3 98,8 86,8
319,2  355,9 394,09
8,0 895, 40,0
.0 791,90 760,90
8,0 718,86 760,0
£,8 4ba,b TYéa.d

Van Krevelen

Data

Lange's Handbook
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TABLE 23. NH3-COZ-H20 SYSTEM, COMPARISON

OF CALCULATED AND MEASURED

DATA OF OTSAKE, ET AL.22

Partial Pressure, mm Hg

Temp. Moles/Kg of Solnm. NH. Co,,

*c N, €0, H$ 114 APl AS YK APL HEAS
20, 0,998 0,820 @,0H0 9,6 0.6 2,5 So,? 45,6 sS,0
k0, 2,330 B,298 B, 000 17,6 21,1 20,) .1 n,0 0,5
29, 1,720 1,434 @,0m@ 8,0 Pe? 8,7 Q9,0 86,3  104,2
20, 4,157  0,%0 6,800 29,1 a3,7 a8, 0,08 2,8 e,1
i, 2,877 1,903  @,ueQ 2,9 t I} 3,1 34,7 28,4 53,5
20, 5,598 2,836 0,000 7,7 11,1 11,2 8,1 5,0 7.3
20, 7,087  3.9§%5  @,0u0 8,0 13,1 15,1 7,9 6,7 13,9
m, 8,132 a,763 9,000 $353,9 3os,4  28%,% ol 2,1 n,3
N 19,730 2,519 a,ro0 116, 277,3 322,08 1,0 8,9 1.1
s, 2,789  1,3%4¢ o,m20 16,7 18,4 19,4 23,9 20,0 22,9
’a, 1,014 1,268 9,000 14,2 14,5 22,8 447,55  #10,2 842,09
o8, 2,866 0,938 0,000 17,5 b2,t 17,2 22,2 22,0 3,8
(T $,798 2,208 @,vnd 191,77  187,8 3533 n,2 36,7 9,1
.0, 6,060 2,008 ¥, ,0une 137,6  187,9 364, 21,6 21,8 10,9
o0, 6,794 3,613 0,000 60,8 87,1 161,3 2071,8 198,99 271,7
oo, 7,853 3,495  @,0ud 198,6 159,88  313,8 74,8 72,3 31,0
.a, 8,291 2,838  @,0u0 166,9  269,9 0885,9 22,2 22,1 20,0
'TH 2,824 1,218 B,v00 123,99 122,68  108,2 223,9  267,2 256,2
’e, 3,806 @,At6 0B,und 282,9  3nS,3  297,3 2r,3 33,2 a1,6
", 4,891 8,405 @a,000 36,9 527,86 490,08 3,3 4,2 19,6
se, 4,486 1,563 n,000 228,71 252,2 214,85 115,86 138,2 1883,5
80, 7,352 9,564 9,00 585,2 885,2 %02, 2,7 3,3 19,9
109, 2,601  t,382 Q,000 176,3 185,77  147,.7 1203, 17%7,8 1214,0
jen, 4,891 2,407 0,000 765,8 924,81 923,0 12,6 19,9 43,0
160, 4074 1,563 Qa,000 47,3 Q13,4 27,0 409,06  625,1 635.0
109, 6,278 8,936 8,000 823,80 1099,6 3022,0 2,3 47,3 1e87,p
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TABLE 24. NH3-C02-H25-H£0 SYSTEM, COMPARISON OF CALCULATED AND MEASURED DATA OF CARDON AND WILSON5

Partial Pressure, mm Hg

Temp. Moles/Kg of Soln. NHy o, HoS
°c NH, €0,_ Ho$ vk APl MEAS vk APT MEAS VK APL MEAS
5@, 5,085 1,786 2,689 15,5 22,3 30,5 §95,1 309,08 239,9 §9a,6 1286,2 1132,2
58, 18,192 2,665 3,711t 67,8 122,33 263,2 25,2 62,6 S4,3 114,86  4ae2,3  S40,8
sa, 1,511 0,955 @.172 49,8 49,2 ‘49,23) e.3 2.3 2.3a) 2.6 210 . s.0d)
8o, S.606 1,485 3,000 72,8 108,55 164,48 9715,8 §871,1 1613,0 1379,6 4Yv4B,7 3960,2
sa, 1,963 0,027 0,165 211,17 195,9 xea.ca) 2,6 8,8 T.6 ) 7,2 6,8 zu.aa)
89, 4,543 2,109 1,774 3,7 52,2 95,1 4152,7 aveb,q 3453,6 1215,4 4287,% 2585,0
8e, 4,104 1,999 1,487 29,5 41,8 127,7 4024,3 4a362,3 3458,7 517,13 3519,8 2517,8
89, 1,088 ©,20a @,088% 86,6 73,8 192,48 26,0 31,9 65,5 12,1 13,2 18,4
ae, 2,542 @,u60 9,093 e,n a,3 2,9 9,8 26563 2436,6 @,6 351,2 2ub,1
sa, R, 752 @A,137 8,499 13,5 15,3 7,8 312,59 275,17  346,9 1048,2  Te7,1  S89,4
83, 0,582 9,384 2,049 14,3 13.1 29,5 40,2 647,77 453,48 57,8 60,3 ar,6
82, 2,692 8,995 1,117 42,2 49,5 102,84 1992,7  1319,8  987,% 968,9 1720,9 13%4,5
se, 15,181 2,749 3,769 579,9 1425,6 2176,6 35,1 121,80 149,9 50,1  b26,6  B4T,9
i1e, 2,924 0,754 1,155 41,6 112,35 285,9 11867,8 7T471,6 5976,S T736,3 S470,7 461648
i1e, 8,552 ©,541 8,115 e,8 17,7 15,5 9,2 10589,9 9145,7 9,0 843,88 80,3
110, 9,597 0,872 D,i66 98,4 92,5  19p,3 193,88  176,2  169,1 160,8  155,5  1712,2
130, S.676 2,511 1,281 249,6  4¥9,7 353, 5724,5 10211,2 10040,1 320,2 3741,9 Qa25,%
118, 2,645 1,566 2,786 42,2 118,8 Sss,sa) 26855,9 15998,6 9988,4 2594,0 ai8b,2 7207,0
124, 2,152 0,890 4,166 608,6 b638,1  73a,% 25,4 sa,6 103,4 48,2 49,2 61,2
120, 2,259 9,231 0,138 2,0 12,9 19,1 0,0 7296,7 6360,6 8,0 1269,3 1623,4
120, 8,853 9,826 0,306 38,7 T6,6 93,6 ) 9596,0 6208,4 5619,8 3836,6 1502,6 1483,8
120, 8,105 0,211 @,022 25,9 23,8 16,3 26,8 50,2 58,3 24,3 22,0 22,4
120, 0,083 9,028 ©,083 0,0 4,2 abyb 2,8 899,55 152,8 0.9 707,3 S63,0

a) These points ignored in computing averages because they represent extreme deviations which
are probably due to major error in the measured values. In the third and fifth runs, the
entire run was suspected, so the entire run was ignored.
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TABLE 25, NH3—C02—H25~H20 SYSTEM, COMPARISON OF CALCULATED AND MEASURED DATA OF BADGER AND SILVER]5

Partial Pressure, mm Hg

Temp. Moles/Kq of Soln, NH, co, H,3

L

Il . L €, HS LS AL MEAS ¥ ArL MEAS L AP HeAs
20, 1,189  n,810 0,189 3,9 4,0 4,1 1.9 1,7 1.9 3,6 3,6 3,2
29, 1,199 9,498  n,198 2,9 3,0 2,9 3,7 3,2 3,5 5,8 5,8 5.1
ke, 1,399 9,495 9,390 2,9 3,9 2,8 9,2 3,9 3,7 13,7 16,4 12,6
29, 1,495  ¥,Sp3 8,005 2,8 2.8 2,7 3,6 3,0 3,7 104 1,1 0.0
29, 1,380 #,638 8,388 1,6 1,7 1,5 i3,2 12,1 13,1 26,9 26,7 27,8
20, 1,497  ©B,669 ©,097 1,4 1,9 143 16,1 1,9 12,1 b,1 S,7 5,3
20, 1,192 09,678 0,392 1,8 1.8 1,3 16,6 13,8 13,8 13,9 13,3 11,1
20, 1,196 0,688 0,196 1,3 1,3 1.3 18,6 15,0 19,0 15,8 15,8 15,3
20, 1,192,700 9,192 1,2 1.2 8,9 20,6 17,9 20,5 16,6 15,7 15,9
20, 1,193 8,705 9,193 2,9 1,9 9,9 30,2 25,7 29,2 22,1 20,5 27,4
2a, 1,692 0,770 0,892 8,8 9,8 9,7 36,2 31,3 35,2 11,8 19,3 12,2
20, 1,088 0,790 0,088 0,7 8,7 0,0 93,4 36,1 42,0 12,5 11,3 2,0
20, 1,695 0,808 0,095 8,7 8,7 2,0 47,8 40,3 45,3 18,7 13,3 2,9
20, 1,008 0,815 ©,088 0,6 0,6 0,3 SS,4 45,1 0,0 15,2 13,8 13,1
20, 1,095 09,818 @,095 8,6 8,6 8,6 56,9 46,4 2,0 1609 14,9 18,9




89

TABLE 26. NH3-H20'SYSTEM, COMPARISON OF CALCULATED AND MEASURED DATA OF BREITENBACH AND PERMAN

16,23

Moles/Kq of Soln.

NH,

1,178
1,468
1,762
2,389
2,936
4,004
S,872
8,808
1t,704
14,0680
17,016
23,048
29,340
35,2
44,108
46,974
1,702
2,938
5,802
19,798
17,818
29,360
41,194
8,587
2,940
f.008
2,938
4,408
5,872
8,808
11,74

X

€o,_

(R
e, 000
8,000
9,200
8,000
»,000
9,098
a,000
#,000
0,000
0,000
o,0p0
2,000
®,000
2,000
8,000
2,AR0
8,000
0,008
e,nrp
8,000
f,000
9,000
8,000
9,000
9,000
o,n08
9,000
e,008
9,008
9,008

Bs

»,000
8,400
9,000
0,800
¢,000
2,000
0,000
0,000
8,000
6,000
°.002
0,000
o,000
o, 0u
0,000
0,000
TY
0,000
2,000
¢,000
0,000
0,000
8.020
8,000
9,000
0,000
9,000
2,000
0,209
9,000
9,000

Partia) Pressure, mm Hq

NH.,

1 APl MEAS
12,0 12,7 12,0
14,8 16,3 15,8
17,4 20,1 18,2
22,8 28,1 24,9
21,2 56,8 34,7
37,4 62,2 So,0
43,9 93,4 69,6
58,8 117,17 (14,6
65,4  300,0  166,0
69,1 076,11 227,9
0.8 T2e,4  298,0
66,3 155(,9 4a7a,0
59,3 3117,9  686,0
58,7 01,1 945,0
32,2 1121a,8 1170,0
34,4 207103,7 1458,0
44,6 ay, s as,®
69,5 8s,? 1e,3
LIT,8 207,6  1b7,8
167,5 608,1  39%,0
179,10 1335,4  492,9
151,88 4Y69,3 1S520,0
108,0 14308,1 2760,0
36,4 3,4 30,2
s1,1 51,2 an,7
86,5. 82,4 17.4
159,00  LI7,8  16%,90
219,2  287,6  261,0
268,6 413,35 361,0
300,2 720,38 S83,0
383,80 1115,7 8340
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TABLE 27, NH3-C0,,-HQS-H20 SYSTEM, COMPARISON OF CALCULATED AN MEASURED DATA OF VAN KREVELEN, ET AL]

Partia)l Pressure, mm Hg

Temp. Moles/Kq of Soln. NM3 CO{, st
— NH, €0, .  H$ ® APl MEAS 13 APy MEAS vk API MEAS
20, 1,160 0,418 o,180 3,8 3,6 ",0 2,1 1,9 e,p 3.7 3,7 6,2
20, 1,240 08,752 #,291 0,7 8,8 ",8 aq,7 38,0 a0 48,2 44,0 ay,9
20, 2,168 e,9%¢ 0,360 3.7 a,0 2,0 0,4 5,9 2, 13,4 12,7 16,8
20, 2,156 8,000 2,600 8,9 9,9 6,0 9,5 2,5 e, 7,3 7,9 8,4
20, 2,2%¢ j,am0 @,21@ 1,7 1.9 2,2 32,7 26,5 2,0 19,7 16,5 18,0
20, 8,798 0,258 @,180 2,6 2,6 0,0 1,7 1,9 8,0 3,17 3,9 4,3
40, 1,178 2,410 9,184 19,6 18,3 8,0 18,2 5,9 8.0 11,3 10,7 11,7
8, 1,148 0,838 2,180 19,9 9,7 8,0 11,0 9,6 0,@ 11,6 19,9 12,3
a8, 1,130 2,292 0,299 14,1 13,6 2,0 3,4 2,8 8, 12,8 11,2 12,1
40, 2,160 0,90 9,360 11,3 11,9 8,0 39,4 27,6 2,0 33,7 35,2 38,4
4, 2,15 98,000 ©,600 23,6 24,8 8,0 3,5 3,5 0,0 24,8 26,9 21,0
., ®,700 @,i184 ©,3%@ 5,9 5,5 #,0 5,1 a,s e,p 33,1 30,7 32,3
a0, P,Y90 8,250 p,180 7.3 6,9 8,0 8,8 7.7 8,0 12,5 11,6 13,3
a0, 0,748 08,388 8,168 3,3 3,2 0,0 42,8 35,9 f,0 29,3 26,8 21,8
40, 2,259 1,408 0,210 5,7 6,2 8,0 128,86 129,48 0,2 4a,s 43,4 37,6
.0, 1,478 8,418 @,184 26,1 2a,n 8,0 43,2 43,9 e,0 29,3 32,6 29,3
40, 1,198 p,a1m 0,180 24,8 22,7 2,0 46,3 ab,8 0,0 3,0 33,3 30,0
08, 1,130 9,218 0,290 33,3 38,3 2,0 14,0 14,6 2,0 34,4 35,5 32,8
o0, 2,180 9,950 0,340 28,7 29,0 8,8 13,1 137,0 0,0 74,7 107,0 84,4
0, 2,156 9,400 9,600 85,8 55,3 0,0 17,3 19,7 8,9 67,2 19,6 17,5
.2, 2,250 1,340 0,200 10,6 19,9 2,0 569,48  352,8 9,0 59,3 95,8 59,9
.0, 8,740 4,106 08,350 13,9 12,8 2,0 21,6 22,2 b,0 96,6 94,9 Y
e, 8,79¢ e,256 0,180 17,9 15,9 8,0 36,2 36,4 8,0 30,4 35,3 32,0
60, 0,740 8,360 2,150 10,1 9,2 2,8 119,33  1ta,4 0,0 55,8 58,3 53,9
68, 1,020 8,628 @,140 9,3 8,9 8,0 288,5  26%5,9 (] 10,0 19,2 63,7
o0, 1,290 8,656 2,124 19,4 16,3 2,9 121,3  118,4 0,9 29,7 35,9 25,8
™ 1,200 0,635 8,234 15,1 14,4 B,0 177,2  174,3 2,0 20,3 96,4 77,0




TABLE 28. SUMMARY OF REFERENCES TO EXPERIMENTAL DATA
e e ———————— e ——

Reference Type of Data
5 NH3-C02-H25-H20
50°C to 120°C
20°C
16 NH3—H20
0°C to 60°C
17 NH3-H?0
97°C to 147°C
20°C
20°C to 40°C
20 COZ-HZO
0°C to 60°C
21 HZS-HZQ
80°C to 150°C
80°C to 120°C
22 NH3-C02-H20
20°C to 100°C
23 NH3-H20
0°C to 60°C
24 NH3-H20
0°C to 60°C
25 NH3-COZ-H20
20°C to 40°C
26 HZS—HZQ
(Buffered)
80°C to 185°C
70

Used in Correlation

yes

yes

yes

yes

no

no

yes

yes

yes

yes

yes

yes

no

yes

{continued)



TABLE 28. (continued)

27 NH3-COZ-H20 no

70°C to 120°C
28 NH3-C02-H20 no

Phase diagrams
60°C to 170°C

29 NH3-H23-H20 yes
20°C to 60°C
1 NH3-C02-H20 yes
NH3-HZSMH20 yes
NHB'COZ'HZS'HZO yes
20°C to 60°C
30 NH3-H20 no
114°C to 317°C
31 COZ-HgO no
270°C to 550°C
32 HZS'HZO no
160°C to 330°C
33 NH3-HZS-H20 no
70°C to 90°C
34 HyS-H,0 no
25°C
150°C to 330°C
36 H,S-H,0 no
HZS—CH4-H20

71°C to 140°C

37 NH3—002-H20 no
60°C to 150°C

More references are given in I. Wichterle, J. Linek, and E. Hala, Vapor-
Liquid Equilibrium Data Bibliography, Elsevier (1973). The references Tisted
above are ones for which copies of the data have been obtained.
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ignoring data in
Tables 23 & 30

TABLE 29. SUMMARY UF DEVIATION ERRORS BETWEEN CALCULATED AND
MEASURED AMMOMIA PARTIAL PRESSURES
Partial Van Krevelen API SWEQ
Pressures Temp vs Meas. Data vs Meas. Data
in Table no. °C No. pts Ave. Error % No. pts Ave. Error %
18 80 6 60 10 14
120 6 29 8 17
60 6 387 6 8
100 4 130 4 18
140 4 33 4 5
192) 20 5 1842 5 3293%
40 4 107a§ 4 1502)
60 4 602 4 79
22 20 4 15 4 3
40 7 8 7 8
60 9 8 9 8
23 20 7 45 7 11
40 3 90 3 10
60 7 139 7 81
80 5 14 5 10
100 4 15 4 9
24 50 3 98 3 43
80 10 126 10 77
110 5 115 5 35
120 5 73 5 30
25 20 13 8 13 12
26 b) 20 16 2422% 16 128g;
40 7 223! 7 8
overall average 72 24

a) These data appear to be of rather low quality and should be given very

b)

little weight.

These data are in disagreement with data for NH

Clifford and Hunter. From our evaluation we be

their data.

-H,0 in Table 22 by
?ig%e the data of Clifford
and Hunter to be more nearly correct, and more weight has been given to
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TABLE 30. SUMMARY OF DEVIATION ERRORS BETWEEN CALCULATED AND

MEASURED CARBON DIOXIDE PARTIAL PRESSURES

Partial Van Krevelen API SWEQ
Pressure Temp. vs. Meas. Data vs. Meas. Data
in Table no. °C No. pts. Ave. Errory No. pts. Ave. Error%
22 20 4 13 4 5
40 8 8 8 13
60 9 9 9 10
0 -- -- 1 18
20 -- -- 1 4
40 -- -- 1 6
60 -- - 1 15
23 ) 20 5 1022% 7 11723
40 3 405) 3 663)
60 7 1265) 7 1285)
80 5 1283) 5 913)
100 4 92 4 51
24 50 3 . 63 3 23
80 9 63 10 29
110 4 98 5 20
120 3 148 5 25
25 20 15 _8 15 12
overall average 35 17
ignoring data in
Table 27

a) These data appear to be of rather low quality and should bg given
very 1ittle weight because deviations are large and have little
apparent pattern.
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TABLE 31. SUMMARY OF DEVIATION ERRORS BETWEEN CALCULATED AND
MEASURED HYDROGEN SULFIDE PARTIAL PRESSURES

Partial Van Krevelen API SWEQ
Pressures Temp. vs. Meas. Data vs. Meas. Data
in Table no. °C No. pts. Ave. Error% No. pts. Ave. Error%
18 80 -- -- 4 5
120 -- -- 3 2
150 -- -- 3 13
80 6 22 10 13
120 6 44 8 44
19 2) 20 5 7872% 5 539:;
40 4 225a) 4 182a)
60 4 23 4 5
20 20 30 10 30 14
40 30 6 30 8
60 30 9 30 12
21 80 -- -- 2 50
100 - - 2 67
120 - - 2 75
140 -- -- 2 70
160 -- -- 2 44
\ 185 -- - 2 16
24 50 3 211 3 13
80 9 139 10 47
110 4 188 5 23
120 3 46 5 18
25 20 15 10 15 11
27 20 6 12 6 12
40 9 6 9 10
60 12 _8 12 20
overall average 24 18
ignoring data in
Table 23.

a) These data appear to be of rather low quality. Large and unreasonable

adjustments would have to be made in the correlation model to correlate
these data; therefore they were ignored.
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Table Temp. Ave. Error, %

_No. System . Range, °C NH, €0, H,S
20 NH3-HpS-Ho0 20°C to 60°C  --- ---
22 NH3-CO2-H»0 20°C to 60°C 9 9 -
25 NH3-COp-HpS-Ho0  20°C 8 8 10
27 NH3-COp-HpS-Hy0  20°C to 60°C  ---  --- 8

From this comparison, average ergors are @about 10% or less in these tables;
however only data from 20~ to 60°C are compared. ‘fhen higher temperature
data and other literature data are compared the aareement is not as good be-
cause of extrapolation errors. These comparisons are given in Tables 18, 19
24, and 25 where deviation errors can be summarized as follows.

Table Temp. Ave. Error, %

_No. System Range, °C NH. €0, HoS
18 NH3-HpS-H,0 80°C to 120°C 139  --- 58
19 NHg-HyS-Hy0 20°C to 60°C  1228) .. 379b)
23 NH3-COp-Hy0 20°C to 100°c  65°) 105P) ..

24 NH3-CO,-HpS-Hp0  50°C to 120°C 108 84 146

This comparison shows that deviation errors are baout 3 to 15 times higher

than for the systems from which the correlation was derived. This conclusion
doesn't change significantly even when suspected data noted at the bottom of
this summary are ignored. Thus, gt is cogc]uded that the Van Krevelen model
does well at temperatures from 20°C to 60 C which is the region from which 18
was derived, but its accuracy is much poorer at temperatures from 60~ to 1203g)
which is the range of commercial interest for sour water strippers. Beyggok
has recently proposed an NH3 Henry's constant published by Edwards et al

which improvea predicted NH3 volatilities. By this method, the average error
for NH3 at 80°C in Table 29°is reduced from 60% to 23%.

Evaluation of SWEQ Model

The SWEQ model has the advantage that both low-temperature and high-
temperature data were used in developing the model, thus it wqu]d be expected
to give better results than the Van Krevelen model. A comparison gf the AP;
SWEQ model with the Van Krevelen model and with experimental qata is given in
Tables 18 to 27 under the heading API. At some of the condit1ons.in these
tables, direct comparison with the Van Krevelen model is not possible because
the Van Krevelen modes does not permit the calculation of equilibrium data at
NH3/H S ratios less than 1.5 or for NHﬁltota1 acid gas ratios Tess than unity.

This gondition occurred in the following cases.

b)Measmr'ed data in Tables 19 and 23 are believed by the author to bhe un-
reliable. Data in Table 19 deviate radically. Large and unreasonable adjust-
ments would have to be made in the model to correlate these data. Data in
Table 23 exhibit large deviations with little apparent pattern.
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Table Temp.
No. System Range, °C
18 HZS-HZO 80°C to 150°C
HZS-NH3—H20 80°C and 120°C
21 H,S-buffer-H,0 80°C to 185°C
22 COZ-HZO 0°C to 60°C
24 0 80°C to 120°C

NH3-C02—HZS—H
(4 points)

2

A comparison of the SWED model with the Van Krevelen model at low
temperatures where the Van Krevelen model was derived gives the following
results.

Temp. Ave. Error %

Table Range NH4 C0» HoS
No. System °C VK SWEQ VK SWEQ VK SWEQ
20 NH3—H25-H20 20-60 B e 8 M
22 NH,-C0,-H,0 20-60 9 7 9 10 --- ---
25 NH3—C02-H28-H20 20 8 12 8 12 10 N
27 NH3—C02-H25—H20 20-60 e TR T 8 15

Overall Ave. Error 9 10 9 M 9 12

This comparison shows that the SWEQ model does about as well as the Van

Krevelen model except that the Van Krevelen model appears to be slightly
better. The overall average error from the Van Krevelen model is about

9% while the SWEQ model gives about 11%.

The picture changes considerably when high temperature data are compared
as follows.
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Temp. Ave. Error ¢

Table Range NH

an 3 c0, TS
No. System Y, VK 3WEQ VK SWEQ VK “SWEQ
18 NHy-H,S-H,0 80-120 45 13 -—= _.. 33 27
19 NHy-H,S-H,0 20-60 1241978 . ___ 37¢2) pged)

23 NH-CO,-H,0 20-199 68 20 1050 of) ___ ___
24 NH3-CO,-H,S-H,0  50-120 108 53 84 24 146 31

. Overall Ave. Error 77 36 84 24 90 29
(ignoring Tables 23 & 27)

a)Measu1r:ed data in Tables 23 and 27 are believed by the author to be
unre11ab1e. Data in Table 23 deviate radically. Large and unreasonable
adjustments would have to be made to correlate these data. Data in
Table 27 have large deviations with Tlittle apparent pattern. .

This comparison shows the SWEQ model to be superior to the Van Krevelen
model at high temperatures with deviations averaging about 84% for the Van
Krevelen model compared to about 29% for the SWEQ model. However, the pre-
dicition accuracy is still not as good as at lower temperatures. This can be
partly explained by the fact that much higher concentrations of the components
were studied in Tables 18 and 24 at high temperatures compared with concen-
trations in Tables 20, 22, 25, and 27 at low temperatures. Concentrations
up to 14 moles/Kg of solution are covered in Tables 18 and 24 while concen-
trations to only about 3.5 moles/Kg of solution are covered in Tables 20, 22,
25, and 27. These higher concentrations place very high demands on the SWEQ
model and makes actual correlation of the data more difficult., Besides this
problem there is the normal scatter expected from the data due to measurement
errors. It is not possible at this point to say which errors are correlation
erros and which errors are measurement errors; however, it is possible to con-
clude that the sum of both errors is on the order of about 29% for the SWEQ
model compared to 84% for the Van Krevelen model.

Another test for accuracy of the SWEQ model can be made by comparing
mean deviations in p where the mean value is calculated as follows.

P 1/N
1N (ﬁl@i\ 1} (43)

meas/Pcalc

(Pmeas _ 7L
Pca]c mean value 1E

where N = number of points averaged

ca]c/

This comparison will show any bias errors that may exist between calculated
and measured data. As in the case of average errors, the bias errors can
result from either correlation bias or from bias in the experimental data.
These comparisons for the SWEQ model are given in Figures 6, 7, and 8 for
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NH., CO,, and H,S respectively. Figure 6 shows that mean ratios of p /p
fo% NH Zlie pri%ari]y above unity with only the data of Badger and siTGep .calc
and of“Breitenbach and Perman lying below unity. The amount qf.steam required
in a sour water stripper is primarily determined by the volatility of NH,. )
For this reason, available NH, volatility data from the literature from Vari-
ous authors are compared in F?gure 6 in an attempt to obtain a re11ab]e
volatility correlation. The author suspects that the points below unity are

in error and that the true NH, partial pressures are slightly above unity,

The scatter between various aathors primarily represents bias in their measured
data, but a line of unity which falls below all of these points probably
represents correlation bias. This correlation bias in the case of ammonia can
be easily adjusted so that measured data will scatter symmetrically both above
and below unity; however, the author is hesitant to do this without further
justification from other data.

Figure 7 shows that mean ratios of P /pca for HZS appear to fall
nearly symmetrically both above and below ﬁﬂ?ty, l& again, the scatter between
the points probably represents bias in measured data between the various
authors,

Figure 9, 10, and 11 show similar plots comparing mean ratios of
Pme /p from the Van Krevelen model for NH,, CO,, and H,S respectively.
Theds p?glg show wider scatter than it obtainea fro% the SWEQ model. The
difference has to be due to correlation bias., This result would tend to infer
that there could still be correlation bias in the SWEQ model which has not
been identified. If such bias exists, it has to be on the order of the
deviations appearing in Figures 6 to 8 or less,
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Evaluation of New BYU Data

An evaluation of new NH -H,S-H,0 and NH,-C0,-H,S-H,0 data measured
at Brigham Young University éan probably be Bestzmaae b§ comparison of
measured qata with predicted data from the SWEQ model. These comparisons
are made in Table 18 for the H,S-H,0 and NH.-H S-H20 systems and in Table
24 for the.NH3-C02-H S-H,0 system.” The swzé mgdel predicts low temperature
data on which“the Vaa Kr@ve]en model is based with about the same accuracy
as the Van Krevelen model, and at the higher temperatures from 50°C to 120°%¢C
in Tables 18 and 24, the accuracy is much better than the Van Krevelen model.
As discussed above, it is not possible to separate correlation errors from
measurement errors; so margins of error have to include both effects. The

gol1ow1ng gives a summary of the average errors between predicted and measured
a a.

Table Temp. No. of Ave. Error %
No. °C_ Points NH; €O,  H,S

18 80 10 14 -- 13
120 8 17 - 44

19 50 3 43 23 13
80 10 77 29 47

110 5 35 20 23

120 5 30 25 18

Overall Ave. Error % 36 24 29

It is concluded from this comparison that the new 2YU data in Tables 18 and

24 are consistent with literature data correlated by Van Krevelen et al.,

with average scatter between measured and correlated data being on the order
of 36%, 24%, and 29% respectively for NH,, CO,, and HZS. Two experimental
runs given in Table 24 were ignored in‘cgmputgng thesé averages and ammonia
analyses on two additional runs were ignored. The points ignored are noted

at the bottom of Table 24. The reason for ignoring these points is that the
deviations are so large that the experimental points appear to be unreasonable
and probably in serious error.

Mean ratios of p S/p c plotted in Figures 6, 7, and 8 for NH,, C02,
and H,S respectively 05R8% s&ﬁl bias between data in Tables 18 and 24 gs

follows. Table
No. Comments
18 NH: appears okay
Hzg appears okay
24 NH-2 at 50°C and 80°C appears about

0% too high
C0, appears okay
Hz% appears okay
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Based on this comparison, it is concluded that any bias in the measured
data is small except for NH, at 500C and 800C in Table 24, If these data
points were ignored in ccmpéting the average error above for NH,, then the
overall average error would be reduced from 36% to 24% which is comparable
to deviation erros for CC, and H.S based on the SWEQ model.

Ammonia Fixation by Acids and Release by Caustic Addition

Little direct data appear in the literature on the volatilities of NH,,
c0,, and stzggom aqueous solutions as a function of pH. One study made b}
Sh?h et al.,, is given in Table 21 for the volatility of HZS from buffered
solutions. In this table, the predicted H,S pressures are consistently lower
than measured values by a factor of about 6.7. This prediction error could
be the result of the salt concentration in the buffer solution which is not
accounted for by the SWEC model.

In addition to the data by Shih et al., new measurements of pH versus
caustic addition have been made at BYU. These results are shown as the
plotted curves in Figures 12 and 13. These comparisons show that predicted
free NH3 concentrations are also lower than measured values as occurs in the
case of "H,S. These data tend to indicate that the SWEQ model might be pre-
dicting bgth too low H,S and too low NH, partial pressures, but we doubt
this based on the measared volatility dgta of NH3 and H,S examined in this
report. With these discrepancies, calculated pH”levels could be in error by
+ 0.5 unit; this is a rather large error so more work should be done to re-
solve this question.

Ammonia fixation effects due to carboxylic acids and the release of
NH3 by caustic addition are predicted by the SWEQ model as given in Table
327 This table gives a comparison of calculated tray to tray NH,, C02, and
H,S volatilities going down a separation column at total reflux gt 20%psia
cg]umn pressure. The initial vapor phase concentrations of NH,, C0,, and
H,S were 100 ppm on a weight basis for each component. The figst sgt gives
cg1cu1ated vapor and liquid compositions for three trays under conditions of
no carboyxlic acid or caustic present. In this example, the 1iquid concen-
tration of all three components drops to 0.1 ppm or less on the third tray.
When 500 ppm by weight or carboxylic acid is added to the liquid on each tray,
then the ammonia concentration goes up to 142.4 ppm on the third tray indi-
cating that the ammonia is fixed and is unstrippable., If caustic is then
added to a level of 172.5 ppm in the liquid on each tray, then the ammonia is
released from the carboxylic acid and concentrations less than 0.1 ppm are
predicted for NH3, C0,, or H,S in the 1liquid of the third tray. If too much
caustic is added; the% H,S w%]] be fixed in the liquid phase; thus 500 ppm of
caustic produces an H,S Concentration in the 1iquid phase of the third tray
of 310.1 ppm H,S. Frgm this table, it appears that the optimum pH for equal
volatility of ﬁH and H,S is about 8.5. This pH corresponds to the hydrogen
ion concentratioﬁ in thg liquid phase at the temperature of the tray in the
separation column. In actual practice, samples of liquid would probably be
taken for pH determination at room temperature. The effect of temperature
on pH can be calculated from the SWEQ model. Figure 14 gives a plot of pH
at 259C and at 120°C for the addition of caustic to the mixture shown in
Figure 1. The effect of temperature will be different depending on the
mixture, but this plot can give some idea of the effect.
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TABLE 32. COMPARISON OF CALCULATED NH,, COZ’ and HZS VOLATILITES VERSUS
EFFECTS FROM CARBOXYLIC ACIB AND“CAUSTIC-ADDITION, TRAY TO TRAY
FROM THE COLUMN AT TOTAL REFLUX AND 20 PSIA COLUMN PRESSURE

RCOOH_ Initial Basis for Each Set
or OH™- is 100 ppm of NH,, €0,, & H,S in Vapor pH
in Liquid - ppm by wt. ¥ - ppm by wt. Vapor/Liquid Ratio at col.
ppm wt in Vapor in Liguid wt Basis ) Te@p._
Tray RCOOH OH NH. QQQ_ ﬂz§ NH, 292_. H,S  NH, QQQ_ 52§ in Liquid
1 0 0 100 100 100 5.8 3.0 1.3 17 370 78 8.035
2 0 0 5.8 0.3 1.3 0.6 0.0 0.0 9.7 1100 241 7.515
3 0 0 0.6 0.0 0.0 0.1 0.0 0.0 4.2 2590 620 7.026
1 500 0 100 100 100 138.8 0.0 0.1 .72 5600 1750 6.195
2 500 0 138.8 0.0 0.1 142.2 0.0 0.0 .98 5100 1570 6.332
3 500 0 142.2 0.0 0.0 142.4 0.0 0.0 1.00 5090 1550 6.341
1 500 172.5% 100 100 100 4.5 0.9 3.7 22* 116 27% 8.500
2 500 172.5 4.5 0.9 3.7 0.2 0.0 0.2 23 83 20 8.646
3 500 172.5 0.2 0.0 0.2 0.0 0.0 0.0 23 82 19 8.652
i 800 500 100 160 100 3.9 60,0 171.2 26 1.7 0.6 10.165
2 500 500 3.9 60.0 171.2 0.2 29,5 250.0 26 2.0 0.7 10.097
3 500 500 0.2 29.5 250.0 0.0 11.8 310.1 26 2.5 0.8 10.026

*Appears close to optimum caustic addition for best NH3 and HZS volatility.
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SECTION 7
ACCURACY OF CORRELATION
The overall accuracy of the SWEQ model can be assessed by examination
of the error summaries in Tables 29 to 31 for NH3, coa, and HZS respectively.

From these tables, the overall average error betWeen feasured“and predicted
partial pressures can be summarized as follows.

Temperature Overall Ave. Error %

Comoound Range, °C VK SWEQ
Ammonia 20 to 140°C 72 24
Carbon dioxide 20 to 120°C 35 17

Hydrogen sulfide 20 to 185°C 24 18

This coTparison shows that SWEQ module is superiorto the Van Krevelen
model,2

Data at low temperatures are represented better by both models than data
at high temperatures as shown in the following comparison taken from the
previous section of this report.

Ave. Error %
up to 60°C above 60°C

Compound VK SWEQ VK SWEQ
Ammonia 9 10 77 36
Carbon dioxide 9 11 84 24
Hydrogen sulfide 9 12 90 29

This comparison shows that both models predict the low temperature data
quite well; but at high temperature, the Van Krevelen model deviates consider-
ably from measured data, and errors between the SWEQ model and measured data
increase from about 11% to about 24%.

Users of theSWEQ model must be aware that.the errors summarized above
are average errors and that there might be regions where the correlation 1s
less accurate. More experimental data is required before a better assessement
can be made.

a)This is the model published by Van Krevelen without any modifications.
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SECTION 8
SUMMARY

A new correlation model has been developed for calculating sour water
equ1]1br1um data at temperatures from 20°C to 140°C. The correlating equations
in this new SWEQ have been used to obtain a computer program capable of handling
the various chemical and physical equilibria of NH , and H,S in sour water
systems including the effects of carboxylic acids 3n NH f1xat1 n and release
by caustic addition.

This new SWEQ correlation model has been used to evaluate published and
new vapor-liquid equilibrium data and comparisons are made with the Van
Krevelen prediction equations as published by Van Krevelen. Average errors
?e%¥een calculated and measured partial pressure data can be summarized as

ollows.

Ave. Error %

up to 60°C above 60°C

Compound VK SWEQ VK SWEQ
Ammonia 9 10 77 36
Carbon dioxide 9 11 34 24
Hydrogen sulfide 9 12 90 29

This comparison shows that both models predict low temperature data
quite well; but at high temperatures, the Van Krevelen model deviates con-
siderably from measured data, and errors between the SWEQ model and measured
data increase from about 11% to about 29%. Comparisons with variations of
the Van Krevelen model as published by other authors have not been made.

Vapor-Tiquid equilibrium measurements made at Brigham Young University
are predicted by the SWEQ model with the following average errors.

Compound Ave. Error %

Ammonia 36
Carbon dioxide 24
Hydrogen sulfide 29

Data on.measured NH part1a3 pressurss from NH,-CO,-H,S-H,0 mixtures appear
5% e Bo1ﬁts §

too high by about 40% at 50°C and 80°C. 1If thgs re ignored, then
the average ammonia error is reduced from 36% to 24%.
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Details of the SWEQ correlation model, correlating equations, the
computer program, and evaluations of experimental data are given in this
report.
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APPENDIX

COMPUTER PROGRAM FOR CALCULATING SOUR WATER EQUILIBRIA
BASED ON THE VAN KREVELEN EQUATIONS

Table 33 gives a 1isting-of the computer program used for calculating

NHg, COZ’ HGS and]§20 partial pressure data for comparing the SWEQ model with
th Van“Krevelen equations. The input and output of this program is very
similar to the SWEQ model.

The main calculations are done starting with the following statement.

DO 2030 I = 1,100

This is the start of an iteration loop which extends to statement 2030. This
iteration Toop calculates the amount of C0,= (BT) and H,NCOO~ (EPS) in
solution for various assumed concentrationd of HCO3' (AE). The concentration
of HCO, 1is adjusted in each iteration so that the“total of HCO,  + CO, +
H,NCO0* concentrations add to the CO, content of the mixture. %he fo]?owing
Fgrtran symbols are used for the cheﬁica] equilibrium constants.

EK1  COp(q) + NH3 + Hp0 > NHg* + HCO3™ (A-1)
EK2  NHg* + HC03™ > HoNCOO™ + Hp0 (A-2)
EK3 NHz + HCO3™ - NHg* + CO3™ (A-3)
EK4 HpS(q) + NHg > HS™ + NHz* (A-4)

Other symbols have the same meaning as symbols in the SWEQ computer program.
After correct values of HCO,”, C03‘, and HZNCOO' concentrat19ns are found,
the program proceeds to ca]gulate NH,, CO0,5 H,S and H,0 partial pressures and
vapor concentrations. The results a?e thén pginted oit.

This Van Krevelen computer program only computes vapor composition and
pressure from a specified liquid composition and temperature. .No’other
options were programmed. The equations for the chgm1ca] equilibrium constants
and ammonia Henry's constant were obtained by fitting tabugar‘va1ues given
by Van Kreyelen. The Henry's constant of ammonia above 90°C is based on
Beychok's2) graphical extrapolation. Because of the tabular and graphical
nature of Van Krevelen's correlation and the graphical nature of the Henry's
constant for ammonia given by Beychok, there is some arbitrariness in the
computer program because another person using different equations to fit the
tabular data and graphs would obtain slightly different results.

97



Beychok3§3 longer recommends the ammonia Henry's constant published
in his book, but comparison is made with the book because it represents
a basis for comparing any changes or variations.

Further discussion of §9e Van Kreve]en'coTyelation can be obtained by
referring to either Beychok™ or Van Krevelen.
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TABLE A-1, COMPUTER PROGRAM USED FOR CALCULATING VAPOR-LIQUID

EQUILIBRIUM DATA FROIM THE VAN KREVELEN CORRELATIONM

e5e

1994

1995
1996

*00y

2010
2020

2030

2040
3Jeoa

3ot

3220
3030

DPEN(UNITHEO,DEVICE!'USK',ACCESS!'SEGIN’ FILEa*SKSD*

:;;A w:,uc,ws,uw/11,as.na,st,34.@3.to.oa; ’
]

READ(23,1000) TC,XA,XC,XS,XW

TK = YC#273,15

TR = TK#§,8

XA XA+iEwi9

Xc XC+{Ewi9

X3 XS+1Ewi9

XN XWN+§{Ewi9

F = {Q00nRKEO/ (XA+XC+XS+XK)

CA & XARF/UWA

CL = XCeF/WC

C§ = X3xF/W§

Al & CC

EK2 = EXP(e5,37+41925/7TK)

EKS 5 EXP(n18,19¢4758/7K)

€CS = 9

GA = CS3

gss s @

D=0 s s . .
This is a test to see if the ratio

Do 2038 I=1,100 Y of NHa/acid gas is greater than 1.5

CAS = CA#ALw 1.5 e If no% S0, tgen the computation is

IF(CAS) $996,1984,1996 skipped.

PA =0

PC = 2

PS = @

GO YU $1Set .

FORMAT(® H2S AND CO2 IN EXCESS')

G0 TO 1501

EPS » EK2aCASwAL
O€ = CAeCAS-EPS
IF(DE) 2000,2000,2010¢ Iteration loop to calculate amounts
BT = o ™ of HCO, €O, and H,NCOD™

60 To. 2020

BY v EK3I#CASAL/DE
CCE 3 AL+EPS+BY
IF(ABS(ALOG(CCE/CC))» @0BY) 3000,3000,2830

AL = AL#*(,5+,5%CC/CCE)

WRITE(S,2240)

FORMAT(? ITERATJION DID NOY CONVERGE IN {00 CYCLES®)

HW ® EXP(14,066+6996,6/(TReT7,67))

IFLTC~-90) 30208,3010,3010

MHAQ = EXP(a3,i7e,022#*C)

60 To 3030

HAD = EXP(e17,03+44315/7K)

HA 8 (92%HADREXP(,PST6#CAS)

HA » §/(HA2Sy,T1)

PA & S1,71¢HA«CAS

INW 5 (100B#RHOwCARWACCAWCELSAHS) /WH=ALGEPS ]

INM 8 CA+CCoBT<DE9GA+SND*TNNCS (continued)
PW 3 HWRTNW/TNM
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TABLE A-1. (centinued)

ELY = C(AL#0nBY4DE+EPSLS)/2

EKY & (OTHEXP (#25,8240535/TKe(=1 ,324866/TK)ELIxn,4)

EKG & =EXP({w], 7844,62T4ALOG(TC))+,8892C5¢(1,929~539/TK)2CC
EX4 » EXP(2,30259+EKA)

PC 8 51 ,78#0EnAL/(EXI#CASSY,7Y)
PS & S1,TI¢DExCI/(EXQuCASKSY,TY)
P u PA+PCoPSePV
YA PA/P
Yc PC/P
Ys BS/P
YW PW/P
1501 XA 1CAwCA2WA/ (L1ABBRRHQ)
XC 19AWCCaWE /(L1 BBO%RHO)
XS 1U0rCSeakS/ (S CDONRHD)
XW 1C0RwXAwX XS
Yy YARWASYCaRC¢VSaNSIYRAWR
YA 1A YARNA/YY
YC 100aYCakCsYT
Ys 100«YSxH3/YY
Yo 10GRYNRWWIYT
WRITE(S5,1030) Tc,P,PH
HRITE(S,1020)
EK & YA/XA
WRETE(S:108490) Xa,Yh,EX
EK & YC/iC
WRITE(S,1258) XC,YC,EK
ER = ¥8/¥%3
WRITE{S,31668) XS,YS,EK
EX 2 YW/XH
HRITE(S,1873) XW,YW,EK
G@ Tu 2
1600 FORMAT{10E)
1agy FORMAT (21
1010 FORMAT(® PH DID NOT CONVERGE IN 108 CYCLES?)
1211 FORMAT(® TEMPERATURE OID NOY CONVERGE IN 10@ CYCLES®?)
{e20 PORMAT(* GCOMPONENT LIQUID VAPOR K=VALUE®)
1030 FORMAT(//® TEMPERATURE, C’,F8,2,/* PRESSURE, PSIA¢,F8,2,/
112X¢ PH?,FB,2,16/7)
1042 FORHATCY AMMONIA *,3F10,5)
§¢5q FORMAT(® CARBON DIOXIDE *,3F10,5)
1060 FORMAT(®* HYDROGEN SULFIDE*,3F10,5)

LN B B 20 NR BB NE BE B BN B J

1270  FORMAT(® WATER *,3F19,5)
1080  FORMAT(X,F&,0,3F7,3,7F6,2,9F6,3,F6,2)
END
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