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Development of a Process for
Simultaneous Desulfurization, Drying, and Recovery
of Natural Gas Liquids from Natural Gas Streams

Steven Francis Sciamanna

Abstract

In general, raw natural gas is a mixture of hydrocarbon gases that may also
contain sulfur compounds, water and a small amount of inert gases. Conventional
natural gas processing schemes are based on the sequential removal of sulfur
compounds, water and hydrocarbon liquids. Each processing step requires a
different process. The processing scheme proposed here removes all three in a
single absorption step and is an integrated arrangement based on the University of
California, Berkeley Sulfur Recovery Process (UCBSRP) technology. This
processing scheme promises both reduced capital and operating costs. High purity
sulfur product and natural gas liquids are produced and all exit streams contain
less than 1 ppm of either hydrogen sulfide or sulfur dioxide.

The UCBSRP technology is based on absorption of hydrogen sulfide and
sulfur dioxide by a polar organic solvent. Certain classes of polyglycol ethers arc
suitable solvents for hydrogen sulfide, sulfur dioxide and light hydrocarbon gases.
These solvents are also miscible with water. Hydrogen sulfide reacts with sulfur
dioxide (generated by burning sulfur) in the liquid phase to form elemental sulfur
and water. Sulfur is partially miscible in the solvent. Information on the
- solubility of hydrocarbon and acid gases is required for these organic solvents.
Furthermore, knowing the solubility of elemental sulfur in these solvents is also
necessary. The experimental portion of this work is concerned with the
measurement of these solubilities as a function of temperature, solvent
composition and water content. Solubility data were collected for hydrogen
sulfide, sulfur dioxide, carbon dioxide, propane, and butane in a variety of mono-
and diethers of polyethylene gfycol. Solubility data for sulfur in these solvents
were also collected. Correlations were developed for both gas and sulfur

solubilities.
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CHAPTER 1
INTRODUCTION

i.1 WHY TREAT NATURAL GAS?

Raw natural gas ‘is‘, in general, a mixture of hydrocarbon gases that may
contain sulfur compounds, certain inert gases-and water. This gas must be treated
before sending it to a salés-gas pipeline. Propane and heavier hydrocarbons are
removed both to limit the heating value of the gas and to recover these
components as separate products (depending on the current market). Excess inerts
such as carbon dioxide or nitrogen affect the flammability of the gas. The
presence of water can cause gas hydrate formation or, upon condensation, can
promote corrosion in the presence of carbon dioxide. Sulfur-containing
compounds, such as hydrogen sulfide, carbonyl sulfide, and mercaptans, are
lowered to trace levels because of their toxicity and odor. A typical sales-gas

pipeline specification is given in Table 1-1.

" 1.2 CONVENTIONAL NATURAL GAS PROCESSING
The conventional approach to natural gas processing is the sequential removal
of each component of interest, using a different process for each. A typical

scheme is shown in Figure 1-1.

1.2.1 Desulfurization

The optimum desulfurization process for a particular application depends
upon the amounts of hydrogen sulfide and carbon dioxide present in the gas
strcam. An cthanolamine-based absorption process is commonly used. In water,
cthanolamines (10-30 wt%) are wecak organic bases. This mixture acts as a
"chemical" solvent and reacts with dissolved acidic solutes such as hydrogen
sulfide and carbon dioxide. Equilibrium is shifted at elevated temperatures which

allows the solvent to be regenerated. Primary ethanolamines arc the most basic
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énd tertiary are the least. Although hydrogen sulfide and carbon dioxide are both
acid gases and react with ethanolamine solvents, the reaction mechanisms are
different (Savage et al., 1986). Some selectivity between hydrogen sulfide and
carbon dioxide is possibléwith tertiary ethanolamines. Selectivity is normally
desired since thé hydrogen suifide specification is quite low (< lppm) while the
specification for CO, at ~5% is much higher. As long as the acid off-gas from
the ethanolamine process is combustible, this stfeam can serve as the feed to a
conventional Claus sulfur plant.

The Claus process (Kohl and Riesenfeld, 1979) is based upon the Claus
reaction shown below. |

2 HZS + SOZ <-==> 3/Xx Sx + 2 HZO

Hydrogen sulfide and sulfur dioxide react in the gas phase at high temperature to
form gaseous elemental sulfur and water. The reaction is accelerated over an
alumina catalyst and the extent of reaction is limited by equilibrium. Increasd
sulfur conversion is accomplished by multiple catalyst beds with intermediate
sulfur condensation and separation. Sulfur dioxide is generated. by partial
combustion of the acid gas stream. Exact stoichiometric control in the furnace is
to avoid having the excess sulfur dioxide or hydrogen sulfide lecave the Claus
process unconverted. The control difficulties and equilibrium limitafions in the
Claus process necessitate trecating the tail gas to remove unreacted hydrogen
sulfide and sulfur dioxide. If the tail-gas stream is small, a non-regencrable:
caustic s'crub» is sometimes the- most cost-ef fective trcatment; otherwise, a
regenerable process is necessary. Examples of rcgcnérablc processes are the
Wellman-Lord, SCOT, and the Beavon-Stretford processes. In the Wellman-Lord
process residual hydrogen sulfide is combusted to sulfur dioxide. Sulfur dioxide
is then separated from the tail gas stream in an absorber-stripper operation and
recycled to the Claus process. In the SCOT process residual sulfur dioxide is

hydrogenated.to hydrogen sulfide. Hydrogentsulfide is separated from the-tail gas
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stream in ah absorber-stripper operation circulating an ethanolamine solvent. The
acid off-gas is recycled to the Claus furnace. In the Beavon;Stretford process
residual sulfur dioxide is hydrogenated to hydrogen sulfide. The tail gas stream
containing hydrogen_sulfide is absorbed into the Stretford liquor, where the
complex Stretford reactions occur forming elemental sulfur and water. Refer to

Kohl and Reisenfeld (1979) for a detailed description of these processes. Usually,

the tail gas process requires as much or more capital than the Claus process.

1.2.2 Dehydration

Since the ethanolamine solvent contains water, dechydration of the gas
precedes hydrocarbon removal because of potential gas-hydrate formation when
the gas is cooled. Gas dehydration is accomplished with a glycol-type absorption
solvent. Di- or triethylene glycol are the most common glycols used for gas.
dehydration. Solvent vapor pressure, viscosity and hydrocarbon solubility in the
solvent are the important considerations in solvent selection. The water content of
the dried gas is set either by the pipeline specification or-by the type of process
used for hydrocarbon removal.  The solvent is regencrated by heating. If the gas
is dried to very loQ water content, the solvent is stripped with a dry, inert
stripping gas. The stripping gas is nccessary to avoid high tempecratures in the

rcboiler of the solvent stripper.

1.2.3 Hydrocarbon Recovery

The two common methods of hydrocarbon rccovery arc absorption and/or
refrigeration. In the case of absorption, a hecavy hydrocarbon oil is contacted
with the hydrocarbon-rich natural gas stream. The absorbed propane and heavier
hydrocarbons are rejected at low pressure in a stripping operation. The recovery
of propane and heavier hydrocarbons is typically 85-95 %. For this process,
meeting the water-content specification of the pipeline gas precludes gas-hydrate

formation. If the absorption oil is refrigerated, the water content of the gas must
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be lower.

The other common means of hydrocarbon recovery is refrigeration and
condensation in a Low Temperature Separation (LTS) operation. The water
content of the natural gasﬂ stream must be reduced to very low levels to avoid gas-

hydrate formation. Propane and higher carbon number recovery is about 60-70%.

1.2.4 Limitations

The conventional natural gas-conditioning scheme has several shortcomings
associated with-it. Each of the gas separations utilizes a.circulating solvent in an
absorber-stripper operation. There is a substantial amount of capital expense
caused by the duplication of equipment in this apprqach. Selective ethanolamine
solvents are necessary when tﬁe carbon dioxide content of the natural gas is high
enough to generate a non-combustible off-gas from the ethanclamine stripper.
These selective ethanolamine solvents are less basic and require higher circulation
rates. An cxample of a selective ethanolaminc process is Exxon’s FLEXSORB
process: Since. the:Claus process is cquilibrium-limitc‘d; the tail gas always
contains residual hydrogen sulfide and sulfur dioxide: The tail gas process
removes these residual components from a low pressure gas stream and is
expensive in both capital and operation. As an cxample consider the Beavon-
Stretford process, which hydrogenates residual sulfur dioxide to hydrogen sulfide
(Bcavon unit) and converts the hydrogen sulfide to clemental sulfur (Stretford
process). The-Stretford process forms sulfur from an aqueous-based scrubbing:
solution. Since sulfur has very low solubility in water, low quality, collodial
sulfur is produced. The sulfur is floated to the top of the solution by air sparging
and then skimmed off the top. The sulfur slufry is then filtcred or centrifuged to
produce a sullfur cake. This sulfur separation stcp is difficult to operatc and is a

serious limitation of the Stretford process.



1.3 UCBSRP: NEW APPROACH

Common to each gas separation in the conventional processing scheme is an
absorber-stripper operation with a circulating solvent. Since each of these steps
uses a different solv_ent"but similar equipment, it is worthwhile to consider
integrating them into one process. The UCBSRP has only one absorption step in
which the solvent contacts the natural gas stream to remove all of these
components. Furthermore, by reacting the hydrogen sulfide to sulfur in a liﬁuid-
phase reaction, the need for the Claus process and tail gas plant is eliminated. A
substantial capital saving and reduced operating expenses are possible.

The oxidation of hydrogen sulfide to elcmental sulfur using sulfur dioxide is
the well-known Claus reaction. Obtaining complete reaction is favored by having
as low a temperature as possible while still maintaining an acceptable reaction
rate. When this reaction.is carried out in the gas phase (as in the Claus process)
the minimqm temperature is set by the dewpoint of sulfur. Reaction can be
further enhanced by reacting at a lower temperature, in a liquid phase below the
sulfur dewpoint, and by using a suitable catalyst to maintain the reaction rate.
This approach has been used in the Townsend process (Townsend, 1965) and the
IFP process (Renault, 1969). The Townsend process uses a polyglycol solvent with
watér as a catalyst while the IFP process uses a polyglycol ether solvent with an
undisclosed catalyst. These processes have not found wide spread application
because of their inability to meet stringent outlet specifications and air quality
standards.

The University of California, Berkcley, Sulfur Recovery Process (UCBSRP) is
similar to the Townsend process but has a supcrior catalyst and processing
scheme. The kinetics of this reaction in the presence of a homogenous liquid
phase catalyst has been studied by Neumann (1986). The rcaction is first-order in
both hydrogen sulfide and sulfur dioxide and depends on the concentration of the

homogenous liquid-phase catalyst. Substituted tertiary aromatic amines, such as
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N,N-dimethylaniline (DMA), and heterocyclic nitrogen compounds, such as 3-
pyridylcarbinol, are catalysts for this reaction. The heterocyclic compounds are
more effective catalysts than are the tertiary amine compounds.

Some novel aspects of the UCBSRP are: First, the process configuration
allows maintaining exact overall stoichiometry between hydrogen sulfide and
sulfur. dioxide while maintaining an excess of one reactant or the other in each
reaction zone. This scheme is necessary since the reaction is first-order in both
rcactants. An excess of one reactant is nceded to maintain the fast reaction rate

needed for complete annilation of the limiting reactant. Second, the option of

carrying out a portion of the reaction in the main absorber provides the driving -

force needed to reduce the hydrogen sulfide content of the treated gas stream to

< 1 ppm.

1.4 OBJECTIVES
1.4.1 UCBSRP

The objectives of the UCBSRP project arc to collect:the reaction-rate and
physical-property data nceded to design the process and to perform a competent
evaluation of it. The project scope is summarized as follows:

I. Solvent Selection

a. Sulfur/Solvent Equilibria

b. Gas/Solvent Equilibria

c. Water/Solvent Equilibria

d. Materials Compatibility
Catalyst Selection
Parameters Controlling Crystal Size
Parameters Controlling Reactive Absorption
Computer Modelling and Process Development
Cost Comparison with Conventional Technology

SOnewN

1.4.2 Dissertation

The experimental portion of this dissertation is limited to sulfur/solvent and
gas/solvent equilibria measurement and corrclation. The goal of this work is the
process synthesis and evaluation of the UCBSRP technology applied to natural gas

treatment.
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Table 1-1

TYPICAL SALES GAS SPECIFICATIONS

Pressure
Set by sales pipeline pressure. Typical value = 750 psig.

Temperature
Lower limit: Prevent condensation with gas already in the pipeline.
Upper Limit: Avoid materials damage (i.e. melt plastic coatings etc.).

Water
Content: 7 1bs/MMSCF (147 ppm)

Hydrocarbon
Dewpoint ( for California): 40 °F at pipeline pressure.
Higher Heating Value: 1000-1220 BTU/MSCF

Inerts
Total Inerts: 6%
Carbon Dioxide: 5%

Sulfur- ,
"Hydrogen Sulfide: < 4 ppm (0.25 grain/100 SCF).
Total Sulfur: < 8 ppm (0.5 grain/ 100 SCF).



FIGURE 1-1

Conventional Natural Gas Processing Scheme
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CHAPTER 2
SULFUR SOLUBILITY

2.1 PREFACE

The production of élemental sulfur by a liquid-phase reaction is at the heart
of the University of California, Bgrkcley, Sulfur Recovery Process (UCBSRP).
Information on the physical intefactions of sulfur and the process solvent is
nccessary in.deciding.how to handle sﬁlfur'in‘ the process. For instance, if sulfur
is-insoluble in-the process solvent, unwanted precipitation of sulfur may occur in
less-than-suitable points in the process. Furthermore, if the sulfur-solvent
separation is accomplished by melting and decanting, data on solvent solubility in
sulfur is necessary for estimating potential solvent losses. On the other hand, if
sulfur is sufficiently soluble in the process solvent, then sulfur crystallization can
be controlled in a suitable processing scheme. Thus, information on the
temperature-dependence of sulfur solubility in the process solvent is required to
establish a feasible design.

The solvent of choice+preferabiy ecxhibits good sulfur solubility at-higher
temperatures (60-100 °C) and that solubility should decrecase markedly at lower
temperatures (20-40 °C). This property is wcighed with the other desired
properties of a good process solvent (e.g. gas solubility, low vapor pressure, ctc.) in
making the final choice of solvent. Also, information on interactions of the
dissolved catalyst compound with sulfur arc nccessary since losscs of this
component are undesirable. The experimental program was designed to establish a
basis for solvent selection with respect to sulfur solubility. The experimental
work is divided into five areas.

1. Sulfur solubility in pure organic solven‘ts.

2. The effect of water on sulfur solubility.

3. Sulfur solubility in mixed organic solvents.
5

Solvent solubility in sulfur.
A typical ternary system.
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The solvents tested in each area are discussed at the beginning of each section.

All of the experimental data are given in Appendix A.3.

2.2 THEORY

The thermodynamic framework for describing solid-liquid and liquid-liquid
equilibria is well known. Only the results are presented here. Refer to Prausnitz
(1969) and Scott (1965) for a detailed treatment of the development of these
theories. The purpose of this section is to establish a framework for correlating

experimental data.

2.2.1 SOLID-LIQUID EQUILIBRIA
The solubility of a solid solute in a liquid solvent is mathematically described”

by:

In xg = (-88¢/R)[T,/T - 1] - In ¥ 2-1)
Where:
xg = Mole fraction of solute
oS¢ = Entropy of fusion of the solute at T, (= #H/T )
T_. = Melting point temperature of the solute

m

Y5 = Activity coefficient of the solute

Threc approximations are made in the derivation of this equation. First, the
triple-point temperature (Tt) is replaced by the melting-point tempcrature (Tm)
since for most substances thérc is little differcnce between them. Sccond, the
terms containing the difference in heat capacity between the solute as a solid and
as a hypothetical liquid are small relative to the latent heat effect. Third, the
heat of fusion is assumed to be independent of temperature. The heat of fusion

of rhombic crystalline sulfur is 11.9 cal/gm (Kirk and Othmer, 1954). Thc meiting
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point of rhémbic sulfur is 112.8 °C. In the case of ideal solubility of the solute in
the solvent, the activity coefficient for the solute is equal to unity. This implies
that a plot of In xg vs. T, /T would yield a straight line with a slope of -“S¢/R.
It also necessitates that"the solute and solvent be completely miscible at the

melting point of the solute. Non-ideal behavior requires a method for predicting

activity coefficients of solid solutes in liquid solvents. Prausnitz (1969) suggcsts'

that a reasonable estimate can be made with the Scatchard-Hildebrand relation
and regular-solution theory. The determination of activity coefficients by this
method requires thermodynamic information on the solvent and the solute as a
hyp'othctical sub-cooled liquid. However, an empirical correlation of sulfur
solubility with temperature is adequate for the purposes of this work and
therefore no further analysis is necessary.

Since the organic solvents tested in this study have very different molecular
weights, weight fractions rather than mole fractions of dissolved sulfur have been
correlated with the inverse absolute tempecrature of the solution, normalized with
the absolute temperature of the melting point of sulfur. If, at the melting point
of the solute, the solvent and solute are not miscible then two liquid phases are
formed. Above this temperature, liquid solute, rather than solid solute, is in

equilibrium with the solvent.

2.2.2 LIQUID-LIQUID EQUILIBRIUM

The-mathematical dcscription of liquid-liquid phase equilibrium (LLE) is a
complex problem since mutual distribution of each liquid component can occur.
The purpose of the experimental portion of this work is to measure the solubility
limit of sulfur in various solvents over the temperature range of interest. To
correlate LLE data within a fundamental framework capable of predictive
behavior, requires that the composition of each phasc be known. Unfortunatcly,

the determination of the composition of the sulfur-rich liquid phase was not

4~
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within the scope of this work. It is interesting to note that if the activity
coefficent is based on the two-suffix Margules equation then it is possible to fit
the single adjustable parameter with solubility-limit data. However, this model
predicts identical mutual solubilities of the two liquids in each other. This does
not hold for sulfur and the various solvents of interest. For the purposes of
correlating the data above the melting point of sulfur, the solubility is expressed
as In w_ = A*(Tm/T) + B, where wg is the weight percent of sulfur and A and B

S

are fitted parameters.

2.3 EXPERIMENTAL APPARATUS

The experimental apparatus was extremely simple in construction. Refer to
Figure 2-1 for a schematic of the equipment. The main piece of equipment was a
combination hotplate and magnetic stirrer modified to include a shut-off relay for’
regulating the hotplate temperature. The temperature sensor was an on-of f type
mercury thermoregulator. The heating bath consisted of a 400 ml beaker filled
with clear mineral oil and a stirring bar. A 2x15 cm test tube containing a small
magnetic stirring bar served as the sample holder. A thermometer of appropriate
range was used to monitor the temperature inside the test tube. Various clamps
and a ringstand were uscd to suspend the necessary equipment. The mcircury
thermoregulator wasvimmcrscd in the oil bath, which was placed atop the
hotplate/stirrer. The test tube containing the sulfur/solvent sample and the small
stirring bar was suspended directly above the larger stirring bar in the mincral oil
bath. The magnetic coupling between the two stirring bars was sufficient to cause

mixing of the sulfur/solvent sample when the magnetic stirrer was turned on.

2.4 BINARY & PSEUDO-BINARY SYSTEMS
The binary systems in this investigation were sulfur and pure organic solvents.

The pseudo-binary classification refers to the solubility of sulfur in a mixture of
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solvents. Two studies were conducted under the heading of pseudo-binary
solvents: sulfur solubility in organic solvent-water mixtures and in mixtures of

organic solvents. Each of these studies are discussed separately.

2.4.1 EXPERIMENTAL METHOD

An amount of sulfur was added to a pre-weighed test tube containing the
small stirring bar. The mass of suifur added was determined from the weight
difference. Solvent was addcd to give a total combined.mass (solvent plus sulfur)
of about 13 grams. This volume.of mixture insured adequate coverage of the
thermometer bulb. Initially, the sample was heated until all of the sulfur had
dissolved and then the solution was cooled until the sulfur recrystallized. The
dissolution temperature required was as high as 150 °C, depending upon the
particular solvent and the amount of sulfur present. If the temperature exceeded
about*165 °C, the undissolved molten suifur converted to the amorphous state-and
was insoluble at any tempcrature. This initial heating and recrystallization step
was found to be necessary because the crystaliine form of the reagent grade
(sublimed) sulfur dissolved very slowly. The recrystallized sulfur dissolved much
more rapidly and at a much lower temperature. A melting point determination
indicated the reagent sulfur is in the form of monoclinic crystals whereas the
recrystallized material is rhombic sulfur..

The solubility of sulfur in the solvent was found by slowly heating (1 °C/min
or less) the oil bath and immersed test tube while both are being stirred. The
temperature at which the last bit of sulfur dissolved was taken as the solubility
temperature for that concentration of sulfur in the solvent. The crucial part of
this procedure is to heat the system at a very slow rate as the last small amount of
sulfur is dissolving. Unfortunatcly, this temperature cannot be checked by
cooling because the sulfur will supersaturate in the solvent. Howcver, with care

this technique is reproducible to within 1 °C. This technique is limited to
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solubility measurements above room temperature (refer to Appendix A.1 for sub-
room temperature analysis) but less than 150 °C. Amounts of sulfur less than 0.25
wt% are too difficult to see and above 90 wt% sulfur there is not enough liquid
present to effectively vm_ix"the sample. Also, in the case of mixed solvents with the
possibility of phase splitting, the minor phase may float rather than sink. This

makes it difficult to tell when only a single phase is present.

2.4.2 PURE ORGANIC SOLVENTS

The solubility of sulfur in a variety of organic solvents was studicd. These
compounds are divided into four general classifications. They are: mono- and di-
ethers of n-ethylene (or propylene) glycol (where "n" refers to di, tri, etc.),
ethylene glycol, and various nitrogen-containing compounds. The mono-ethers are
products of the Dow Chemical Co. and part of their "Dowanol" family of solvents.
The mono-ethers solvents tested had varying substituent terminal groups as well as
differént numbers of cther linkages. A homologous series of di-ethers, or glymes,
was studied to determine the effect of the number of ether linkages. One glycol
compound was studicd to determine the effect of substituent hydroxyl groups.
Finally, the sulfur solubility in two types of nitrogen-containing model catalyst
compounds was studied. The first type is a tertiary aromatic amin¢ and the second
is a heterocyclic nitrogen compound. The compounds that were studied and their

abbreviations are listed in Table 2-1.
RESULTS AND DISCUSSION

A. Model Catalyst Compounds

Figure 2-2 is a plot of sulfur solubility in N,N-dimcthylaniline (DMA) and in
quinoline. Solubility is expressed as mole fraction of sulfur where sulfur in
solution is assumed to exist as an eight-membercd ring. Also shown is the ideal

solution solubility curve and the data of Hammick and Holt (1926) for sulfur-
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quinoline solubility. Sulfur has similiér solubility characteristics in DMA and
quinoline and both are totally miscible with sulfur above its melting point. The
data of Hammick agree quite well with the results of this study but he found
slightly higher sulfur,solﬁ'bilitics at the higher temperatures. With the technique
used in the present study, it is virtually impossible to err on the side of a too-high
seiubility. However, from the description of Hammick’s technique, his method

might appear to suffer from an inadequate means of mixing.

B. Monoethers

The sulfur solubility data for all of the monocthers tested are shown in Figure
2-3. These data are expressed on a weight fraction basis for comparsion because
the ethers have widely varing molecular weights. All of the curves exhibit a
break at or below the melting point of sulfur, T This "break" corresponds to a
phase transition from solid to liquid sulfur.” Slope changes that occur-below T‘m
indicate-some solvent solubility in sulfur. This is a manifestation of freezing
point depression. The solvents with more hydrocarbon character-are the better .
solvents for sulfur. The solvating power also incrcases as the effect of the
substituent hydroxyl group is "diluted” with cither longer ether linkages or longer
aliphatic groups. Refer to Table 2-2 for the mathematically-fitted results of

sulfur solubilities in these solvents above and below T

C. Glymes

In the series di-, tri-, and tetraglyme there is no real difference in sulfur
solubility characteristics. Thesc.results arc shown in Figure 2-4. A possible
reason for the similarity is that a terminal mcthyl group is similar to an internal
CHZ group. That is, two diglyme molecules have about the same solvating ability
as onc pentaglyme molecule. Thus, polyglyme (i.c. Selexol) is anticipated to have
about the same suifur solubility characteristics as the lower glymes. Of all the

glycol cthers tested, the glymes are-the best solvents for sulfur. Refer-to Table 2-
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2 for fitted numerical results.

D. Glycol

The sulfur solubility q_ata (Figure 2-5) for the solvent series diethylene glycol
(DEG), diethylene glycol methyl ether (Dowanol DM), and diethylene glycol
dimethyl ether (diglyme) show the effects of exchanging substituent terminal
methoxy groups for hydroxyl groups. The basic observation is that terminal
hydroxyl groups decrease sulfur solubility. Also note that, starting with DEG,
substituting one methoxy group for a hydroxyl to make DGM has a greater effect .
than substituting the sccond methoxy group to make diglyme. Refer to Table 2-2

for the fitted numerical results.

E. Summary

The solubility curves for all the solvents tested are shown in Figure 2-6..
Except for the two nitrogen containing compounds, ail the slopes are reasonably
constant and are offset by a constant activity coefficient (see Equation 2-1). An
estimate of the activity coefficient for sulfur in each of these solvents is shown in

Table 2-3.

2.4.3 EFFECT OF WATER

A preliminary study was conducted to determine the cffect of small amounts
of water on the solubility of sulfur in the organic solvent.. Diglyme with 5 wt%
water and Dowanol DM with both 2.5 and 5.0 wt% water werce sclected to study
this cffect. The solubility of sulfur in a given mixture of glycol cther and water
was determined using the same method as for pure solvent. The upper
temperature limit was set by the need to avoid vaporizing water from the mixture.
As a result, data were collected over a much narrower temperature range.

The results of this study are shown in Figure 2-7. As expected, water

decreases the solubility of sulfur. However, 5.0 wt% water in diglyme is still a
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better solvent for sulfur than pure Dowanol DM. From a process point of view

this flexibility is desirable.

2.4.4 MIXED ORGANIC SOLVENTS

Potentially, an appfeciable quantity of catalyst is required in the solvent to

achieve a suitable reaction rate. The presence of the catalyst could affect the.

sulfur solubility characteristic of the bulk solvent. A parametric study was
completed to elucidate the solubility behavior 6ver a wide variation of bulk
solvent and catalyst compositions. N,N-dimcthylaniline (DMA) and Dowanol DM
were selected as model compounds for the catalyst and bulk solvent. Mixtures of
DMA and Dowanol DM were prepared and tested for sulfur solubility. The
results are shown in Figure 2-8 and the rcgular behavior of the mixtures is
obvious. The phase transition or "brcak"” in the solubility curve occurs at lower
temperatures in the mixturcs because DMA, which is soluble in sulfur, is extracted
into the sulfur-rich phasc. Furthermore, DMA cxtracts some Dowanol DM along
with it. The shifting- of thec "break" or frcezing point depression increases with
DMA content and perhaps goes:through a: maximum. The limiting slope of "the
solubility curves is about double the ideal solution value. The linear behavior of
the curves indicates that the activity cocfficicnt is approximately constant. These
curves can be used to gencrate a ternary mixture phase envelope. Refer to

Section 2.5 and Appendix A.2 for this analysis.

2.4.5 SOLVENT SOLUBILITY IN SULFUR

As noted before, a "break” in the solubility curve (or phase transition) below
Tm indicates solvent solubility in liquid sulfur. In systems of purc glycol cthers
and sulfur it is difficult to tell if there is a phasc transition below the melting

point of sulfur. Except for Dowanol DM and Dowanol DPM, the data indicate

little if any solubility of glycol cthers in liquid sulfur. To verify this assumption,

#
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sulfur and various glycol ether solvents were equilibrated at 120 °C and 140 °C.
The liquid sulfur phase was analyzed for extracted solvent. The experimental
technique used to sample and analyze the sulfur rich phase is described in
Section 2.5.1.°

The solvents tested were di-, tri-, and tetraglyme, Dowanol DM and diethylene
glycol. At 120 °C and 140 °C, the glymes had concentrations of about 0.5 wt%
solvent in sulfur. There was no detectable change in concentration with
temperature over this limited range. Dowanol DM and DEG were not detected in
the sulfur phase at either temperature. The results from the indirect observations
and direct analysis are somewhat at odds with each other. The absence of
Dowanol DM in the sulfur phase is not consistent with the phase transition below
T, that is shown in the solubility curve. Also, the glymes showed slight solubility _
in sulfur but the solubility curve indicates the opposite conclusion. This
discrepancy may be due to the lack of sufffcient precision in the method of
solubility measurement ncar the mclting point of sulfur. The results indicate that,
of the polyglycol ether solvents tested, the glymes are the best solvents for sulfur.

To an extent, the glymes are soluble in molten sulfur.

2,5 TERNARY SYSTEM

This study is an extension of the investigation described in Section 2.4.4. In
an industrial process, the secparation of sulfur from solvent is accomplished by
melting and decanting molten sulfur at clevated tcmperature. Thus, mutual
solubility data are necded for an actual sulfur-solvent-catalyst systcm at proccess
cov’nditions. To this end, the ternary phasc diagram was determined for DMA,
Dowanol DM, and sulfur at 120 °C. This temperaturc is assumed to be a nominal
separation tecmperature, Although many catalyst compounds are under
consideration, a study of this sort for all combinations of catalyst, bulk solvent

and sulfur would be monumental. The results presented here should serve as a
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guide to the expected general behavior for these systems.

2.5.1 EXPERIMENTAL METHOD

The ternary phase envelope, shown in Figure 2-9, for the DMA-Dowanol DM-
sulfur system was constructed using cross-plot information from the sulfur
solubility study on mixed organic solvents. The numbers on the phase envelope
represent the composition of the bulk solvent phase used in the sulfur solubility
study. As indicated, actual data points extend around.only half of the phase
envelope. Solvent mixtures of 90 and 95 wt% DMA were attempted but these-
results proved invalid. This was because the Dowanol DM portion of the solvent
mixture would separate and form a "sheen” on top of the sample. It was difficult
to determine when the sulfur completely dissolved. This difficulty does not occur
when the sample contains mostly solvent and only a little sulfur., The sulfur sinks
and it is easy to tell when it dissolves. Because of this limitation with the
p'rcviously described technique, both phases must be analyzed (1) to further define

the-phase:envelope on the sulfursrich side and (2) to establish the tie lines.

SOLVENT-RICH PHASE ANALYSIS

Mcasuring the solvent-rich phase is straightforward. The method used here is
as follows. First, in a 2x15 ¢m test tube with a stirring bar in the bottom, weigh
in known amounts of sulfur and solvent mixture. Use enough sulfur and solvent
to have phases large enough to take samples of cach phasc from the test tube.
This corresponds to about 30 gms of matcrial. The sample is cquilibratc_d (£2 °C)
in a stirred oil bath. The actual tempcraturc is mcasured using a thermomecter
placed in the bath. A sample of the top (solvent) phase is obtained using a heated
(disposable) glass pipette. The immersed portion of the pipette is first heated to
prevent precipitation of sulfur from the solvent. The stirrer is turned off at this
point. The heated pipette tip is then placed in the solvent phase and allowed to

temperature-equilibrate. with the surrounding liquid for about.one minute; and

2
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then a sample of the liquid is withdrawn. The outside of the pipette is wiped
clean of solvent, then the pipette is placed into another small test tube of known
weight. The two are placed in an oven held at 120 °C. The sample in the pipette
melts, letting the solv_cnt"and sulfur dribblc from the pipette into the test tube.
After this, the drained pipette is removed. The test tube and sample are weighed
and the sample mass determined by difference. The test tube containiﬁg the
sample is ‘coolcd in ice to precipitate as much sulfur as possible.

At this point, there are two routes for further analysis. First, if the phase
envelope is known in the region of intercst, and i§ assumed correct, only the
relative amounts of DMA and Dowanol DM need be dctermined to fix the
composition of the solvent phase. This is done by decanting the solvent phase and
analyzing it by gas chromatography. A Chromosorb 101 column, 2 meters long, at
235 OC is suitable for this analysis. As shown in Figure 2-9, point (A) is the
measured, sulfur-free solvent composition and point (B) is the intcr'scction of the
phase envelope and the line extending from point (A) to the pure sulfur vertex.
Point (B) is the actual composition of the original solvent rich phase.

In the sccond method of analysis it is appropriate to verify the phase envelope
or the actual sulfur content of the sample. Before cooling the sample in ice, add a
known quantity of quinoline 6r othcr suitable compound as an internal standard
(i.c. one that does not have a G.C. peak that interferes with either the DMA or the
Dowanol DM pecaks). The quantity added should be comparable to the estimated
amounts of DMA and Dowanol DM present. As before, the sample is cooled in ice
and analyzed by GC. The actual weights, as well as the relative amounts, of DMA
.and Dowanol DM are determined by referencing them to the internal standard.
The amount of sulfur is determined by diffcrence from the original sample
weight and the calculated amounts of DMA and Dowanol DM present. Accurate
GC results were achieved using the Chromosorb 101 column at 250 0C with a

thermal conductivity detector. The reproducibility over four runs using this
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technique was 1.2%.

SULFUR-PHASE ANALYSIS

The analysis of the sulfur rich phase is more involved. Dowanol DM (like
most glycol ethers) is not very soluble in sulfur.. DMA is much more soluble. The
basic problem in this analysis is to measure a small concentration of solvent

dissolved in sulfur. Described below is the technique developed to accomplish this

analysis.

SAMPLING THE SULFUR RICH PHASE

The 5ottom, sulfur-rich phase must be sampled without contaminating the
sample with the top, solvent-rich phase. Since there is only a small amount of
Dowanol DM in the sulfur phase, any contamination by the top phase will
introduce substantial error in the analysis. The experimental set-up described in
the. previous section was used. The sample size is very important.. If the sample is
too large, inadequate mixing occurs because the small stirring bar cannot create a
liquid surface vortex. About 1.5-2 inches of liquid sample in a 1.6 x 15 cm test
tube is optimum. Glass pipettes were modified by sealing and bending the end
(sec Figure 2-10). The sealed pipctte is heated in a "cool"” bunsen burner flame.
Care is taken not to melt it further. The reason for hecating the pipette is to
prevent sulfur from precipitating on its surface when it is lowered through the
top phase. The stirrer is turncd off and thc phases arc alldwcd to fully separate.
The ptpette is immersed in the lower phasec. The bent tip is broken off by
pushing it against the bottom of the test tube. The sulfur sample is drawn into
the pipette and the pipette is rapidly withdrawn through the top phase, A slight
suction must be maintained on the pipctic so nonc of the sulfur drains out. The
sample rapidly solidifies in the tube. The bottom 1-2 cm of the pipette tip is
broken off and discarded. The discarded piece contains any solvent that might

have:been captured when the~pipette was removed through the top (solvent-rich)
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phase. The outside of the pipette is wiped clean, then the pipette is placed in a
weighed test tube and put (in a vertical position) in an oven at 120+ °C. The
sample melts out of the pipette and into the test tube. The pipette is removed

from the test tube and thé'sample mass is determined by weighing.

ANALYZING THE SULFUR SAMPLE

Since the-sample is mostly sulfur, it will solidify in the bottom of the test
tube as a mass that occludes the dissolved solvent. Therefore, just analyzing the
non-occluded solvent is invalid. The entire sample is analyzed as follows. (1) The
entire sulfur sample is dissolved in a minimum amount of carbon disulfide.
Sulfur solubility in carbon disulfide is approximately 1/2 gm sulfur/grﬁ CS, at
~room temperature. A slight excess of carbon disulfide insures that adcquate
liquid will be present.after the sulfur is re-precipitated. (2) An amount o_f
quinoline is added and its mass determined by weighing. This amount should b.c
of the same magnitude as the mass of Dowanol DM expected in the sample. (3)
The sample is cooled in ice to precipitate as much sulfur as possible. (4) Th;
sample is then decanted and the supernatant liquid saved. (5) The supernatant
liquid is analyzed by gas chromatography using a Fl‘amc Ionization Dectector (FID).
The FID is necessary to measurce the small amounts of Dowanol DM present. When
using a column of Chromosorb 101 two mcters long a temperature of 250 °C is
adequate to elute the quinoline (helium carrier, 0.5¢c¢/sec) in about 13 minutes.

The masses of DMA and Dowanol DM arc dectermined by comparing their G.C.
peaks and the reference quinoline peak. Carbon disulfide is essentially
transparent to the FID; this is beneficial since the sample contains mostly CSs.

As a precaution, the solvent and sulfur phascs are withdrawn from different
initial batches. Any loss of sulfur from the top phase during sampling of the

bottom phase would influence subscquent analysis of the top phase.

o
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2.5.2 RESULTS AND DISCUSSION

The ternary phase diagram for DMA, Dowanol DM and sulfur at 120 °C is
shown in Figure 2-11. As_described previously, the left hand portion of the phase
envelope was determined using sulfur solubility data from Figure 2-8 and
coordinate transformation relationships. Refer to Appendix A.2 for more detail on
coordinatc. transformations from solubility limit data in a solvent mixture to a
ternary diagram representation. The right-hand side of the envelope (but above
the plait point) was-determined by analyzing-(GC/TCD) the top, solvent-rich
phase of an equilibrated two-phase samplc. The phase envelope below the plait
point was completed by analysis of the sulfur-rich phase. The latter analysis
requires the use of a GC equipped with a Flamc lonization Detector (FID). This
picce of equipment was not immediately available, so a few analyses were done on
borrowed cquipment. Nevertheless, the phase ecnvelope-is sufficiently known for
rcliable estimates. The ticlines were determined by analyzing the top phase as
described before and using thc;known'bulk sample.composition. The.conjugate
line: was:. estimated. from the tiec lines. Extrapolating the conjugate- line
construction to the phase c¢nvelope places the plait:point at 0.5 wt% Dowanol DM,
13.7 wt% DMA, and 85.8 wt% sulfubr. Recfer to Appendix A.4 for the data used to
gencrate this plot.

From a process synthesis point of vicw, these results indicate that the
separation of molten sulfur from.solvent would. result in appreciable loss of the
more-soluble catalyst componcnt in the sulfur. However, reducing the catalyst

concentration required in the solvent reduccs the problem of co-extraction loss.

2.6 SUMMARY
Among the glycol cther solvents tested , the glymes are the best solvents for
sulfur. -The three glymes tested have esscntially the same sulfur solubility

characteristics. Dependingson the process application, the monocthers might also
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be suitable. . The presence of water in these solvents does decrease sulfur
solubility. However, 5.0 wt% water in the glymes still yields acceptablev sulfur
solubiltiy. Molten sulfur is completely miscible with both DMA and quinoline and
probably with any o_thei‘ compound similar in structure to either of these.
Crystallization of sulfur from solution is a better approach to sulfur separation
than is the decanting of molten sulfur from the process solvent bccausé the latter
leads inevitably to contamination of the product sulfur and loss of solvent

components.
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Table 2-1

COMPOUNDS TESTED IN

SULFUR SOLUBILITY STUDY

Common Name -

Diglyme Di
Triglyme Tri
Tetraglyme Tetra
Dowanol DM Di

Dowanol TBH Tri

Dowanol DPM Di
Dowanol TPM Tri

DEG Di

DMA
QUIN

ethylene glycol
cthylene glycol
propylene glycol
propylene glycol

Compound

Diethers

ethylene glycol dimethyl
ethylene glycol dimethyl
ethylene glycol dimethyl

Monoethers
mcthyl
butyl
mcthyl
mecthyl

Glvcol

cthylene glycol

Model Catalyst Compounds
N,N Dimethyl Aniline

Quinoline

N.B.: MW = Molecular Weight
BP = Boiling Point (°C) at | atm.

ether -

ether
ether

cther
ether
cther
ether

MW

134.2
178.2
2223

120.1
231.2
148.2
206.3

106.1

121.2
129.2

BP
(°C)

162
216
275

194
283
188
2424

246

194
237

27
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Diglyme
Triglyme
Tetraglyme
Dowanol DM
Dowano! TBH
Dowanol DPM
Dowanol TPM
DEG

N.B.:. T

m
T =-Dissolution tecmpcraturc in Kelvin.

Table 2-2

SULFUR SOLUBILITY CONSTANTS
FOR GLYCOL ETHER SOLVENTS

Wt. % Sulfur = EXP[A(T ,/T) + B]

A

-10.994
-10.994
-10.994
11771
-11.022
-11.509
-11.509
-10.330

Solid

Knee

B T (°C)
12.584 110
12.584 110
12.584 110
12.666 112
12418 109
12.693 108
12.693 108
9.703 117

Table:2-3 -

A

-5.467
-5.467
-5.467"
-7.312
-6.112
-6.095
-6.095
-8.889

= Melting point of rhombic sulfur (386 K).

ACTIVITY COEFFICIENTS FOR SULFUR
IN GLYCOL ETHER SOLVENTS

(Bascd on 58, See Equation 2-1)

Diglyme
Triglyme
Tetraglyme
Dowanol DM
Dowanol TBH
Dowanol DPM
Dowanol TPM
DEG

39
29
24
87
27
33
38
452

Liguid

B

7.018
7.018
7.018
8.202
7.462
7.209
7.209
8.279
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FIGURE 2-1
Sulfur Solubility Apparatus
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FIGURE 2-2
Sulfur Solubility in N,N-Dimethylaniline and Quinoline
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FIGURE 2-3
Sulfur Solubility in Monoethers
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FIGURE 2-4
Solubility in Diethers
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FIGURE 2-5
Effect of Hydroxyl Group on Sulfur Solubility
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FIGURE 2-6

Sulfur Solubility in Pure Organic Solvents
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FIGURE 2-7

Effect of Water on Sulfur Solubility
in Polyglycol Ether Solvents
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FIGURE 2-8

Sulfur Solubility in Solvent Mixtures

N,N—-Dimethylaniline and Dowanol DM
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FIGURE 2-9

Determination of Solvent—Rich Phase
Composition from a Sulfur—Free Solvent

Analysis and Sulfur Solubility Data
for Solvent Mixtures at 120°C
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FIGURE 2-10
Modified Sample Pipette
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FIGURE 2-11
Ternary Phase Diagram
at 120°C
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CHAPTER 3.
LIGHT GAS SOLUBILITY

3.1 PREFACE

Gas absorption utilizing a physical organic solvent is a major unit operation in
the University of California, Berkeley, Sulfur Recovery Process (UCBSRP).
Accurate solubility data for light gases in the organic solvent are necessary for
the confident design of unit operations involving vapor-liquid cquilibria.
Potentially, there are many gaseous components in the stream being treated.
However, only a few are of major importance. These gases are sulfur dioxide
(SO5), hydrogen sulfide (H,S), carbon dioxide (CO,), propane (C3) and n-butane
(n-C4). The solvents of interest are the mono- and diethers of polyethylene glycol.
These solvents are characterized by low vapor pressure (high boiling. points),
miscibility with water and, in some cases (unfortunately), higher viscosities. In
general, the polyglycol cthers are relatively good to exccllent solvents for these
gases. Table 3-1 lists the polyglycol ether solvents and their trade names
investigated in this study. Pertinent physical property data for the solvents and
gases are given in Table 3-2 and Table 3-3.

The measufcment of the solubility of sulfur dioxide in these solvents was the
subject of an earlier investigation by Demyanovich (1984). The remaining
combinations of gas and solvent pairs represents a formidable amount of data
collection. Data are needed at-the conditions-cncountered in the-actual process.
Typical conditions are: hydrogen-sulfide partial pressure, 0-100 kPa; temperature,

10-100 °C: and a composition, up to 5 mole% dissolved gas.

3.2 THEQORY
3.2.1 Gas Solubility in Pure Solvents

The-thermodynamic theory describing; vapor-liquid equilibria.of gases in



41

-

liquids is well understood (Prausnitz, 1969). Only the pertinent results are
discussed here. In dilute gas-liquid systems the solubility behavior of the solute
gas will closely approach Henry’s Law. On the other hand, the behavior of the
liquid solvent more closéiy follows Raoult’s Law. Designating the solvent as

component (1) and the solute as component (2), the phase equilibrium relationships

for both are:

SOLVENT: £, = §,v,P = ¥1x,P,5¢,5%PC), (3-1)
*
SOLUTE: fg = BayyP = & xpH, 1 (PO), (3-2)
Where:
' fl,f2= Fugacities
§b1.¢2 = Vapor-phase fugacity cocfficients
Y|»¥5 = Vapor-phase mole fractions

X|:Xp = Liquid-phase mole fractions
8\1 = Solvent activity cocfficient (symmetric normalization)
3‘2‘ = Solute activity coefficient (unsymmetric normalization)
Hy = Henry's law for solute (2) in solvent (1)

Pls = Vapor pressure of solvent

-
'-m
I

Solvent vapor fugacity cocfficicnt at Pls

(PC), High pressure correction term for liquid solvent

High pressure correction term for liquid solute

(PC),

At pressures below about 100 kPa, (1)1, (bzq)f‘ (PC); and (PC), approach

unity. Thus, in the low pressure limit, Equation (3-1) and (3-2) become:

SOLVENT: £, = vP =8\xP° (3-3)

*
SOLUTE: £, = yoP =% xoHy (3-4)

For very soluble gases the mole fraction of dissolved solute can become quite
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high and the value of 5‘2 differs significantly from unity. A simple approach is
to assume a Two-Suffix Margules equation for the activity coefficient. The

activity coefficient for the solute is normalized according to the unsymmetric

convention.
SOLVENT: In¥| = (A/RT)(xy)? (3-5)
SOLUTE: n¥," = (A/RT)(x;%-1) (3-6)

* ; .
In:the dilute-solution lim‘it'botha\l a-nd.'X\z approach-unity. Rearranging and

including Equation (3-6) into Equation (3-4) results in
In (f5/x4) = In Hyy + (A/RT)(x2-1). (3-7)

This is a modified form of the Krichevsky-Ilinskaya equation in which the
high pressure correction: terms-have been ncglected. Equations (3-7), (3-3), and (3-
4) are‘the-basis for corrclating light gas solubility data. At constant temperature;
a plotrof In (fz/xz) VSs.. (x,% - 1) yiclds A/RT a.s the slope and 1n-H291 as the
intercept. Solution- of these.equations-is cither by trial and.error; with an initial
estimate for the valuc of the solvent activity coefficient, or by non-linear

simultaneous solution.

3.2.2 The Effect of Temperature on Gas Solubility

The temperature variation of.Henry’s law is dependent on the enthalpy change
from.vapor to dissolved solute (heat of solution). The appropriate.temperature
functionality for correlating chry_*s law values is secn by considering the.case of
a non-volatile solvent and and dissolved solutc at low pressure. This derivation is

given in Appendix B.1. The result is given here.

d ln(Hz,l)/d (1/T) =4H /R (3-8)

soln

If the Heat of Solution is negative-then the solubility decreases (or Henry’s
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law value increases) with increasing temperature. Over small temperature ranges
the Heat of Solution is insensitive to temperature. In this case, a simple one-term
expansion in 1/T provides an adcduate mathematical description of Henry’s law

with temperature.

3.2.3. Gas Solubility in Mixed Solvents

The thermodynamic formulation of gas solubility with mixed solvents is
potentially quite complicated, cspecially if any chemical interactions exist. An
estimate ‘is given by Prausnitz (1969) bascd on the simplest Wohl expansion for the

excess Gibbs energy at constant tempceraturc and the final result is given here.

in Hng = x,In Hz,l + x3ln H2’3 - ay 3XjX3 (3-9)
Where:
H2'M = Henry’s law value for the solute in the solvent mixture.
H2,19H2§3 = Henry’s law value for the solute in cach of the two solvents.
X1 X3 = Composition of the solute free solvent.

a3 = Interaction parameter

An implicit assumption in the dcrivation is that the mole fraction of solute
(x5) is negligibly small. If a;3= 0 then the two solvents form an idcal mixture.
If ay 3 >0 the mixture exhibits positive dcviations from Raoult’s Law. As a result,
the solubility is greater in the actual mixture than onc would predict for an ideal
mixture. The .oppositc is truc if a3 < 0. When the two solvent molecules differ
greatly in size there is some thcoretical justification for using the molar volume
fraction instead of the mole fraction. If the two solvents have the same mass

densities, the molar volume (raction is numerically cqual to the weight fraction.
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3.3 EXPERIMENTAL APPARATUS

The binary phase equilibrium- problem for the case of a dilute gaseous solute
is described by Equation 3-7. To determine the value of parameter A/R and the
variation of Henry’s chn'svtant, Hz,x’ with temperature, data are needed on the
variation of solute fugacity, f5, with system temperature, T, and solute
composition in the liquid phase, X5. The solute fugacity is a function of

temperature and pressure as well as the composition of both phases.

3.3.1. Approach

In the design of any experimental apparatus the following questions must be
addressed: (a) what quantities nced be measured? (b) what accuracy is required?
{(c) how much will it cost? (d) what duration of experimental work is acceptable?
(¢) What are the advantages and constraints of the particular system? The
advantages. in working with these particular gases and solvents are-worth
mentioning since, in this case, they determine the basic experimental.approach.
First, the gases are reasonably soluble in the solvents. Second, the solvents have
low. volatility and readily dcgas up‘on heating with agitation. Also of importance,
solubility data at low solute-gas partial pressures are desired. These factors
suggest that a closed, low-pressure system will yield acceptable data.

The composition of both phases in this system must be specified. One
approach is to analyze samples from both phases, but sampling and analysis can
get quite involved. Charging the system with known amounts of solvent and gas
and then estimating the phase compositions is cxperimentally simpler, but this
procedure of course raises the quecstion of accuracy. The error in this approach is
the uncertainty in estimating the distribution of solute betwecen the liquid and the
vapor phases. At low pressure the quantity of solute in the vapor can be quite
small provided bthc solute is very soluble in the solvent.

The methods of measuring temperaturc and pressure arc tied to the desired
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accuracy of the measurements, the number of measurements required and the
experimental-time considerations. Automated data acquisition and computer
control is desired because of the many gas-solvent systems under consideration and
the time-intensive naturé of equilibrium experiments. This approach to data
collection and experimental control requires eletrical signals as inputs. For this
reason temperature is measured with a thermocouple and pressure with a
transducer.

The basic experiment is to charge a closed system with a known amount of
solvent and gaseous solute and then measure the system pressure as a function of
temperature. The fugacity of the solute is determined from the measured total
pressure and the system composition. The experiment is repeated with different

concentrations of gaseous solute.

3.3.2 Equilibrium Cell

Refer to Figure 3-1 for a schematic of the measuring portion of the
experimental setup and Appendix B.3, Table | forcquipment specifications. A
pressure transducer is connected to the round-bottom flask shown in Figure 3-1.
This pressure transducer accurately mcasures the system pressure and generates an
electrical-signal output. Temperature is measured via a thermocouple inserted into
a glass thermowell which is integral to the flask headpiece. The thermowell
contains a few drops of oil to facilitate heat transfer to the thermocouple. Mixing
is accomplished by a magnctic stirring bar. The {lask is hcated and agitated by a
programmable hotplate/stirrer (DataplatcTM) which is modified to control cecither
a heating mantle or the standard hotplatc. Temperature fecdback to the Dataplate
is by a J-type thermocouplc also inscrted in the glass thermowell. The overall ..
system is designed to minimize the head-spacc volume. The amount of solute gas

in the vapor space represcnts an uncertainty in the liquid-phase composition.

Also, it is important to minimize the weight of the flask so the capacity of the
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balance used for weighing is not exceeded. The volume of the flask is chosen so
that sufficient solvent is present to dissolve enough gas to be weighed with
precision. In this work the flasks used had volumes of 100 ml and 250 ml; the

smaller flask was used f_of'the more soluble gases.

3.3.3 Gas Addition System

A key part to automating this experiment is the method by which gas is
metered into the: measuring flask and its amount accurately known. The method
of‘choice;uscd.here is gas-flow from a known volu/,me. This method is indirect
and requires accurate pressure and temperature measurements in a small gas
cylinder. At elevated pressure the non-idcal nature of the gas necessitates the uses
of gas compressibility data. This approach is entirely applicable to computer
control. The gas addition apparatus is shown in Figure 3-2; refer to Appendix B.3,
Table 2' for'cquipment specifications. The apparatus consists of a 1/4-inch pipe
stainless steel cross modificd to include a fifth pipc port perpendicular to the
cross. A small gas cylinder (or "bomb") is connected to the vertical fifth port with
a‘1/4-inch closc nipple. A thermowell is inserted through the top port of the.gas
bomb. Solenoid valves are connccted, with close nipples, on opposite ends of the
cross. A pressure transducer is connccted to the cross and the remaining port is
vaived and permits calibration of the prcssure transducer. A ncedle valve, used
to control the fill rate of the bomb, is located on the gas supply side of the
solenoid valve. On the-f{lask side of the other solenoid valve is a precision-bore,
bellows-type needle valve. The purposc of this valve is to allow sctting the drain
rate from the bomb at slightly less than the ratc of gas absorption rate within the
flask. This is necessary so that the pressure in the flask docs exceed a preset
maximum before the filling opcration is complcte.

The bomb is filled with gas from the supply cylinder. The latter is regulated

to 50 psig. The maximum bomb fill pressure is sct so that the pressure swing in
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the bomb during sample addition is large relative to the accuracy limitations of
the bomb-pressure transducer. The mass of gas drained from the bomb to the
sample flask is related to the initial and final conditions in the bomb. The gas V

| compressibility factor, Z,"is determined so an cxact‘ gas delivery is made. The gas
law relationship with compressibility included is
aW = (MV/R)(P/ZT); - (P/ZT){] (3-10)

where:

Mass of gas delivered from bomb
Molecular weight of the gas

System volume

Gas constant

Pressure

Temperature

Gas compressibility

Refers to initial and final bomb conditions.

. b
N-Ho9A<Z =
[ |

[
-

The gas compressibility is calculated from experimental data for the second
virial coefficient givcn. by Dymond and Smith (1980). For a pure material the
second virial coefficient, B, is approximatcly a lincar function of temperature
near room temperature and is independent of pressure. The values of the
parameters for the linecar correlation function for cach of the gases is given in
Table 3-4. The virial cocfficient and compressibility are related by the expression
Z =1 + BP/RT.

The volume of the assembled gas addition system was dectermined by
displacement of water from a burctte. The system volumec from this method is
338.8 ml. An indirect mcthod of volumc dctermination is also suitable. The
indirect method relics on the fact that sulfur dioxide is e¢xtremely soluble in
polyglycol solvents. In this method, the gas addition bomb is repecatedly filled
with sulfur dioxide and drained into a wcighed sample flask containing a
polyglycol ether solvent. The pressure and temperature are rccorded before and
after draining the sample bomb to the sample flask. When 5-10 gms of sulfur

dioxide has been added to the sample flask, the flask is accurately weighed to
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determine the exact amount of sulfur dioxide transferred. The volume of the gas
addition system is calculated from the transferred mass of sulfur dioxide, the
pressure and temperature readings and the known compressibility data for -sulfur
dioxide. The volume.ffom the indirect method is 342.7 ml. 'The.deviation
bct“.recn the two methods is 1.1%. The volume based on the direct method (338.8

ml) was used for the calculations presented below.

3.3.4- Data: Acquisition &-Control Hardware-

A concern in selecting the.hardware is to maintain maximum flexibility f_or'
future applications of the equipment. Refer to Appendix B.3, Table 3 for
equipment specifications and Figure 3-3 for the layout. The heart of the system is
a personal computer with both a serial and parallel communications port. A
printer is connected to the paraliel port and a software-switchable serial port
selector (Black'Box) is connected to the serial port; The-latter device-provides for-
switching the onc serial port from thc*computcr'in_' four-different serial ports.

Onec of these-serial ports is connccted to an analog-to-digital (A/D) convertor-
(White Box).. This devicerprovides.cight (0-5 Vdc) analog.inputs and four digital
(on/off) outputs. The White Box is a "smart” device with an on-board
microprocessor. Since the various input signals (tecmperatures and pressures) from
the experimental equipment are at diff¢rent voltage levels they must be scaled to
0-5 Vdc before input to the White Box. A signal conditioner (Red Box)
electronically scales the input signals for transmission-to the White-Box. The-Red
Box also provides electrical isoiation for the four digital outputs from the White
Box. These outputs drive solid-state rclays that opcrate the solenoid valves (110
VAC). A thermocouple-to-analog converter with cold junction compensation is
connected to the thermocouple on the gas bomb and output to the Red Box for
further amplification. The temperaturc in the flask is accurately measured with a

thermocouple referenced to an ice bath, thc combined signal is amplifed and sent
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to the Red Box.

The second serial port from the Black Box is connected to the microprocessor
hotplate/stirrer. A heating mantle that accomodates the round-bottom sample
flask is connected to tl_xe"microproccssorecontrolled hotplate/stirrer. The latter
provides local temperature control of the sample flask. However, the set-point
temperature-is issued from the personal computer via the Black Box to the
hotplate/stirrer. The strategy for heating the sample flask is discussed in
Section 3.4.3.

The sample flask is cooled by blowing cold air over it. A solenoid valve,
actuated by the Red Box, on the laboraiory compressed air line is connected via
plastic tubing to a copper (heat exchange) coil. The coil is submersed in an ice
bath in an insulated chest. The air lines to and from the coil pass through the lid
of the chest. The cold air is blown over the flask from holes in a perforated
copper distribution ring that encircles the middle of the flask. With this coolinglz
method, the minirﬁum temperature achieved inside the flask is about 10 °C. The
cold air could be cooled further by using dry ice and methanol instead of ice
water in the ice chest. However, even if the supply air were pre-dricd to prevent
condensation in the cooling coil, moisture in the surrounding air would condense
and freeze on the flask. The layer of ice would hinder further heat transfer from
the flask. An automated, non-intrusive cooling source below about 10 °C is

difficult to devise.

3.3.5 Measurement Accuracy

There are inherent uncertaintics associated with the process of converting an
electrical signal from a sensor to a numcrical value in a computer. The following
is an analysis of these uncertainties working from the computer back to the
sensors. Once a signal has been digitized, the only uncertainty in its value is the

precision of the computer. This error is unimportant unless one is taking the
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difference between measurements which are close in value, but this is not the case
here.

The resolution of the A/D conversion (White Box) is 1 part in 20,000. With a
maximum input signal of-'S Vdc this represents a resolution of 0.25 mVY. Thus, a
signal strength of 25 mV or more has less than 1% resolution uncertainty. The
linearity of the A/D conversion is equally important. Information on this
characteristic is not published by the manufacturer. A simple test showed the non-
linearity to be 1% on a.100mv .signal.and.3% on a 30mYV signal.. The non-linearity
of this conversion decreases rapidly to an insignificant amount for signals above
100 mv. This specification sets the input signal strength to the White Box.

The signal conditioner (Red Box) scales the signal voltage before input to the
White Box. The two-signal Scaling operations used are amplification and division
(by two). Amplification.is accomplished with precision instrumentation. amplifiers
made by Analog Devices (ADS524B). These integrated circuits feature extrcﬁlcly
low nonlinearit& characteristics. Division is accomplished by a resistive divide
nctwork followed by a unity-gain op-amp buffer. The division error is adjusted
to a trivially low value. Thus, the signal conditioning error associated with the
Rcd Box is less than the errors associatcd with upstream and downstream
equipment. Low voltage signals on the input side to the Red Box are subject to
electrical noise. This noise can be picked up on the signal wires (especially if
thcy are long) and thereby generate crrors. Great care is taken to provide
maximum - common-mode noisetrejection. The-precision of cach measurement is
described separately below.

The flask temperature is mecasured with a T-type thermocouple; a similar
thermocouple, immersed in an ice bath, secrves as the cold junction. The
thermocouple wires are kept short (<20cm) and the combined signal amplified by
1000. The amplifier is located next to the rcfcrcn.cc and measuring thermocouples.

This-technique is used.because the combined signal-lcvel before . amplification.is
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very low and easily subject to noise. The amplified signal is input to the Red Box
but not amplified further. The signal is digitized and converted to a temperature
reading by the software. From measurement to computer, the uncertainty is less
than 0.5 °C over the range of 0-100°C.

The MKS Baratron transducer (Model 222B) has an accuracy of 0.5% of the
reading and a temperature coefficient of 0.1 mmHg/°C. The transducer is
sensitive to ambient temperature fluctuations. This effect is somewhat dampened
by insulating the unit. At low pressure (I mmHg) the uncertainty in reading the
digitized signal from the pressure transducer is set by room temperature changes
and, more important by the White Box non-linearity.

The measuremén.t of the tempecrature of the gas bomb is made with a T-type
thermocouple connected to a temperature-to-analog convertor (Omega Inc., TAC-
386). This device provides reference junction compensation and conversion to-
llmV/‘°C output. The device was adjusted to give an accuracy of #0.5 °C near
room temperature.

The pressure transducer on the gas bomb has a precision of +0.1 psia. Analog
division by two in the Red Box does not reduce this precision. However, the non-
linearity of the White Box can be a problem if the pressure reading is less than 1

psia. Such a pressure is unlikely in actual opcration of the gas addition system.

3.4 EXPERIMENTAL METHOD
3.4.1 Solvent Preparation

The polyglycol solvents are hygroscopic and must be dried -before use. The
vapor pressures of the solvents were mecasured and compared to the literature
values. The measured vapor pressures were always higher than published values
for the pure solvent. The solvents were analyzed (GC) and fo‘undrto contain 1 to
2 wt% water. The partial pressure for such amounts of water is enough to account

for the discrepancy in vapor pressure. The solvents were then boiled and stripped



52

with dry nitrogen. This procedure reduces the water content to about 0.1 wt%.

3.4.2 Start-Up

The sample flask a,nd.headpiccc shown in Figure 3-1 were cleaned and dried.
The ground glass joints were greased with silicone vacuum grease (except for the
top glass ball joint). The flask and stirring bar were weighed without solvent
present. Enough solvent was added to the flask to minimize head-space volume
without affecting the mixing ability of the stirring bar. This amount was about
80 gms of solvent for the 100 ml flask and about 200 gms of solvent for- the
250 ml flask. The 100 ml flask was used for hydrogen sulfide and sulfur dioxide
while the 250 ml flask was used (or carbon dioxide, propane and n-butan;a. It was
not yet necessary to know the exact amount of solvent at this point. The top
ground glass ball joint was then grecased and connected to the rest of the
apparatus.

The solvent sample was then degassed under vacuum while being stirred and
heated. The degassing tempcrature was set by the volatility of the solvent. If the
temperature and héating rate were sct too high the solvent boiled out of the flask.
The target temperature was set on the hotplate/stirrer such that under the applied
vacuum the solvent just began to boil when the target temperature was reached.
The target-degassing temperatures for the solvents tested are shown in Table 3-5
and are equipment specific. The degassing step was completed when gas bubbles
stopped evolving from the solvent or when the solvent itself appeared to be
boiling. After degassing is complete the stopcock on the flask was closed and the
flask was cooled to room temperaturec. The flask was disconnected from the
apparatus and the grease was wiped clcan from the top ground glass ball joint.
The flask was then re-wcighed and the cxact amount of solvent present
determined by difference. After reconnccting the flask to the apparatus, the

vapor space above the flask-stopcock was evacuated. The system was then leak
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checked by determining whether the pressure within the flask increased over a

period of 2 to 5 minutes.

3.4.3 Run Procedure

The following proéedurc was used for measuring gas solubilities with this
equipment. After the so(vent was degassed, the system was evacuated and isolated
and the stopcock on the sample flask was opened tq allow the pressure transduéer
to measure the system pressufe. The stirring rate was set between 600-800 RPM,
depending on the solvent. A high rate is prefcred, to enhance mass transfer.
Some of the solvents are too viscous (e.g. Dowanol TBH, Tetraglyme) and 600 RPM
is the maximum attainable mixing rate. At higher rates the magnetic stirring bar
decouples. The flask is cooled to 13 °C by a flow of cold air. Since the solvent
contains a small residual of dissolved gas or water, the vapor pressure of the
solvent was first measured over the tempcrature range of interest.

Heat was supplied to the flask by the hcating mantle. It was found that
steady heating at a ratec of 1 °C/min or slower yielded a reproducible vapor
pressure curve. Also, the same curve was retraced upon slow cooling. Flask
temperatures and pressures were recorded at 5 °C intervals from 15 °C to 100 °C.

The flask was held at 100 °C for tecn minutes to demonstrate that no further
change in pressure would occur, then the heat was turned off and the cooling was
started. Since the cooling rate was fast and not controllable, equilibrium was not
maintained‘in the flask during cooling. When the flask temperature reached
13 °C the cooling was turncd off.

Gas was added to the {lask in even increments of mass each time after the
flask was cooled. An estimatc of the final bomb pressurc necessary to deliver the
desired mass increment of gas was calculated first. This final bomb pressure
estimate was calculated by assuming thc bomb temperature before and after

draining were the same. If the estimated final bomb pressure was less than a
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preset allowable minimum pressure then multiple bomb refills were necessary to
deliver-the specified mass of gas to the sample flask. The gas was slowly drained
to the sample flask until the bomb pressﬁre reached the final estimated pressure
or the preset minimum_pi‘cssme. The procedure was repeated until the specified
mass of gas was delivered then filling was halted. After waiting about ten
minutes to re-establish thermal equilibrium in the bomb, the actual mass delivered
was calculated based on measured initial and final conditions. The solvent
sample, cOntaining‘-dissolvcdv gas, was heated and cooled in the same manner as
used to establish the vapor pressure of the "pure" solvent. The run was completed

after the heating and cool down sequence corresponding to the final gas addition.

3.4.4 Shut;Down

After the run was finished, a bath of methanol and dry ice was used to cool
down the mixture in the flask. This cooling step maximizes the fraction of the
gas in the flask that is dissolved in the solvent. If the solvent froze or became to
viscous to stir or the pressure stabilized, then methanol-dry ice bath was removed
and the flask stopcock was closed. The flask was heated to room temperature and
removed from the apparatus. The top ball joint is wiped free of grease and the
outside of the flask wiped free of any condensation. The flask is then weighed to
determine the total amount of gas that was added. This total was compared to
that calculated from the gas-addition proccdure described above. If the
difference between the mecasured and the calculated values was greater than 2% of

the total weight of gas, the run is suspect.

3.4.5 Control Algorithm
A flowchart for the control algorithm is shown in Figure 3-4. The same
sequence of operations would be followed to conduct the experiment manually.

The control program is written in BASIC and is a collection of subroutines that
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perform independent tasks that are independent. These tasks are listed below.
(1) Flask heating
(2) Flask cooling
(3) Flask filling
(4) Bomb Jilling
(5) Estimate final bomb pressure
(6) Compute mass of gas added to flask
(7) Abort and shut-down procedure
(8) Valve opening or closing
(9) Read an input signal
The main program calls these various subroutines and also performs
conditional tests to direct the sequence of events. In the heating, cooling, and
filling sequences where waiting is involved, it is always necessary to check for
temperature and pressure excursions as well as for system errors (such as
exceeding disk space). An example of the required input data necessary to
execute the control program as well as a complete listing of the control program is

included in Appendix B.5.

3.4.6 Reproducibility and. Limitations

The reproducibility of the total pressure as a function of temperature from
repeated runs for the same gas/solvent composition is within 2 %. The major
uncertainty is the true temperature of the liquid in the flask. This uncertainty is
caused by the thermal lag associated with the glass thermowell. Heat loss via
conduction up the glass well results in having a slightly lower temperature (~0.2-
0.5 °C) measured by the thermocouple. The thermal lag is- minimized by very slow
heating.

Thé error in composition caused by vapor space hold-up is greater {or
insoluble gases at low concentrations. For carbon dioxide this uncertainty may be
as high as 2%. This effect is quantificd in Appendix B.2. A sample flask larger
than 250 ml is required fbr gases less soluble than carbon dioxide.

The solvent volatility sets the upper tempcerature limit. Condensation of

solvent vapors in the upper portion of thc apparatus changes the composition of
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the liquid phase.and can plug the.gas-addition feed line with liquid. The ability
to degas the higher volatility solvents is a more stringent limitation.

The gas addition system produces very reproducible results. The uncertainty
is within the accuracy ‘ot;‘ the balance used to weight the flask (£0.0lgm). The
accuracy decreases when the pressure swing in the bomb is too small relative to
the uncertainty of the pressure transducer. This effect is minimized by reducing
the bomb fill pressure so that the pressure swing during sample addition is

increased.

3.5 PURE GASES AND SOLVENTS
3.5.1 Results

A sizeable amount of data (about 9000 PTX data points) were collected on the
twenty gas-solvent pairs tested. At least three runs per gas-solvent pair were made
over the range of 15-100 °C at 5 OC intervals. Depending on the gas-solvent pair,
between six and eight gas additions were made per run. The range of mole
fraction covered for cgch gas-solvent pair is shown in Table 3-6. No attempt is
made to reproduce all of the raw experimental data here. Rather, only the results
for hydrog;:n sulfide-tetraglyme are presented as an example. An actual run print-
out, the associated output file, and the nccessary input for one of the triplicate
runs is given in Appendix B. A plot of the logarithm of the total pressure vs. the
inverse of the absolute tempcrature at constant composition for one of the

triplicate-runs is given in Figurc 3-5.

3.5.2 Data Analysis

The combination of Equations 3-3 and 3-4, shown below, relates the fugacity
of the solute, fz., to the system pressure, P, the solvent composition in the liquid
phase, X1s the vapor pressure of the "purc" solvent, Pf, and the activity

coefficient of the solvent, K‘l.
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f2=P'Xllels . (3"11)

Since the mole fraction of solveni in these experiments was never less than.
0.9, the activity coefficient of the solvent was assumed for simplicity to be unity.
Strictly speaking, this.assumption is ﬁot thermodynamically consistent if the
Krichevsky-Ilinskaya equation, Equation (3-7), is assumed for the solute. The
value of the solvent activity coefficicnt could be solved for simulvatneously by
using Equation (3-5). However, since the solute concentrations were so dilute, the
activity coefficient of the solvent was always very close to unity. The error
" involved in this simplification is discussed below.

The vapor pressurc mcasured {or the solvent and its residual content of water
and dissolved air between 50-100 © was fit to the Clapeyron equation. Although
solvent vapor pressure data were collected between 15-100 °C, fitting the data
over the higher range proved more reliable. This is because the vapor pressure of
_thcsc solvents at the lower temperatures approached too closely the sensitivity of
the pressure transducer.

Figure 3-6 shows the results for the triplicate runs for st in tetraglyme cast
in the form of Equation (3-7). The nearly horizontal slope indicates only minor
dependence of f2 on x,, i.c., a very small value of A. The value of In(fy/x5) was
lincarly regressed against (x% - 1)/T at constant temperature where (2) denotes
the solute and (1) the solvent. The slope is A/R and the y-intercept is l-n(Hz’l).
The values of A/R were gencrally scattered, with a slight temperature trend. An
average value of A/R for the run was fit bascd on all the data points. This fit is
discussed later. The y-intercepts, or ln(Hz’l) valucs, for triplicate runs are plotted
against 1/T in Figure 3-7. This curve is ncarly linear, so higher order expansions
in 1/T are not necessary. The linear variation of the natural log of the Henry’s
law values with the inverse absolute tcmperature were it by linear regression.

The smoothed Henry’s law valucs were computed at cach data point and the best
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value of A/R was determined for all the data points by the method of least

squares applied to the equation ‘below:

In [(f5/x9)/Hy 1] = (A/R)(x2-1)/T] (3-12)

The average error was calculated between the experimentally measured and
calculated system pressure based on the best value of A/R, the Henry’s law-
expression and the solvent vapor pressure. An - average error less than 2% is
considered acceptable. The run was was repcated if the average-error was greater-
than 2%. The values of the fitted parameters for the variation of the Henry’s law
with temperafure from the triplicate runs were averaged to determine the
uncertainty in the fitted Henry’s law constants. This averaging is statistcally
valid since the number of gas additions and tempcrature intervals were the same
for each run. The valuc; of A/R varied significantly from run to run. For the
hydrogen sulfide-tetraglyme system the average of the best-fit A/R values for
triplicate runs is -176 K+18%. This is one of the lowcst. uncertainties for an A/R
value of the gas-solvent pairs tested, some are as high as £200%. As shown in
Figure 3-6, there is little or no dependcnce on liquid phase non-ideality. The
value of A/R for the gas-solvent pairs tested in this study is not meaningful
because it is heavily weighted by the uncertainty in the liquid-phase composition.
Consequently, all of the data were collected in the Henry’s law region and a
composition-dependent activity coefficient is not necessary to correlate the data.

For the hydrogen sulfidc/tetraglyme system the cstimated activity coefficient
for the solvent is 0.997. This activity qocfl’icicnt is based on a value of A/R
equal to -176 K, a solute mole fraction of 0.07, a temperature of 15 OC and
Equation (3-5). The assumption of a solvent activity cocfficient near unity is

valid.
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3.5.3 Correlated Results .
The correlation of Henry’s constant, H, |, with absolute temperature is

expressed in terms of the Heat of Solution (AH ) and a reference (25 °C)

soln

Henry’s law value (ch"l). This correlating equation is
H, | = H% | EXP[(8Hg,,/R)(1/T-1/T%)] (3-13)

where TO = 298.15 K. The heats of solution and reference Henry’s law values for
all the gas-solvent pairs are given in Table 3-7. For comparison purposes,
solubilities at 25 °C are expressed on a mole of gas per mass of solvent basis in
Table 3-8. Seclectivity of the solvents for the other gases referenced to

hydrogen suifide are shown in Table 3-9.

3.5.4 Discussion

The results from the light gas solubility study were found to be rcproduciblc..
That is, the variation of system pressure with temperature and composition from
run-to-run for the same gas-solvent system were within 2% of one another. The
question of accuracy is addressed in a Section 3.7. The data indicate that for
these gases even the highest solute concentration tested is within the Henry's law
range. Reduction of the data by use of Equation (3-7) is a reliable method for
statistically weighting solubility data over a range of solutec concentrations and
allowing extrapolation of the data to the infinitcly dilute region. The value of
the Henry’s constant was determined by considcring data over a dilute range
rather than at the most dilute condition measured. This method of data analysis
insured that the higher uncertaintics associated with thc most dilute results are
not overly weighted. The Aata points corrcsponding to the ldwcst concentration of
solute have a higher uncertainty associated with them because the vapor-space
hold-up error increased at the most dilute condition.

Refer to Table 3-8 for a comparison of the solubilities of hydrogen suifide
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and the other gases in the glymes. When solubility is expressed as moles of gas per
mass of solvent, hydrogen sulfide solubility is least sensitive to the solvent
homologue. This suggests that solvent-solute association is important for hydrogen
sulfide solubility. The 'ri.umber of ether linkages (-CH,OCH5-), including a
contribution from the terminal methyl groups, per unit mass is roughly the same
for all the glymes. The slight decrease from diglyme to tetraglyme may be due to
an overall decrease in physical solubility. Pure physical solubility is governed by
the number of solvent molecules relative to solute molecules in the mixture.
Increasing the molecular weight of the solvent molecule decreases the number of
solvent molecules present on a mass basis. This fact is observed in the solubility
decrease of the other gases in diglyme relative to tetraglyme. For hydrogen
sulfide, the solvent-solute association is more important than the size of the
solvent molecule. As shown in Table 3-9 the selectivity of tetraglyme for H,S is :
not achieved by increasing the solubility of hydrogen sulfide in tctraglyme but by
decrecasing the physical solubility of the other gascs. Recferring to Table 3-7,
within experimental error, the heats of solution are constant for a given gas-solute
in the homologous serics of glyme-solveants.

Comparing the mono-ethers to the di-ethers, the heat of solution in the mono-
ether is less negative for hydrogen sulfide and carbon dioxide in Dowanol DM
and TBH. This is also observed for propane and n-butane in Dowanol DM. The
increased heat of mixing is from breaking hydrogen bonds between solvent
molecules. The:energy to break these bonds comes-{rom the heat of condensation
of the solute: The effect. is.not observed for propane:and n-butanc in Dowanol
TBH. The association between these hydrocarbon gases and the butyl group
offsets this effect. Refcring to Tables 3-8 and 3-9, the hydrogen bonding
character of the monocthers reduces the solubilitics of the gases. Comparing
Dowanol DM to diglyme, the solubility dccrecase of carbon dioxide, propane and n-

butane is.dramaticibecauscsthese gases.rcly on pure physical solubility. The
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decrease in hydrogen sulfide is not as severe since association between solvent
ether-linkages and solute is still present. The selectivity of Dowanol DM for
hydrogen sulfide is Better than tetraglyme. Comparing Dowanol DM and Dowanol
TBH, the increased molecular size of TBH decreases carbon dioxide solubility
even further but the butyl ’group enhances propane and n-butane solubility.
Hydrogen sulfide solubility decreases because of the increased solvent molecular
size and reduced number of ether linkages per solvent molecule.

In summary, the following conclusions are made pertaining to solvent
characteristics. They establish guidclines for "designing” a solvent molecule to a
specific gas absorption application.

1. Hydrogen sulfide solubility is governed predominately by the presence of ether
linkages in the solvent molecule.

2.  Physical solubility of the gases decreases with increased solvent molecule size
- and weight. Increasing the number of molecules per unit mass increases the-
physical gas solubility.

3. Hydrogen bonding between solvent molecules decreases physical solubility of
the gas solute. Hydrogen sulfide is less sensitive than other gases to this

effect.
4.  Alkyl functional groups on-solvent molecules increase hydrocarbon solubility.

5. High hydrogen sulfide selectivity is achieved by; (a) many ether linkages per
molecule (b) terminal hydroxyl groups and (c) large solvent molecules.

3.6 EFFECT OF WATER

The solubility of light gases in watcr is lower than in polyglycol ethers.
Hence, the solubility of these gases is lower in solvent-water mixtures than in the
pure solvent. The magnitude of this deccrease in solubility is important since water

is added to or generated by chemical reaction in the solvent at certain locations in

the UCBSRP.

3.6.1 Procedure

The procedure used to mecasurc pure gas-solvent solubilities is not suitable
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when a volatile solvent component such as water is present. A key premise in
designing the equipment and procedure is accomodating an essentially non-volatile
solvent. At temperatures much above ambient, water vaporizes from solution and
condenses on cooler pagts"of the apparatus. As a result, the water content of the
solvent becomes uncertain. About 30 °C is a practical upper limit for operation
without appreciable water loss. To determine the temperature coefficient of
solubility, measurements must be made below room temperature. Mass-transfer
effects become important at lower temperatures because these solvents become
quite viscous. Below 0 °C, the equilibration time is unacceptably long. The
automated cooling system is only capable of lowering the sémplc temperature to
8 °C. Since operation of the apparatus in the automated mode is desirable,
solubility data were only collected betweeen 10 °C and 30 °C.

The effect of water from zero to 6 wit% in the solvent was measured in
diglyme and Dowanol DM. These soivents were the least viscous of the five
solvents tested in the previous study. Only hydrogen sulfide and carbon dioxide
were invcstigatec:i as solutes in this study. Runs with sulfur dioxide were
attecmpted, but probiems with the the gas addition system thwarted furthur
attempts. The seats of the solenoid valves, which are made of buna rubber or
Viton, swell in the presence of sulfur dioxide. Even when the valve is open the
swelled seat does not allow gas flow. Other suitable seat materials are available
but must be custom-ordered from the manufacturer.

The sample-preparation procedurc uscd in this study is similar to that
described in section 3.4.2. with the followi_ng.addition. After the solvent is
degassed and reweighed, the vacuum is relcascd on the sample flask, the neckpiece
removed and 2 known amount of water is added to the flask. The neckpiece is
then replaced and the flask is reconnccted to the apparatus and degassed again.
However, in this second degassing step the samplc is not heated. When the sample

begins to boil, under vacuum, degassing.is complcte.. The .flask is then removed
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and reweighed. Any sample loss is attributed to a reduction in the water content.

3.6.2 Results & Data Analysis

The data were analyzed by the same procedﬁrc described in Sections 3.5.2 and
3.5.3, the only difference being that the average molecular weight of the solvent-
water mixture was used instead of that of the pure solvent. The correlated
results for both solvents with varying amounts of water (up to 6 wt%) and both
gases are‘given in Table 3-10. Each watcr content represents one run. The
Henry’s constants at 25 °C are cast in the form of the mixing rule given in
Equation (3-9). Mole fractions are replaced with volume fractions as given.
Values for Henry’s constants for hydrogen suifide and carbon dioxide iﬁ water at
25°C are reported by Wilhelm et al (1977) as 54.74 MPa/m.f. and 165.8 MPa/m.f.
respectively. Henry’s constant (for ideal solutions) of the mixture, Hn:, is
calculated as the exponential of the sum of the first two terms in Equation (3-9),
again using volume fractions. These rcsults, as well as, the values {or the

interaction parameter, a3, are also given in Table 3-10.

3.6.3 Discussion

The negative valucs for a3 indicate that the water-solvent mixture exhibits
negative deviations from Raoult’s law. This is caused by hydrogen bonding
between the water and solvent molecules. The variation of the interaction
parameter with water content of the solvent is scattered and interpertation is
difficult at best. The mixture data arc plotted in Figure 3-8 as log of the Henry’s
law value for the mixture vs. molar volume pcrcent water. A curve of the fitted
results and the ideal solution solubility curve is also included. Average values for
the interaction parameter arc uscd. As a [irst approximation, the ideal solution

mixing rule is adequate.
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3.7 LITERATURE COMPARISON

There is a paucity of information in the open literature on the solubility of
gases in glycol.cther solvents. The accuracy of the data produced by the light gas
solubility apparatus was 'i'.nstead verified by testing two systems for which data
were available and comparing the results to literature values. The model systems
chosen were propane in dodecane and in hexadecane. These systems were chosen
because the boiling points of the solvents are similar to those of the polyglycol
ethers. Data on these systems are reportcd by Hayduk et al. (1972). The results of
this comparsion are shown Table 3-12. At the three temperatures reported by
Hayduk, in the case of dodecane, agrecment varies from 0.97% at 25 °C 3.61% at
45 °C. Similar results are found in comparing the solubility of propane in
hexadecane. This systematic deviation might suggest a different temperature
coefficient for the solubility 6f propane in either of these solvents.
Unfortunately, the data in this reference are the only data available for these
systems. A firm conclusion is not possible with only three data points over a
limited range of temperature.

Data are reported by Hartel (1985) for the solubility of hydrogen sulfide in
tetraglyme. For some¢ unknown rcason the tabulated and correclated results
presented by Hartel arc not in agreement. The data presented here lie between
the tabulated and corrclated results reported by Hartel. No further attempt was
made to reconcile this differcnce.

Data for Selexol solvent (dimethyl cther of polyethylene glycol) are not
available-in the open literature. Onc solubility datum point for this solvent is
given by Kohl and Riesenfeld (1979) at 70 OF. Converting the units to an
infinitely dilute solubility yields 11.74 moles of hydrogen sulfide per kg solvent
and 1.26 moles of carbon dioxide per kg solvent. At 70 °F, the results préscnted
here for tetraglyme predict 11.77 and 1.59 for hydrogen sulfide and carbon

dioxide -respectively. The-lower solubility of carbon dioxide.in Selexol is probably
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caused by the higher molecular weight of this solvent.

3.8 CORRELATION OF SULFUR DIOXIDE DATA

Sulfur dioxide is a _ké'y component in the UCBSRP. The solubility of sulfur
dioxide in a variety of solvents was measured by Demyanovich (1984). Although,
the therm_odynamic models chosen in that study do correlate the data, the models
are too complicated for use in a numerical simulation of the UCBSRP.
Demanyanovich reported that the solubility behavior of sulfur dioxide is non-
ideal over wide composition ranges but that Henry’s law appeared to correlate the
data surprisingly well. This observation suggests the data should be correlated
with respect to deviations from Henry’s law rather than Raoult’s law. The use of
Equation (3-7), for correlating gas solubility data, does just that. Although the
Two-Suffix Margules equation for the unsymmetrically normalized solute activity
coefficient is extremecly simple, it is suitable for small deviations from Henry’s :
law, For the gases hydrogcn sulfide, carbon dioxide, propane and n-butane
concentrations were always well within the Henry’s law range and the value of
A/R was little more thﬁn statistical noise. In the casc of sulfur dioxide the value
of A/R is expected to be quite important.

The P-T-X data reported by Demyanovich were taken at constant solute
concentration but at uneven temperature increments because of the experimental
method used. This makes direct application of Equation (3-7) impossible since the
values of In HZ,I and A/R must first be dctermined at constant temperature and
then correlated with temperature. A multi-dimensional search is possible once the
functional dependence of A/R on tempcrature is known. However, this
dependence is not known a priori. Dcecmyanovich rcports constants for a two-
parameter Antoine equation for sulfur dioxide partial pressurc at a fixed solute
composition for his data. This allows intcrpolation of his experimental data at

even temperature increments.



Demyanovich’s values for the part.ial pressure of sulfur dioxide over Dowanol
DM, diglyme, triglyme and tetraglyme were correlated in the following manner:
At a specified temperature the partial pressure (or fugacity) of sulfur dioxide was
calculated for each solute composition and cast in fhe form of Equation (3-7).
The values of ln(fz/xz) were linearly regressed against [x%el]/’l' yielding values
of In Hz,l and A/R for that temperature. This procedure was repeated at 5 °c
increments between 25-100 °C. As shown in Figure 3-9 and 3-10, the results for
sulfur dioxide-Dowanol DM indicatc that the-log of Henry’s law varies linearly
with inverse absolute temperature dcpéndcncc and that A/R varies linearly with
temperature. The Henry’s law and A/R values were regressed with their
respective functionalities. This procedure was repeated for the other solvents.
The const:ints for the correlating equations are shown in Table 3-i13 and the
solubility of sulfur dioxide at infinite dilution in each of these solvents is given
Table 3-14. These simple expressions reproduce the sulfur dioxide partial
pressurcs calculated from Demyanovich’s constant composition partial pressure
equations. The correlation for sulfur dioxide in tetraglyme is plotted in Figure 3-
11 with the data of Albright et al. (1964) for this system. Agreement is good
below about 40 mole% sulfur dioxide. This accuracy is adequate for the unit

operations encountered in the UCBSRP.

3.9 SUMMARY

The method devised in this study for mcasuring gas solubility in solvents is
reproducible (~2%) when the solvents have a low volatility and the gas-solutes are
quite soluble. The technique is well suited to automated data acquisition and
control and allows for the collection of large amounts of data. For sparingly-to
moderately-soluble gases, the modificd Krichcvsky-Illinskaya equation describes

gas solubility behavior as a function of tempcrature and composition. The



67
solubility of hydrogen sulfide. in polyglycol ether solvents is enhanced by the
presence of ether linkages in the molecule. For the other gases tested, the size and
aliphatic character of the solvent molecule are important. The presence of water
in the solvent lowers t_}lé"solubility of the gas and dissolution of the gaseous
‘solute in the solvent-water mixture exhibits negative deviations from Raoult’s law.
The solubility of a solute gas in a mixture of pblyglycol ether and water is related
to the binary Henry’s constants for solute in pure polyglycol and in pure water.
The natural logarithm of thev Henry’s constant for each pure gas-liquid pair is
weighted by the volumé fraction of water and polyglycol solvent present in the
mixture. The mixing rule is expressed in Equation 3-9. The logarithmic nature of
the mixing rule indicates that small amounts (<5wt%) of water do not drastically
reduce the capacity of the solvent for absorbing gasecs. However, this study has
not investigated the effect of one dissolved solute on the solubility of another.

This effect may be substantial and is worth future investigation.



68

3-5
3-6
3-7
3-8
3-9

3-10

List of Tables

Solvents in Gas Solixbility Study

Selected Physical Properities: Solvents

Sclected Physical Propcerities: Gascs

Parameters for Virial Céefficicnt Estimate Near Room Temperature
Solvent Degassing Temperaturcs

Solute Composition Range

Constants for Henry’s Law Equation

Solubility of Gases in Solvents at Infinite Dilution
Selectivity of Solvents

Effect of Water on Gas Solubility in Organic Solvents
Henry’s Law Constants for Propane in' Hcavy Hydrocarbons
Constants for Sulfur Dioxide Solubility Corrclation |

Solubility of Sulfur Dioxide in Organic Solvents at Infinite Dilution



3-5

3-6

3-7

3-8

List of Figures

Equilibrium Celi

Gas Addition System

Gas Solubility Measurement System
Control Algorithm

Effect of Temperature and Composition on Total Pressure for
Hydrogen Sulfide in Tetraglyme

Plot of Equation 3-7 for Hydrogen Sulfide in Tetraglyme at
Constant Temperature for Three Separate Runs

Effect of Temperature on Henry’s Law Constant for Hydrogen
Sulfide in Tetraglyme

Effect of Water on the Solubility of Hydrogen Sulfide and
Carbon Dioxide in Diglyme and Dowanol DM

Effect of Temperature on Henry’s Law Conastant for Sulfur
Dioxide in Dowanol DM

Effect of Tempcrature on {A/R] for Sulfur Dioxide in Dowanol DM

Effect of Composition and Tempcerature on Partial Pressure of
Sulfur Dioxide in Tetraglyme

69



70

Table 3-1

SOLVENTS IN GAS SOLUBILITY STUDY

Common Name Compound

DIGLYME  Diethylene  glycol
TRIGLYME Tricthylene  glycol
TETRAGLYME  Tetraethylene glycol
DOWANOL DM  Diethylene  glycol
DOWANOL TBH Triethylene glycol

Table 3-2

dimethyl ether
dimethyl ether
dimethyl ether
methyl ether
butyl ether

SELECTED PHYSICAL PROPERITIES: SOLVENTS

Solvent MW TB PVAP
Diglyme 134.2 162 373.
Triglyme 178.2 216 4.67

Tetraglyme 222.3 275 <1.33
Dowanol DM 120.1 194 33.3
Dowanol TBH 231.1 283 <1.33

N.B. MW = Molecular wcight

DENS
0.944
0.986
1.013
1.015
0.995

VISC SOLP

2.0 8.2
3.8 9.0
4.1 9.5
3.5 10.7
9.2 9.6

TB = Normal Boiling Point (°C) at 1 atm
PVAP = Vapor pressure (Pa) at 25 °C

DENS = Liquid density (gm/cc)
VISC = Liquid viscosity (cp)

SOLP = Solubility parameter (cal/cc)i

Source: The Glycol Ethers Handbook, Dow Chemical Co. ,
Glycol Diethers: Technical Data Bulletin, SpecialityChem Products Corp.
Glymes: Technical Data Bulletin, Grant Chemical Division, Ferro Corp.

Table 3-3

SELECTED PHYSICAL PROPERITIES: GASES

Gases MW TB PYAP
Hydrogen Sulfide 34.08 -60.4 2019.1 1
Carbon Dioxide 4401 -78.5 6401.1
Propane 44.09 -42.1 944.2
n-Butane 58.12 -0.5 246.3 1
Sulfur Dioxide 64.06 -10.2 389.6 1
N.B. PVAP = Vapor pressure (kPa) at 25 °C

TC = Critical temperature (°C) }
SOLP =.Solubility Paramcter (cal/cc)

TC' SOLP
00.0

310 6.0
96.6 6.4
520 6.8
57.6



PARAMETERS FOR VIRIAL COEFFICIENT

Table 3-4

ESTIMATE NEAR ROOM TEMPERATURE (25 °C)

Gas

B=mT+bDb

Slope (m)

Hydrogen Sulfide
Carbon Dioxide

Propane
n-Butane

Sulfur Dioxide

1.70

0.93

2.66
5.90
4.40

Intercept (b)

.=714.4

-401.7
-1179.6
-2492.0
-17379

N.B:: B= Second Virial Coefficient [cc/gmole]
T = Temperature [K]

SOLVENT DEGASSING TEMPERATURES

Table 3-5

Solvent T (°C)
Diglyme 35- 40
Triglyme 60- 65
Tetraglyme 95-100
Dowanol DM 60- 65
Dowanol TBH 95-100

Table 3-6

SOLUTE COMPOSITION RANGE
(mole fraction)

Solvent
Diglyme
Triglyme
Tetraglyme
Dowanol DM
Dowanol TBH

H,S

.0050-.050
.0061-.060
.0070-.070
.0040-.040
.0080-.080

Solute
COZ C3
0016-015 .0034-016
.0020-.020 .0040-.020
.0025-.025 .0050-.025
.0014-012 .0027-.013
.0026-.019 .0052-.026

Cy4

.0046-.027
.0063-.037
.0079-.045
.0040-.024
.0079-.046
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Table 3-7

CONSTANTS FOR HENRY'S LAW EQUATION
H, | = HY | EXP[@H!"/R)(1/T-1/T%)]

o soln
H 2,1 OoH
Solvent (kPa/m.f.) (kJ/mole)

Hydrogen Sulfide

Diglyme 634.8 -17.43 £ 1.8%
Triglyme- 513.5 -17.85 * 3.4%
Tetraglyme 422.3 . -18.77 £ 0.4%
Dowanol DM 8434 -16.16 + 1.0%
Dowanol TBH 604.9 -15.11 £ 1.7%
Carbon Dioxide
Diglyme 3667. -11.46 £ 1.7%
Triglyme 3400. -11.40 * 0.2%
Tetraglyme 3002. -11.39 * 4.0%
Dowanol DM 6476. -10.40 * 2.5%
Dowanol TBH 3708. -10.33 * 0.6%
Propane
Diglyme 2157. -11.11 £ 3.1%
Triglyme 2176. -11.02 £ 1.1%
Tectraglyme 2142, -10.30 * 2.0%
Dowanol DM 5755. -9.44 * 02%
Dowanol TBH 1955. -11.76 £ 0.2%
n-Butane
Diglyme 719.1 -15.42 £ 0.3%
Triglyme 726.5 -15.17 £ 0.5%
Tetraglyme 723.0 -14.97 * 0.4%
Dowanol DM 2120. -13.92 £ .08%
Dowanol TBH 678.9 -16.29 * 0.7% .
N.B: HO, |= Henry's Law value at T® = 298.15 K
m.f. = mole fraction



Table 3-8

SOLUBILITY OF GASES IN SOLVENTS
AT INFINITE DILUTION

[gmoles gas/kgm solvent]/MPa @ 25 °C

Solvent

Diglyme
Triglyme
Tetraglyme
Dowanol DM
Dowanol TBH

SELECTIVITY OF SOLVENTS

[mole H,S/mole gas] @ 25 o°c

Solvent

Diglyme
Triglyme
Tetraglyme
Dowanol DM
Dowanol TBH

HS €O,
11.74 2.03
10.93 1.65
10.65 1.50
9.87 1.29
7.15 1.17
Table 3-9

(Ratio of Solubilities)

H,S

co,

5.8
6.62
7.10
7.65
6.11

Cs3

3.46
2.58
2.10
1.45
2.17

C3

3.39
4.24

5.07

6.81
3.29

n-C4

10.36
7.72
6.22
3.93
6.37

n-C4

1.13
1.42
1.71
2.51
1.12
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Table 3-10

EFFECT OF WATER ON GAS SOLUBILITY
IN ORGANIC SOLVENTS

W% V%  H, H ' &Hg,, a3
9

Dowanol DM-Carbonr Dioxide

1.05 1.049 6780 6538  -12.17 -3.5
1.06 1.059 6821 6540 -12.17 -4.0
252" 2450 7784 6845 -11.60 -5.4
4.06 - 3.840 8622 7163  -11.38 -5.0
5.12 4.754 9573 7380  -11.11 -5.7

Diglyme-Carbon Dioxide

0.99 0.989 3974 3902  -12.50 -1.9
1.97 2.081 4166 4067 -13.14 -1.2
2,97 3.332 4726 4265  -10.92 -3.2
3.95 4.717 4934 4494  -11.97 -2.1
5.99 8.261 5788 5140 -12.22 -1.6

Dowanol DM-Hydrogen Sulfide

1.14 1.137 1059 943 -18.54 -10.3
2.11 2.067 1175 980 -18.19 -9.0
3.01 2.901 1224 1014  -18.10 -6.7
4.18 3.945 1359 1058  -18.20 -6.6
6.00 5.487 1558 1128  -17.34 -6.2

Diglyme-Hydrogen Sulfide

1.00 1.000 619 642 -19.93 3.7
2.10 2.235 673 679 -19.49 0.4

3.00 3.372 723 714 -19.27 -0.4
4.05 4.868 792 764 -19.30 -0.8
5.96 8.201 900 887 -19.65 -0.2

N.B.. W% =- Weight percent water in the solvent.

V% = Molar volume percent water in the solvent,
H, = Henry’s law value (measurcd)
. for the mixture at 25°C.
H = Henry’s law value (calculated)
for an ideal solution mixture at 25 °C.
2H,(n Heat of Solution (kJ/gmole) for the mixture.

Wwou

Interaction parameter.



Table 3-11

HENRY’S LAW CONSTANTS FOR
PROPANE IN HEAVY HYDROCARBONS

(kPa/mole fraction)

Dodecane Hexadecane
T (°C) 25 35 45 25 35 45
Hayduk (1972) 824 1003 1219 762 930 1131
This Work 816 985 1175 775 926 1096
% Dev. 0.97 1.79 3.61 -1.68 0.43 3.09
Table 3-12

CONSTANTS FOR SULFUR DIOXIDE
SOLUBILITY CORRELATION

Hy ) = H} ; EXP[@H!"/R)(1/T-1/T°)]

(A/R) = (A/R), + (T-T°)(A/R),

Solvent H%, agsoln (A/R),  (A/R);
(kPa/m.f.) (kd/mole) (K)

Diglyme 19.46 -39.43 -587.14 3.0111

Triglyme 19.12 -38.15 -417.01 0.9146

Tetraglyme 16.96 -35.65 -463.63 -0.2593

Dowanol DM 31.15 -37.13 -590.50 2.5638

N.B.: TC =298.15 K

Table 3-13

SOLUBILITY OF SULFUR DIOXIDE IN ORGANIC
SOLVENTS AT INFINITE DILUTION

[gmoles Gas/Kgm Solvent]/MPa @ 25°C

Solvent Solubility
Diglyme 383
Triglyme 293
Tetragiyme 265
Dowanol DM 267

Dowanol TBH am-e

75



76
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'FIGURE 3-2
Gas Addition System
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FIGURE 3-3
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FIGURE 3—4
Control Algorithm
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FIGURE 3-95

Effect of Temperature and Composition on Total Pressure
1000.0 for Hydrogen Sulfide in Tetraglyme
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FIGURE 3-6

Plot of Equation 3-7 for Hydrogen Sulfide in Tetraglyme
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FIGURE 3-7

Effect of Temperature on Henry's Law Constant
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FIGURE 3-8

Effect of Water on the Solubility of Hydrogen Sulfide and
10000 Carbon Dioxide in Dlglyme and Dowanol DM
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FIGURE 3-9

Effect of Temperature on Henry's Law Constant
for Sulfur Dioxide in Dowanol DM
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Effect of Temperature on [A/R]
for Sulfur Dioxide in Dowanol DM

FIGURE 3-10
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FIGURE 3—11

Effect of Composition and Temperature on Partial Pressure
of Sulfur Dioxide in Tetraglyme
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CHAPTER 4

PROCESS SYNTHESIS

4.1 PREFACE

The University of California, Berkeley, Sulfur Recovery Process (UCBSRP)
technology is applicable to a wide variety of gas streams containing hydrogen
sulfide (H,S). The application of the UCBSRP to treatment of recycle gas from a
crude oil residuum hydrotreater and to a coal gasification stream have been
discussed, respectively, by 'Lynn et al (1986) and by Neumann (1986). The focus
of this work is the treatment of sour natural gas for conditioning to sales pipeline
specifications. The conditioning process entails dehydration, desulfurization and
recovery of natural gas liquids (propane and higher hydrocarbons). The
conventional approach is sequential processing to meet each specification.

In this study the perfor‘maqcc of the conventional processing scheme shown in
Figure 4-1 is used as a point of reference. In this scheme sour gas is cooled and
separated into sour gas and sour liquid condensate streams at available cooling
source temperature and pipeline pressure. The sour liquid condensate is fed to a
depropanizer producing sweet CI product and a sour C3' gas stream. No
mercaptans are assumed present, so additional treatment of the CZ product is
‘unncccssary. The sour overhead product is combined with the sour gas from the
"knockout drum" (gas-liquid separator) and fed to an ethanolamine absorber-
stripper operation. The acid off-gas from the stripper is converted to clcmental
sulfur in a Claus plant and the tail gas swcetened to meet emission standards in a
Beavon-Stretford plant. The sweet, water-saturated, hydrocarbon-rich gas from
the ethanolamine plant is fed to an absorber-stripper circulating triethylene
glycol (TEG) to effect gas dehydration. Finally, hydrocarbons are recovered in a
low temperature separation (LTS) plant. Overall C;" recovery for this processing

scheme is typically 65-75%.
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The duplication of equipment in this approach suggests that an integrated
processing scheme has a potential for savings in both capital and operating costs.
This study does not include the sizing and costing for either the conventional
processing scheme or the UCBSRP. Only the technical feasibility of applying the
UCBSRP technology to natural gas conditioning is investigated. The sizing of the
stream flows for a feasible process configuration and an estimation of the
requirements and costs of the major process utilities have been included for their

usefulness in.indentifying areas of potential improvement .

4.2 DESIGN BASIS

A flow basis of 4986 kmole/hr (lOOxlO6 SCFD) of a natural gas stream
containing sour condensate is taken in this study. The composition analysis,
temperature, and pressure of the feed gas stream are shown in Table 4-1. The gas
stream is rich in propane and higher carbon numbers and is representative of off-
shore California production. The product specifications are shown in Table 4-1.
The objective of this process synthesis is to meet these specifications while
minimizing energy usage, capital equipment, and solvent losses. a further
objective is to design a process that will be stable with respect to moderate

variations in gas composition and flow.

4.3 SOLVENT & CATALYST SELECTION

The results of the gas solubility studics indicate that diglyme is the best
solvent for the co-absorption of hydrocarbon gases. However, diglyme is not the
solvcnt.of choice because of the following considerations. Diglyme is the most
volatile solvent of the solvents tested in the gas solubility study. Since diglyme is
miscible with water, a water-wash section at the top of an absorber is a method to
minimize the loss of solvent vapor. However, because of the dehydration

requirement of the sales gas stream, the water wash tcchnique cannot be applied
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to the primary absorber. Th'e efficient scparatiqn and recovery of the heavier
hydrocarbons from the solvent necessitates that the solvent volatility be much less
than that of the heavier hydrocarbons. If this situation is not the case, an
additional fractionatiori'-operation is required to recover solvent lost to the
hydrocarbon phase. Furthermore, diglyme and water form an azeotrope. Removal
of diglyme-free water is not possible in a simple fractionation. These additional
considerations suggest that a higher-boiling, lower-volatility solvent is desirable.
An additional reduction in the solvent vapor pressure is accomplished by
refrigeration of the solvent. Assumed in this design is a bulk solvent of
refrigerated (10 °C) tetraglyme containing 3-pyrdiylcarbinol as the homogenous
liquid phase catalyst. A catalyst concentration of 0.1 wt% is sufficient to insure a
second-order rate constant of 100 m3/kmole/scc (Neumann, 1986). Selected

physical properities for the bulk solvent and catalyst are given in Table 4-2..

4.4 PROCESS DESCRIPTION

The process flowsheet shown in Figure 4-2 was developed with the aid of the
UCBSRP flowshect simulator. Stream flows and conditions are given in Table 4-3.
The list of major cquibmcnt is given in Table 4-4. Refer to Appendix C forva
description of the simulation model and the dectailed results. Each section of the

process is described below.

4.4.1 Sour Condensate Separafion

The sour natural gas is pressured to 50 bar and sour liquid is separated at
35 °C in knockout K-2. The sour overhead gas from K-2 is chilled to 10 °C (by H-
1) for additional liquid separation in knockout K-3. Both sour condcnsate streams
are combined and flashed to 30 bar in scparator K-1 for bulk removal of mecthane
and ethane. The flash gas from K-1 contains 35 % of the C5 and 2 % of the C'g.

The flash gas is compressed and returncd to the sour gas inlet. The sour liquids
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from K-1 are throttled to 22 bar providing 468 kWt (133 tons) of cooling capacity
between 14 °C and 25 °C which is recovered through heat exchanger H-2. Some
of this refrigeration is available to chill the overhead gas feed to K-3. The sour

liquid from K-1 is sent to depropanizer T-2.

4.4.2 Primary Absorber

The primary absorber, T-1, is divided into two sections each containing five
theoretical trays. Chilled sour gas enters the bottom of the.first section and is
contacted at 50 bar with cold (10 °C) recycle solvent fed midway up the column.
Substantially all of the hydrogen sulfide and some of the higher hydrocarbons are
absorbed by this solvent strcam. The recycled solvent contains a low
concentration of sulfur dioxide. Simultaneous absorption and reaction of H,S
with SO, provides a substantial driving force for H,S removal. The sulfur
produced by the reaction does not ecxcecd the sulfur solubility in the solvent.
The st content in the vapor midway up the column is less than 1 ppm. The
top section of the column is fed with a small amount of cold, lean solvent that
serves to reabsorb any SOz that has been stripped. from the solvent, leaving less
than | ppm in the exiting vapor. The tempcraturc at the top of the column sets
the solvent content of the exiting vapor at 6.5 ppm. The water content of the
exiting vapor is 92 ppm. The temperature of the solvent exiting T-1 is

increased 6 °C by the heat of solution of the co-absorbed hydrocarbons.

4.4.3 Reactor/Crystallizer & Settler

The st-laden solvent strcam exiting the primary absorber is combined with
solvent containing 502 from secondary absorber, T-3, and from the 502 absorber.
Sufficient SO, solution is added to rcact with all but 5% of the total amount of
HZS entering the process. The combined strcams are fed to the primary
reactor/crystallizer, V-1. A reactor volume of 259 gallons is necessary for

99.999% of the,cntcringssoz,to react. The:excess st is. maintained because;. first,.
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it ‘is impractical to try to attain exact stoichiometric ratio between the two
reactants; second, exact stoichiometry would necessitate a huge reactor volume
because the reaction is first-order in both reactants; and, third, the residual st
{being less soluble) is easi'ér to strip from solution than residual SO, would be.
The solvent stream from V-1 (containing sulfur, both dissolved and precipitated)
is flashed to 22 bar in separator, K-4, to remove part of the H5S and
hydrocarbons at this intermediate pressurc. The bottom liquid is combined with
"compressor drips", cooled to 10 °C (by H-4) and flashed to 1.2 bar in the sulfur
settler, K-6. Wet vapor from the solvent stripper, T-4, is combined with overhead
flash gas from K-6 and compressed to 6.5 bar. The condensate from intercooler H-
5 is collected in knockout K-5 for recycle back to K-6. The interstage knockout is
neccssary. to minimize solvent losses. The vapor from K-35 is further compressed to
22 bar (by C-3) and combined with flash‘ gas from K-4. The combined stream is
then sent to the depropanizer, T-2. The HZS content of this stream is monitored

and the SO4 flow to V-1 is adjusted to maintain a set-point value.
2

4.4.4 Solvent Recycle

Approximately 81% of the clear solvent from the sulfur settler, K-6, is
recycled to the primary absorber, T-1. A fixed flow of solvent containing SOz is
metered into the solvent recycle stream and fed to solvent recycle reactor, V-2,
This vessel provides the necessary residence time (528 gallons) to insure complete
reaction (99.99%) of the HZS. The added solvent containing SOZ represcnts a
slight excess of SO, and insures insignificant back pressurc of H,S in the middle

of T-1. The solvent recycle stream is returned to T-1 by pump, P-2.

4.4.5 Sulfur Separation
A 50 wt% sulfur-solvent slurry from the bottom of the sulfur settler, K-6, is
fed to a pusher-type centrifuge. The sulfur crystals are freed of solvent and

washed with water. The sulfur crystals are re-slurried in water (33 wt% solids),
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prehcatcd in heat exchanger H-14, and pumped to the melter/decanter, H-15/V-6.
The pressure in V-6 is sufficient to prevent vaporization of water when the
slurry is heated above the melting point of sulfur. Steam from V-6 is
condensed by heat excha"nge (in H-14) with the cool sulfur-water slurry and
recycled as wash water to the centrifuge. Two-thirds of the molten sulfur

produced is sent to sulfur storage.

446 Solvent & Sour water Stripper

The wash stream from' the -centrifuge is combined with the balance of clear
solvent from K-6 and sent to the solvent stripper, T-4. The combined stream
contains dissolved hydrocarbons, water (3.5 wt%), unreacted st and dissc;lved
sulfur. The solvent must be stripped of most of the water to maintain the water
balance in the system. Residual hydrocarbon and unreacted H,S are effectively
stripped from solution by the large water vapor flow. The feed to T-4 is
preheated to 121 °C in H-10 by heat exchange with hot, dry (152 °C, 1 wt%
water) solvent from the bottom of T-4. The solvent stripper contains ecight
theoretical trays and is equipped with a reboiler and partial condenser. The feed
enters on the fourth stage. Overhcad condenser H-11 operates at 35 OC and is fed
with vapors from T-4 and the sour-water stripper, T-5, which has four trays.
Approximately 65% of the condensate from reflux accumulator V-5 is fed at the
top of T-5 and the rest is refluxed back to T-4 to minimize solvent vapor losses.
Part of the "waste” water from T-5 is used as wash water in the centrifuge and
part.is used in the 502 absorber, T-6, to displace solvent vapors from the stack
gas. Excess water is sent to disposal. Uncondcnsed vapors from V-5 join those

from K-2 and are compressed and sent to depropanizer, T-2,

4,47 Depropanizer
Flash gas from K-4 is combined with compressed flash gas from K-5 and sour

condensate from K-1. The mixed-phase stream is preheated to 61 OC in H-6 by
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heat exchange with the bottoms from depropanizer, T-2. The feed enters on tray
9 of an 18-tray (theoretical) depropanizer equipped with a partial reboiler and
condenser. The temperature in the overhead condenser is 38 °C and has a Cz
content of 0.6%. The _bdftoms temperature is 147 °C and has a C3' content of
0.9%. Since H,S is more volatile than C3 it is effcctively‘strippcd out of the

bottoms product.

4.4.8 Secondary Absorber/Reactor

The purpose of the secondary absorber, T-3, is to scru_b residual HZS from the
light hydrocarbons. The propane and lighter gascs from the depropanizer are fed
at the bottom of T-3, which has fourteen trays. The sour gas contacts an SOz-rich
solvent stream at 35 °C in a 5-tray (thecoretical) section of T-3. Simultaneous
absorption and reaction occurs in the lower scction and the H,S content is
rcduced to a low level (<! ppm). Some stripping of 802 will occur in. this section.
A small amount of lean solvent is fed on tray 13. Below this tray SO, is
reabsorbed, leaving less than 1 ppm in the cxiting light gas stream. Some of the
overhead gas is condensed by H-9, collected in reflux accumulator V-4 and
refluxed back on tray 14 to control solvent losses. The temperature of the exiting
liquid is 58 °C. The temperature risc is duc to the heat of reaction between H,S
and 802 and to the heat of solution of reabsorbed hydrocarbons. It is desirable to
maintain this column at clevated tempcrature to minimizcv reabsorption of
hydrocarbons. Further procecssing of the light gases is not considered here.
However, additional compression and fractionation in a de-cthanizer would be

necessary.

4.49 Furnace & SO, Absorber
One-third of the sulfur produced from the centrifuge is burnced in the furnace
to generate the SOZ required for the process. Air is fed from blower C-4 at a rate

controlled to give the desired amount SO,. Sulfur is fed to the furnace in excess



94

to assure that there is no formation of SO3. The excess sulfur is condensed in the
economizer and recycled to the furnace. The stack gas temperature is reduced to
1504 OC in the economizer and 42.4 bar (615 psia) steam is generated.

Combustion gas frpn'i the furnace is fed to the bottom of the [13-tray
(theoretical) SOZ absorber, T-6. The acid gas is contacted with cool, lean solvent
fed on tray 10. The 502 content of the stack gas is reduced to less than one ppm
while generating an 8.2-wt% solution of SO,. A small water wash section ét. the
top  serves to minimize solvent loss.. The solvent temperature rise is 27 °C. This is
caused .by cooling the hot gas and by the heat of solution of absorbed SO,. The

solution is cooled to 35 °C in H-16.

4.5 PROCESS UTILITIES

The major utilities use and costs are given in Table 4-5. The total utilities
cost is about 1.5 m'illiqn dollars per year. Most of the cost is attributed to
hydrocarbon recovery, fractionation, and compression. The substantial electric
power usage of P-2 is inherent to the sulfur recovery aspect of this process
configuration. The power consumption of this pump suggests a process
modification that might be beneficial. This point is discussed further in section
4.7.

Except for the steam consumption in the depropanizer rcboiler, the UCBSRP
produces more steam than is consumed. Power consumption by refrigeration in
the sour gas chiller is substantial and unavoidable. The temperature of the
exiting treated gas is about 21 °C and not suited for additional heat integration.
A valid comparsion between the integrated apbroach'of the UCBSRP and a
conventional processing scheme would requirc that cach processing scheme

produce similiar product strcams.

4.6 PROCESS CONTROL

Exact overall stoichiometry between hydrogen sulfide.and sulfur dioxide is
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always maintained in the UCBSRP. Howcver, at any point in thc‘process where
reaction occurs, there is an excess of either H,S or SO,. This excess is necessary
since the reaction kinetics are first order in each component. Annihilation of
stoichiometric amounts ,of'l each reactant would require a very large reactor (i.e., a
long residence time). In the UCBSRP a fixed flow of SO, solution is fed to the
secondary absorber and to the recycle reactor. The balance, and most, of the 502
solution is added directly to the primary reactor. The latter flow is metered on
demand to maintain a set H,S concentration in the flash gas that is fed to the
depropanizer. As long as the composition and flow of the gas feed do not change
dramatically this technique is insensitive to the H,S content of the sour gas feed.

In practice, natural gas flows can fluctuate as wells are brought on or shut in
and as upsets in upstream equipment occur. To follow swings in the gas flow
effectively, the solvent recycle should be proportioned to the flow of gas feed.,
Similarily, the SOz solution flow to.the solvent recycle reactor is proportioned to
the solvent recycle flow. The {low of SOZ solution fed to the secondary absorber
is proportioned to the flow of SO, solution metered directly to the primary_'
rcactor. This control scheme follows fluctuations in flow and H,S content of the
sour gas feed. Continuous flow gas analyzcrs capable of measuring vcr& low
levels of HZS (1-10 ppm) are very expcnsive and often unrcliablc for process
control. The major control point in th¢ UCBSRP is the H,S content of the flash
gas to the depropanizer. The H,S content of this stream is quite high (~2900 ppm)
and relatively easy to measure with most onstrecam H,S analyzers.

The 502 absorber, T-6, is somewhat dccoupled (rom the rest of the proccés.
The air flow to the furnacc is controlled by the level of SO, solution inventory in
the bottom of T-6. The lean solvent flow to T-6 is proportioned to the combustion
gas flow from the furnacc. Excess sulfur is circulated in the furnace to minimize
SO3 formation. This scheme provides a supply of constant composition SO,

solution in the bottom of T-6.
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Conventional temperature contfol at the bottom of the solvent stripper is
adequate to maintain a constant water content in the lean solvent.

Onstream gas analyzc;s for monitoring, but not controlling, the H5S and SO,
content of the treated gas from T-1 and the stack gas from T-6, respectively,

should be included as a precaution during upsct conditions.

4,7 SUMMARY

A version of ‘the UCBSRP technology is applicd here to sour natural gas
conditioning. This integrated approach rcquircs less equipment than does a
conventional processing scheme. Most of the cnergy consumed by the process is
associated with the recovery and fractionation of propane and heavier
hydrocarbons. Approximately 92% of the clectrical power usage and 89% of the
cooling requirement is associated with hydrocarbon recovery and separation. The
heat generated by the sulfur furnace more than offsects the heat requirements that
are only associated with desulfurization of the natural gas stream. The
substantial power used by the solvent-recycle pump suggests that the use of a
power-recovery hydraulic turbine might be cconomically justified.

The thermodynamics used in the UCBSRP flowshcet simulator are
approximate for vapor-liquid cquilibria in thc abscnce of solvent. Consequently,
equilibria calculations involving straight hydrocarbons are cstimated to be good to

+ 10%.
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Table 4-1

DESIGN BASIS

Feed
Pressure, bar .50
Temperature, °C 35
Rate, kmol/hr 4,986
Composition, mole %
Methane 70.00
Ethane 9.64
Propane 8.40
Butane 4.50
Pentane and Heaviers 3.30
Carbon Dioxide 3.50
Hydrogen Sulfide 0.60
Water 0.06

Product Specifications

Treated Sales Gas

Hydrogen Sulfide: ppm (max.) 4
Water: ppm (max.) 147
Carbon Dioxide: % (max.) 5
Hydrocarbons: Dewpoint (°C) at 50 bar (max.) 4
Sulfur Purity: wt% (min.) 99.98
Waste Water: < 1 ppm of H3S or SOy
Stack Gas: SO3 content, ppm (max.) 100
Light Gas to Deethanizer: H»S content, ppm (max.) 4
Table 4-2

SELECTED PHYSICAL PROPERITIES
Solvent: Tetraglyme
222.28

2759C @ | atm
< 1.33 Pa @ 25 °C

Molecular Weight
Boiling Point
Vapor Pressure

nowonowown

Liquid Density - 1.013 g/ml
Liquid Viscosity 41 cp
Freezing Point - 29.7 °C

Catalyst: 3-pyrdiyl carbinol (3-Hydroxymethylpyridine)

109.13

266 °C @ | atm
1.132 g/ml @ 20 °C
miscible @ 20 °C
-89C

Molecular Weight
Boiling Point
Liquid Density
Solubility in water
Freezing Point



.....................................................................................................................................................

STREAM COMPONENT FLOWS (KMOLES/HR) (W/0 KMOLE  SOLV BAR c

¥ SOLV) HR ONLY

1 .0 0 174.5 3490.2 480.7 418.8 224.4 164.5 29.88 .00 2.99 .00 .00 4986.0 0 .0 50.0 34.9
2 .0 .0 3.8 79.3 15.1 9.0 2.0 5 .83 .00 .00 .00 .00 110.3 0 .0 30.0 18.1
3 .0 0 174.5 3471.4  428.7 272.8 76.9 23.6 23.37 .00 .02 .00 .00 4471.3 0 .0 50.0 34.9
4 0 .0 3.8 98.5 67.2 155.0 149.5 141.4 7.34 00 2.97 .00 .00 625.7 0 .0 50.0 34.9
- .0 .0 170.2 3410.1 382.2 181.3 25.9 3.0 18.27 .00 .00 .00 .00 4190.4 0 .0 50.0 9.9
6 .0 .0 4.3 61.1 46.4 91.5 51.0 20.7 5.10 .00 .02 .00 .00 280.1% 0 .0 50.0 9.9
7 .0 .0 4.4 80.3 98.5 237.5 198.5 161.6 11.81 .00 2.99 .00 .00  795.4 0 .0 22.0  24.9
8 .0 .0 .0 0 .0 .0 .0 .0 .00 .00 1.62 1 .00 1.7 13.0 12.6 1.2 19.9
9 .0 .0 8.4 .1 .8 17.0 8.6 .8 .00 24 177.24 3.80 1.05 218.0 433.6 418.8 50.0 10.3
10 .0 .0 112.7 3361.6 350.3 123.2 10.1. 1.5 .00 .00 37 .00 .00 3960.0 0 .0 50.0 21.3
1" .0 .0 65.8 48.4 32.8 75.0 24.4 2.2 17.79 .00 178.92 5.69 .00 449.9 446.5 431.2 50.0 16.5
12 .0 .0 74.0 49.1 35.7 122.9 25.7 2.2 1.5t .00 218,72 12.20 37.31 578.2 536.0 517.6 50.0 28.4
13 0 .0 68.4 15.2 25.7 114.8 25.14 2.1 1.49 .00 218.67 12,20 37.31 519.8 536.1 517.7 22.0 5.9
14 .0 .0 5.6 33.9 10.0 8.2 7 A .02 .00 .04 .00 .00 58.5 .0 .0 22.0 25.9
15 .0 .0 .0 .0 .0 .0 .0 .0 .00 7.34 3.14 .20 .00 10.7 23.3 22.5 22.0 34.9
16 .0 .0 .0 .0 .0 .0 .0 .0 .00 60 .26 .02 .00 .9 1.9 i.8 22.0  34.9
17 .0 .0 .0 .0 .0 3.4 211.2 163.0 .00 .00 3.25 .00 .00 380.9 .0 .0 22.0  147.2
18 .0 .0 60.0 15.1 26.9. 97.8 16.4 1.3 .78 00 .22 .00 .00 216.5 .0 .0 6.5 19.9
19 .0 .0 .0 .0 A 1.9 1.2 .4 .01 00 1.63 .00 .00 5.3 .0 .0 6.5 19.9
20 .0 .0 58.0 15.1 24.8 95.6 15.6 1.5 .62 00 1.42 .00 00 212.6 .0 .0 1.2 9.9
21 .0 .0 68.4 15.2 25.8 116.6 26.3 2.5 1.50 00 220.25 12.19 37.29 524.9 536.0 517.6 1.2 15.6
22 .0 .0 8.4 A .8 17.0 8.6 .8 .7 .00 176.26 3.n 00 216.4  431.6 416.8 1.2 9.9
23 .0 .0 70.0  129.2 133.4 343.5 215.6 163.1 12.44 .00 3.25 .00 .00 1070.6 .0 .0 22.0 60.9
24 .0 .0 8.2 .6 2.9 47.9 1.3 .0 .36 99 19.99  18.69 .00 10t.0 66.1 63.9 22.0 57.6
25 .0 .0 1.9 .0 .2 3.9 2.0 L2 16 .00 40.17 .86 .00 49.3 98.4 95.0 1.2 9.9
26 .0 .0 A .0 .0 .2 A .0 .01 .00 2.45 .05 44.82 46.8 6.0 5.8 1.2 9.9
27 .0 .0 .1 .0 .0 .2 A .0 .01 .00 7.46 .05 .00 8.0 6.0 5.8 1.2 11.0
28 .0 .0 . 70.0 129.3 133.4 340.1 4.3 0 12,44 .00 .00 .00 .00 689.4 .0 .0 22.0 39.4
29 .0 .0 61.8 128.6 130.4 292.1 3.0 .0 .00 .00 .56 .00 .00 616.3 .0 .0 22.0 34.9
30 .0 .0 .0 .0 .0 .0 .0 .0 .00 .00 5.45 .38 .00 5.8 43.7 42.2 1.2 19.9
31 .0 .0 .0 .0 .0 .0 .0 .0 .00 7.03 3.02 .20 .00 10.2 22.4 21.6 22.0 34.9
32 .0 .0 2.0 .0 .2 4.1 2.1 .2 A7 .00 47.61 9 .00 57.3 104.4 100.8 1.2 120.9
33 .0 0 .0 .0 .0 .0 .0 .0 .00 .00 13.0% 9 .00 13.9 104.4 100.8 1.2 152.2
34 .0 .0 .0 .0 .0 0 .0 .0 .00 .00 5.00 .00 .00 5.0 .0 .0 1.0 34.9
35 .0 .0 2.0 .0 .2 4.1 2.1 .2 A7 .00 .43 .00 .00 9.2 .0 .0 1.2 34.9
36 .0 .0 .0 .0 .0 .0 .0 .0 .00 .00 157.94 .00 44.82 201.7 0 .0 2.0 101.2
37 .0 .0 .0 .0 .0 .0 0 .0 .00 .00 .00 .00 43.80 43.8 .0 .0 2.0 119.9
38 56.2 .0 .0 .0 .0 .0 .0 .0 .00 .00 79 .00 .00 57.0 0 .0 1.0 12.0
39 .0 .0 .0 .0 .0 .0 .0 .0 .00 .00 1.26 .00 .00 1.3 .0 .0 1.0 34.9
40 0 .0 .0 .0 .0 .0 .0 .0 .00 .00 5.94 .42 .00 6.4 47.6 46.0 1.2 19.9
41 .0 .0 .0 .0 .0 .0 .0 .0 .00 14.94 6.41 .42 .00 21.8 47.6 46.0 1.0 61.9
42 0 .0 .0 .0 .0 .0 .0 .0 .00 .00 34.18 .00 .00 34.2 .0 .0 1.2 104.9
43 .0 .0 .0 .0 .0 .0 .0 .0 .00 .00 .00 .00 14.94 14.9 0 .0 0 119.9
44 56.2 14.9 .0 .0 .0 .0 .0 .0 .00 .00 .00 .00 .00 71.1 0 .0 1.0 24.9
45 56.2 .0 .0 .0 .0 .0 .0 .0 00 14.94 .00 .00 .00 7.1 0 .0 1.0 149.9

SUOIIIPUO) PUB SMO]J SWEINS
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Table 4-4

MAJOR EQUIPMENT LIST

Compressor, Hydrocarbon Flash Gas
Compressor, Flash Gas (Stage #1)
Compressor, Flash Gas (Stage #2)
Air Blower

Power (kW,)

40
272
209

3

Heat Load (kW)

Chiller, Sour Gas Feed,

Cold Recovery Exchanger

Chiller, Lean Solvent

Chiller, Rich Solvent

Intercooler, C-2

Exchanger, Depropanizer Feed Prcheat
Condenser, Depropanizer

Reboiler, Depropanizer

Condenser, Secondary Absorber
Exchanger, Solvent Stripper Feed Preheat
Condenser, Solvent & Sour Water Stripper
Reboiler, Solvent Stripper

Reboiler, Sour Water Stripper

Exchanger, Sulfur Slurry Prcheat

Melter, Sulfur Slurry

Cooler, 502 Solution

Furnace and Waste Hcat Boiler

Flash, Hydrocarbon Liquids

Knockout, Hydrocarbon liquids (Ambicnt)
Knockout, Hydrocarbon liquids (Chilled)
Flash, Rich Solvent

Knockout, C-2 Intcrstage

Flash, Crystallizer, Scttler

Reactor; Primary

Reactor, Solvgnt Recycle

Reflux Drum,, Depropanizer

Reflux Drum_, Sccondary Absorber

Reflux Drum , Solvent & Sour-water Stripper
Decanter®

Hold-up Time = 5 min.

Centrifuge, Pusher-Type

Pump, Lean Solvent to Primary Absorber

3327
468
15
414
74

UA (kW /K) = 55

3301
5823
347

UA (kW,/K) = 80

658
816
29
14
23
150
1142

Volume (m3)
1.0
2.0
3.5

< 0.5

< 0.5
0.7

Power (kwe)

4.
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Pump, Solvent Recycle to Primary Absorber
Pump, Depropanizer Reflux

Pump, Depropanizer Bottoms

Pump, Sulfur/Solvent Slurry to Centrifuge
Pump, Flashed Solvent Transfer

Pump, Supernate to Solvent Stripper

Pump, Sulfur/Water Slurry to Melter/Dccanter
Pump, Lean Solvent Transfer

Pump, Secondary Absorber Bottoms to Primary Reactor 3
Pump, Lean Solvent to Secondary Absorber

Pump, Secondary Absorber Reflux

Pump, Solvent & Sour-Water Strippcer Reflux

Pump, Water Transfer

Pump, SO,/Solvent Solution Transfer

See Table 4-5

NO % # #ONE #— # # # # #

No. of Theoretical Trays

Absorber, Primary H,S 10
Depropanizer . 18
Absorber, Secondary H25 14
Stripper, Solvent ' 8
Stripper, Sour-Water 4

Absorber, 802 13
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Table 4-5

UTILITIES USE AND COSTS

Electric Power

Hydrocarbon Flash Gas ‘Compressor, C-1 40 kW
Flash Gas Compressor (Stage #1), C-2 272
Flash Gas Compressor (Stage #2), C-3 209
Air Blower (20 in. W.C.), C-4 3
Solvent Recycle Pump, P-2 194
Solvent Forwarding Pumps; P-1, P-5, P-6, P-9
P-10, P-11, P-15 70
Small Pumps; P-3, P-4, P-7, P-8
P-12, P-12, P-13, P-14 10
Total . 795 kW
Annual Cost @ $0.07/kW-hr $445,200 .
Steam Produced, 42.2 bar (615 psia)
Waste heat boiler < 2,430 > kg/hr
' Annual Credit @ $11.,50/103 kg < $223,560 >
Steam-Consumed, 11.5 bar (165 psia)
Depropanizer Reboiler, H-8 10,543  kg/hr
Solvent Stripper Reboiler, H-12 1,350
Sour Water Stripper Reboiler, H-13 52
Sulfur Melter, H-15 42
Total steam consumed 11,987 kg/hr
Annual Cost @ $9.90/103 kg $949,370
e v
Cooling Water
802 Solution Cooler; H-16 28 gal/min
Depropanizer Condenser, H-7 737
Secondary Absorber Condenscr, H-9 66
Solvent Stripper Condenser, H-11 125
Total cooling water usage 956 gal/min
Annual Cost @ $0.10/103 gal $45,888
ase
Refrigeration Produced
Heat Recovery Exchanger, H-2 <133 > tons
Annual Credit @ $0.04/ton-hr < $42,560 >
s80®
Refrigeration Consumed
Sour Gas Chiller, H-1 945. tons



Lean Solvent Chiller, H-3 4
Rich Solvent Chiller, H-4 118
Interstage Cooler, H-5 : 21
Total refrigeration usage 1088
Annual” Cost @ $0.04/ton-hr 348,160
Total Net Annual.vCost for Utilities $1,552,500

® Annual costs based on an opcrating rate of 8,000 hrs/yr.
. Cooling Water available at 30 °C. Maximum Exit Temp. = 50 °C.

***  Cooling available from 0 °C to 20 °C.
sove Propane refrigeration: 0°C evaporator and 95 °C condenser.

tons

103
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FIGURE 4-1
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APPENDIX A

A.l Determination of Sulfur Solubility Near or Below Room Temperature
A.2 Ternary Coordinate Transformation
A.3 Experimental Data: Sulfur Solubility in Pure and Mixed Solvents

A.4 Experimental Data: Model Ternary System
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Appendix A.l

Determination of Sulfur Solubility Near or Below Room Temperature

The experimental method described in Section 2.4.1 is only applicable to
solubility measurements above room temperature. Unless a thermostatically
controlled refrigerated bath is used, it is difficult to control the heating rate of
the sample. A method was devised to estimate sulfur solubility below room
temperature by utilizing the data measured above room temperature. In this
method, a known amount of sulfur is added to a sample of solvent that is known
to be saturated at a given sub-ambient temperature. The mixture is then heated
until the sulfur just dissolves. This apparent solubility is compared to the known
solubility of sulfur in that solvent at that tempcrature to determine the amount of
sulfur that was present at the lower temperature. The method is described below.

Make a saturated solution of sulfur in solvent at some elevated temperature.
Cool the sulfur-solvent mixture to the desirecd temperature, Sulfur will
precipitate, leaving a supernatant liquid saturated with sulfur at that temperature.
Add some of the supernate to a test tube of known mass. Determine the amount
of the supernate by difference. Add recrystallized sulfur to the test tube.
Determine the exact mass of sﬁlfur added by difference. The amount of sulfur
added should correspond to the lowest sulfur solubility reliably measured above
room temperature. Perform the sulfur solubility experiment as d.cscribcd in
Section 2.4.1. Determine the solubility at the mcasured dissolution temperature
from the above room temperature data. The solubility at the original reduced
temperature is rclated to the solubility at the elevated temperature, the mass of
sulfur added and the mass of saturated solvent by Wg = WS - B(100-WS). In this
expression, W; is the sulfur solubility at the reduced temperature, Wg is the
sulfur solubility at the eclevated temperaturc and "B" is the mass ratio of sulfur
added to saturated solvent. Sulfur solubility is given as weight percent sulfur in

the solvent-sulfur mixture.
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Appendix A.2

Ternary Coordinate Transformation

The sulfur solubility data shown in Figure 2-8 were used to describe the
ternary phase envelope for the DMA, Dowanol DM and sulfur system. Data at
120 °C were interpolated from Figure 2-8 and used to construct Figure A-I.
Figure A-1 relates the weight percent of sulfur dissolved in sulfur-free solvent.
The solvent composition in the ternary mixture is related to the sulfur-free

solvent composition by \
Wpow = Wpow (100 - Wg)/100 (N

¥pMma = Wpma (100 - Wg)/100 ‘ (2)
where (°) denotes sulfur-free and composition is given in weight percent. The
composition of the sulfur-rich phase can be estimated using Figure A-1, the
solvent-rich phase analysis, and the known feed composition. This estimate can
also be made with the conventional ternary diagram; however, the logarithmic
nature of Figure A-l is casier to interpolate. Consider the typical ternary diagram
shown, in Figure A-2. The mathematical rclationship for a "tie-line" in the
rectangular coordinate system to one in an equilateral triangle ternary diagram is

described by

Y =W,y 3)
X =100 - Wpg - W,/2 (4)
Y =mX +b . (5)

The slope "m" and intercept "b" are determincd from the known feced and solvent
phase analysis. Let component A refer to DMA, B refer to Dowanol DM and C
refer to sulfur. The DMA content, expressed on a sulfur-free basis, is related to
the sulfur content along the "tic-line" by

We = [W(1-m/2) - b)/[W’ 4 (1-m/2)/100 + m] (6)
The intersection of this function and the curve in Figure A-1 are the cnds of an
equilibrium tie-line. The ternary data given in Appendix A.4 were used to

estimate the analysis of the sulfur-rich phase.
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FIGURE A-2

Relationship Between Ternary

and

Rectangular Coordinate Systems

/]
| A
100% Solvent—Rich
| Phase
T Feed
Y Sulfur—Rich
Phase
/. 3
/. | E
/ C
0% 'l ’ >
B 0% X — 100%
Y = W,
X = 100 —AWB - W, /2.
where W, = Wt.% of

component i”

A = N,N Dimethylaniline
B Dowanol DM
C Sulfur
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Appendix A.3
EXPERIMENTAL DATA: SULFUR SOLUBILITY
IN PURE AND MIXED SOLVENTS
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Melting point of Rhombic Sulfur: T

m
Tp = 112.8 °C = 385.85 K

Sulfur Dissolution Temperature: Tq

Model Catalyst Compounds

1. N,N Dimethylaniline
2. Quinoline

Diethers

1. Diglyme: Diethylene glycol dimethyl ether
2. Triglyme: Triethylene glycol dimethyl ether
3. Tetraglyme: Tetraethylene glycol dimethyl ether

Monoethers

1. Dowanol DM: Diethylene glycol methyl ether
2. Dowanol TBH: Triethylene glycol butyl ether
3. Dowanol DPM: Dipropylene glycol methyl ether
4. Dowanol TPM: Tri propylene glycol methyl ether

Glycols
1. Diethylene Glycol

Effect of Water

l. 2.5 wt% Water in Dowanol DM
2. 5.0 wt% Water in Dowanol DM
3. 5.0 wt% Water in Diglyme

Mixed Organic Solvents

1. 10.00 wt% DMA in Dowanol DM
2. 25.00 wt% DMA in Dowanol DM
3. 50.13 wt%$ DMA in Dowanol DM
4. 75.00 wt¥ DMA in Dowanol DM
5. 90.00 wt%¥ DMA in Dowanol DM
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N,N Dimethylaniline (DMA)
Wt$ Sulfur  Tg (9C) TRp(K)/Tgq(K) Mole% Sg Gamma (Sg)

4,46 35.3 1.251 2.16 17.1

6.18 45.5 1.211 3.02 14.3
10.15 60.8 l.156 5.07 10.6
15.74 74.8 l1.109 8.11 8.0
20.95 83.0 1.084 11.13 6.4
28.44 90.5 1.061 15.81 5.0
38.16 26.0 1.046 22.57 3.7
51.56 89.5 1.036 33.46 2.6
70.42 i0l.8 1l.029 52.94 1.7
90.73 104.3 1.023 82.22 1.1
95.71 107.5 1.014 91.34 1.0

Quinoline

Wt% Sulfur Tgq (°C) TRp(K)/Tq(K) Mole% Sg Gamma (Sg)

2.32 23.5 1.301 1.18 25.5
2.76 29.8 1.274 1.41 23.8
3.03 34.0 1.257 1.55 23.2
3.55 39.0 1.236 1.82 21.5
4.30 44.0 1.217 2,21 19.1
4.81 47.5 1.204 2.48 17.0
5.71 52.0 1.187 2.96 16.1
5.81 52.0 1.187 - 3.01 15.8
6.38 55.3 1.175 3.32 15.0
7.64 61.0 ‘ 1.155 4.00 13.5
8.55 63.0 1.148 - 4.50 12.3
9.73 67.2 1.134 5.15 11.4
10.36 69.4 l.126 5.50 - 11.0
11.16 70.7 1.122 5.95 10.3
12.64. 75.8 1.106 6.79 9.7
14.14 78.2 1.098 7.66 8.8
16.22 8l1.5 1.088 8.89 7.9
18.08 83.0 1.084 10.00 7.2
25.27 91.2 1.059 14.56 5.4
39.36 99.8 1.035 24.64 3.5
57.05 101.5 1.030 40.09 2.2
65.88 103.5 1.025 49.31 1.8
74.77 104.5 1.022 59.89 1.5
81.53 105.5 1.019 68.98 1.3
94.63 10¢.0 1.010 89.88 1.1
100.00 112.8 1.000 100.00 1.0



Diglyme
Wt% Sulfur Tq (°C) Tp (K) /Tq (K)
1.00 61.2 1.154
2.00 81.5 1.088
3.00 95.8 1.046
4.00 105.5 1.019
5.00 112.5 1.000
6.00 125.0 0.969
7.00 141.5 0.931
8.00 152.0 0.908
Triglyme
Wt% Sulfur Tq (°C) T (K) /Tq (K)
1.00 63.5 1.146
2.00 81.5 1.088
3.00 94.5 1.050
4.00 104.5 1.022
5.00 113.0 0.999
6.00 125.3 0.969
7.00 138.0 0.939
8.00 152.5 0.907
Tetraglyme
Wt% Sulfur Tq (°C) Tp (K) /Tg (K)
0.50 50.5 1.193
1.00 66.0 1.138
1.50 75.5 1.107
2.00 82.5 1.085
2.50 88.5 1.067
3.00 95.0 1.048
3.50 103.0 1.026
4.00 109.3 - 1.009
4.30 ©113.0 0.999
4.50 116.0 0.992
5.00 119.5 0.983
6.00 134.5 0.947
7.00 147.0 0.919

8.00 158.5 0.894
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C. Monoethers
Dowanol DM
Wt% Sulfur Tq (°C) T (K) /Ty (K)
0.43 63.5 1.146
0.45 67.2 1.134
0.51 67.0 1.135
0.75 75.0 1.109
0.82 79.6 1.094
0.82 80.0 1.093
1.00 84.5 1.079
1.05 87.4 1.074
1.09 84.0 1.081
1.09 90.0 1.063
1.09 90.0 1.063
1.10 88.5 l1.067
1.27 94,5 1.050
1.27 93.2 1.054
1.39 95.0 , 1.048
1.45 897.5 1.041
l.66 100.0 1.034
1.73 100.5 1.033
1.97 105.5 1.019
2.09 107.8 1.013
2.27 110.8 1.005
2.36 111.0 1.005
2.54 115.8 0.992
2.55 117.5 0.988
2.73 118.5 0.985
2.91 123.0 0.974
2.96 118.5 0.985
2.96 123.0 0.974
3.18 127.0 0.965
3.27 129.0 0.960
3.36 131.0 0.955
3.50 132.8 0.951
3.55 135.0 0.946
3.67 139.5 0.935
3.73 138.5 0.938
3.89 136.5 0.942
4.00 140.0 0.934
4.18 l44.8 0.923
4.22 140.0 0.934
4.36 . 147 .5 0.918
4.50 146.5 0.920
4.50 148.8 0.915
4,50 150.0 0.912
4.50 145.0- 0.923

4.55 150.0 0.912



Dowanol TBH

Wt% Sulfur Tg (°C) = Tp(K)/Tq(K)
0.64 58.0 1.165
1.00 69.5 1.126
1.54 80.8 1.090
2.00 88.0 1.069
2.45 97.0 1.043
3.00 103.5 1.025
3.59 109.0 1.010
4.00 118.0 0.987
5.00 128.0 0.962
6.00 138.0 0.939
7.18 : 160.0 0.891

Dowanol DPM

Wt% Sulfur Tq (°C) Tp (K) /Tq(K)
1.00 77.5 1.101
2.00 95.5 1.047
3.00 111.0 1.005
4.00 132.5 0.951

Dowanol TPM

Wt Sulfur Tq (°C) T (K) /Tq (K)
2.00 105.8 1.018
2.50 109.5 1.009
3.00 114.0 0.997
3.50 120.5 0.980
4.00 128.8 0.960

D. Glycols

Diethylene Glycol

Wt$ Sulfur Tq (°C) T (K) /Tq (K)
0.25 85.5 1.076
0.30 93.5 1.053
0.40 103.0 1.026
0.50 109.5 1.009
0.75 128.5 0.961
1.00 139.0 0.936

1.50 163.5 0.884
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E. Effect of Water
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2.5 Wt% Water in Dowanol DM

Wt% Sulfur T4 (°C) Tp (K) /Tg (K)
0.40 68.3 1.130
0.50 75.0 1.109
0.70 82.2 1.086
1.10 94.3 1.050
1.60 105.,0 1.021
2.00 109.8 1.008
2.30 117.0 0.989
2.50 121.5 0.978

5.0 Wt% Water in Dowanol DM

Wt$ Sulfur Tq (°C) Tp (K) /T (K)
0.40 73.0 1.115
0.50 80.8 1.090
0.60 85.2 1.077
0.70 88.8 1.066
0.80 93.8 1.052
1.00 97.0 1.043
1.20 104.1 1.023
1.40 107.2 1.015
1.60 111.5 1.003
1.70 114.8 0.995
1.80 116.8 0.990
2.00 121.3 0.978

5.0 Wt% Water in Diglyme

Wt$ Sulfur Tq (°C) Tp (K) /Tg (K)
0.50 58.3 1.164
0.60 60.5 1.157
0.70 66.5 1.136
0.90 72.8 1.116
1.00 77.7 1.100

1.50 86.3 1.074



10.00 wt% DMA in Dowanol DM

Wwt% Sulfur Tq (°C) Tp (K) /Tq (K)
0.64 - 59.0 1.162
0.86 67.5 1.133
1.06 74.5 1.110
1.27 79.0 1.096
1.48 84.5 1.079
1.69 88.5 1.067
1.90 . 91.5 1.058
2.09 94.5 1.050
2.64 102.5 1.027
3.18 108.5 1.011
3.64. 113.5 0.998
4.18 121.5 0.978
4.64 129.6 0.959
5.18 136.0 0.943
5.73 143.5 0.926
6.16 147.2 0.918

25.00 wt% DMA in Dowanol DM

Wwt% Sulfur Tg (°C) Ty (K) /Tg (K)
- 0.85 55.4 1.175
0.85 51.5 1.189
0.95 54.5 1.178
1.05 59.4 1.161
1.16 61.0 1.155
1.27 63.7 1.146
1.40 66.5 1.136
1.45 69.0 1.128
1.58 69.5 1.126
1.69 75.0 1.109
1.73 72.5 1.117
1.79 73.5 1.113
1.91 76.9 1.103
2.11 78.3 1.098
2.27 81.0 1.090
2.55 . 84.5 1.079
2.64 87.0 1.072
2.81 88.0 1.069
3.18 92.5 1.056
3.64 95.0 1.048
4.18 102.5 1.027
4.18 99.6 1.035
4.64 104.2 1.023
4.64 103.5 1.025

5.18 105.0 1.021
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5.18
5.69
6.18
6.59
7.18
7.64
8.15
8.36
9.11

107.2
108.5
115.0
120.0
127.0
132.0
135.5
139.0
145.5

1.015
1.011
0.994
0.982
0.965
0.953
0.944
0.936
0.922

50.13 wt%¥ DMA in Dowanol DM

Wt% sulfur. Tq (°C) Tn{K) /Tq (K)
1.09 30.0 1.273
1.27 41.0 1.229
1.27 36.5 1.246
1.45 41.5 1.227
1.82 48.0 1.202
1.96 55.0 1.176
2.09 53.5 1,182
2.64 62.5 1.150
2.96 66.0 1.138
3.09 68.0 1.131
4.18 75.7 1.106
4.27 78.5 1.098
5.18 82.5 1.085
6.18 87.6 1.070
6.20 87.0 1.072
7.18 92.0 1.057
7.55 93.4 1.053
8.18 96.6 1.044
8.73 99.0 1.037
9.09 100.5 1.033

10.09 103.5 1.025
10.26 101.0 1.032
11.00 107.0 1.015
11.09 106.0 1.018
11.91 111.0 1.005
12.49 114.5 0.996
12.86 116.0 0.992
13.27 121.0 0.979
13.82 126.0 0.967
14.18 126.5 0.966
15.64 132.0 0.953
17.36 141.0 0.932

75.00 wt% DMA in Dowanol DM

Wt% Sulfur Tq (°C) Tp (K) /Tq (K)
2.09 28.5 1.279
3.09 41.5 1.227



4.18

6.18

8.09
11.91
15.55
19.09
23.27
25.64
27.27
31.00
34.64
38.09
41.45

90 wt%

50.8
65.0
73.8
85.0
92.6
98.2
103.2
106.0
111.2
122.2
131.0
139.0
145.8

l.191
1.141
1.112
1.078
1.055
1.039
1.026
1.018
1.004
0.976
0.955
0.936
0.921

DMA in Dowanol DM

wt% Sulfur

47.55
58.55
67.91
76.08
83.15

'r;i (°c)

110.2
119.5
125.8
131.1
133.0

Tp (K)/Tq(K)

1.007
0.983
0.967
0.955
0.950

12]
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(1)

(2)

(3)

(4)

(1)
(2)
(3)
(4)

Appendix A.4

TERNARY SYSTEM DATA AT 120

Sulfur '
Diethylene glycol methyl ether
N,N Dimethylaniline

Solvent Phase Analysis-

DMA Dow DM
Feed 30.00 10.00
Solvent 53.34 20.61
Feed 30.00 30.00
Solvent 42.27 45.26
Feed 10.00 30.00
Solvent 20.28 75.05
Feed 35.00 5.00
Solvent 45.12 6.85

Sulfur-Phase Analysis

Dow DM
DMA

sulfur

60.00
26.05

40.00
12.47

60.00
4.68

60.00
48.03

(Estimated: Refer to Appendix A.2)

DMA Dow DM
8,30 0.10
5.94 0.06
3.18 0.02

Sulfur

21.60

94.00

96.80

91.20



B.1
B.2
B.>3
B.4
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APPENDIX B

Derivation of Temperature Dependence of Henry’s Law
Vapor-Space Hold-Up Estimate

Equipment Spécif ications

Control Program Input Data (Sample)

Experiment Control Program .

Control Program Run-Time Output (Sample)

QOutput Data File (Sample)

Data Regression and Correlation Program (CRUNCH.F77)
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Appendix B.1

Derivation of the Temperature Dépendence of Henry’s Law

The vapor-liquid eq.ui'l'ibrium expression for solute (2) dissolved in solvent (1)

is described by

=y - “2
f2 =12 (B.1-1)

where ( © ) denotes a partial molar-property. The-total derivative-of the natural
logarithm of Equation (B.1-1) is also a valid phase equilibrium expression and

shown below.

d(4n EY) - d(4n Ef)
(B.1-2)

In Equation (B.1-2), the fugacity, f, in either phase is a function of temperature,
presssure and composition. The total derivative of the fugacity with respect to

temperature, pressure and composition in either the vapor or the liquid pﬁase is

- 3(4n £,) a(4n £,) 3(en T,
d(fn £)) = [____L}dr . [___LJdP . [ (In ,2)}dxz (B.1-3)
T

The partial derivatives of the solute fugacity with respect to temperature and to

a(4n £y) H, - WS
aT  p 4 RT? (B.1-4)

[3(2:1 i’z)] ['\72 }
E—— - — (B.1-5)
32 P RT

These partial derivatives are valid for either phase. The quantity H% is the .

pressure are

reference enthalpy for the solute and is only a function of temperature.
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Equations (B.1-4) and (B.1-5) are substituted into Equation (B.1-3) once for the
vapor phase and once for the liquid phase. The vapor phase is denoted by (v) and
the liquid phase by (/). These intermediate equations are substituted into both
sides of Equation (B.1-2) tb'.yicld

-.2 _ -— —l - _2 -
Hy - Hj Vs - V) 3(4n £3) 3(4n £3) (B.1-6)
0 = - _2—' daT + |—————|dP + |—-- dXz - j—_— dyZ )
RT RT 3% 3ys

T,P,y T,P,x
Consider the case where the gas phase is ideal and the solvent is non-volatile. In
that case, the composition of the gas phasec is essentially constant and contains
mostly pure solute. Equation (B.1-6) simplifics to

=) = =0 -
3 - BY Vs - VY 3(4n %)
0= - —-—2-—- daT + |———|dP + | —— dX2 (B.1-7)
RT RT 3%

T,P

At P < | atm, the ideal gas condition is valid and Vi’ >> V21. Therefore, Vﬁ’ =

RT/P. Assuming Henry’s law is valid for the liquid phase, then le = H, ;x5 and

=2
[a(zn fZ)} 1 (B.1-8)

aXZ x2

Under these conditions /21 is approximatcly equal to the total system pressure.

Decfining the heat of solution, H as Hzl . H{ and substituting this

soln?®

definition along with the previous assumptions into Equation (B.1-7) yiclds

[d(zn Hz,l)] AHg 14 (B.1-9)

d(1/T)

Thus, the logarithm of the Henry’s constant varies inversely with absolute

temperature.
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Appendix B.2

Vapor-Space Hold-Up

Pressure
Transducer

—
B

.

(E3
8@

M 11.0 cc

3.1 ce @ Tambicnt

14.0 cc

The amount of gas contained in the vapor space was estimated for the 100 ml
flask by assuming that 11 ml of the gas volume is at ambient temperature and
14 ml is at the liquid temperature. The idcal gas condition applies in each section.

The moles of gas in the upper (11 ml) section is



127

N, = P(5.92*10°7 [mole/mmHg])
and the moles of gas in the lower (14 ml) section is
N, = (2.25%*10°4 [mole-K/mmHg])P/T

where pressure, P, is in mmHg and temperature, T, is in Kelvin. The total moles

of gas held in the vapor space is
N, = Ny + N[ = P(225%10°%/T + 5.92*107)

As an example, consider the hydrogen sulfide-tetraglyme system. The data
given in output file RUN28.DAT are used here. The percent of the total amount
of gas in the system that is held-up in the vapor space was computed for minimum

and maximum temperatures and compositions.

Case #1: Low Solute Composition

0.1011 gm H,S = 2.97 * 10°3 moles H,S

T (°C) P (mmHg) Nt % Hold-Up
15.1 18.5 2.54*10" 0.86
98.8 110.5 1.32¢1074 4.50

Case #2: High Solute Composition

1.0003 gm H,S = 2.94*10°2 moles H,S

T (°C) P (mmHg) N % Hold-Up
15.0 181.2 2.49*1074 0.85
80.0 800.0 9.83*10™% 3.30

The error in the liquid-phase composition is less than 5%. In most cases the

250 ml flask was used instead of the lOO_ ml flask to minimize this error.



128

Appendix B.3

EQUIPMENT SPECIFICATIONS

Table 1

SPECIFICATIONS: EQUILIBRIUM CELL

PRESSURE TRANSDUCER:
Absolute ‘Pressure Gauge, MKS Baratron, Modci 222B, 0-1000 mmHg,
Supply: £.15vdc, Qutput: 0-10vdc '

TEMPERATURE:
T-type thermocouple (22 gauge wire)

HOTPLATE/STIRRER:
Dataplate, PMC Industries Inc., Model 440P, with computer (RS232) interface

READOUT/POWER SUPPLY:

Author Fabricated, Dual channel voltmeter with power supply.
Digital Voltmeter: Newport, Model 203A-04, £ 19.99 Vdc F.S.
Power-Supply: Power-One, Model HAA15-0.8-A, £ 15 Vdc at 0.8 A
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Table 2

SPECIFICATIONS: GAS ADDITION SYSTEM

GAS BOMB: ‘
Sample cylinder, Whitey, Model 3047-HDF4-300

SOLENOID VALVES:
Skinner, Model V52DB2052, 110 VAC coil, 3/16" orifice, 1/4" NPT, Stainless Steel,
Viton and Buna plungers.

FLASK FILL (RATE) VALVE:
Nupro, Model B-4BMG, bellows, metering valve, Stainless Steel.

BOMB FILL (RATE) VALVE:
Nupro, Model S-§S2-A, finc metering valve, 1/8" swagelock : e

PRESSURE TRANSDUCER:
Omega Engineering Inc.,, Model PX176-050A-5V, 0-50 psia, Supply 15 Vde,
Qutput 1-6 YVdc¢

READOUT/POWER SUPPLY:
Refer to Table 3

TEMPERATURE:
T-Type thermocouple



130

Table 3

SPECIFICATIONS: DATA ACQUISITION AND CONTROL HARDWARE

COMPUTER: ‘
Zenith PC, Model Z150, (2) 5 1/4" disk drives, 320K memory, (1) serial (RS232)
port, (1) parallel port, RGB monitor

PRINTER:
Epson, Model MX80, dot matrix, parallcl interface

CODE 'ACTIVATED SWITCH:
Black Box Corp., Model CAS-4Q, (1) scrial (RS232) input, (4) serial (RS232)
outputs

A/D CONVERTER:
Omega Engineering Inc.,, White Box - Interfacing Microcomputer, Model WB-40,
(8) 0-5 vdc analog inputs, (4) digital (on/off) outputs, serial (RS232) interface

SIGNAL CONDITIONER: .
Author fabricated, "Red Box", (8) analog channcls, (4) output drivers.

THERMOCOUPLE CONVERTOR:
Omega Enginecering Inc.,, Thermocouple to analog convertor, Model TAC-386,
Imv/°C, 9 Vdc battery required

THERMOCOUPLE AMPLIFIER:

Author fabricated, T-Typc thermocouple amplifier, Analog Dcvices-Model
ADS524B, precision instrumcntation amplificr, x1000 amplification, reference
junction - ice bath

OUTPUT DRIVER:
Solid state relays, 3232 vdc input, load; 115 Vac.at 10 amps.



Appendix B.4

Control Program Input Data
(Sample)

RUN

ABORT RUN? (Y OR N)

NAME OF PSEUDO-SOLVENT

NAME OF GAS

MOLECULAR WEIGHT OF PURE SOLVENT
MOLECULAR WEIGHT OF GAS

2nd VIRIAL COEFF. SLOPE (cc/gmole/K)
2nd VIRIAL COEFF. Y-INTERCEPT (cc/gmole)
WEIGHT OF SOLVENT IN SAMPLE (GM)
WEIGHT OF WATER IN SAMPLE (GM)

GRAMS OF GAS PER ADDITION

INITIAL AMOUNT OF GAS IN FLASK (GM)
MAXIMUM NUMBER OF GAS ADDITIONS
OUTPUT FILE NAME (B:RUN#.DAT)

ENTER THE DATE: mm/dd/yyyyY

ARE INPUTS OK? (Y OR N)

SOLVENT PVAP DETERMINATION? (Y OR N)

131

N
TETRAGLYME
H2S
? 222.28
? 34.08
2 1.70
? -714.4
? 85.17
2 0.00
? 0.10
? 0.00
2 10
B:RUN28.DAT
8/2/85
Y
Y



REM AARRRRR RN AR AR AR R A AR AR AR AN AR AN SN AN AR R RAAAANRAAAAISRRR AR RRARNREAR

REM PROGRAM CONTROL.BAS IS THE COMTROL PROGRAM FOR MEASURING
REM GAS SOLUBILITY IN PURE SOLVENTS OR MIXTURES OF WATER AND
REM SOLVENT. THE PROGRAM IS WRITTEN iN GW BASIC FOR A ZENITH

REM

PERSONAL COMPUTER BY STEVEN F. SCIAMANNA.

REM RN RARR R R KRR R AR AR AN AR R RN AN AR A RN R T ARARRANRRAN AR RN RN IR AR ARA NSRS

REM

15 ON ERROR GOTO 3000

CLOSE #1

25 OPEN "COM1:300,N,8,2" AS #1

DUTAS=H1#
oUTBS="1"
ouTCS="1Y
OUTD$="1"
GOSUB 2000

55 YES$=uy®

LENE INPUT "ABORT RUN? (Y OR M)
1F YORN$<>YES$ GOTO 80

70 CLOSE #1

100
105
110
112
115
120
125
130
135
140
145
146
150

sTop

LINE INPUT “NAME OF PSEUDO-SOLVENT

LINE INPUT "NAME OF GAS

INPUT “MOLECULAR WEIGHT OF PURE SOLVENT
INPUT “MOLECULAR WEIGHT OF GAS
INPUT "2nd VIRIAL COEFF. SLOPE (cc/gmole/K)
INPUT “2nd VIRIAL COEFF. Y-INTERCEPT (cc/gmole)
INPUT “WEIGHT OF SOLVENT IN SAMPLE (GM)
INPUT “WEIGHT OF WATER IN SAMPLE (GM)
INPUT YGRAMS OF GAS PER ADDITION
INPUT "INITIAL AMOUNT OF GAS IN FLASK (GM)
INPUT "MAXIMUM NUMBER OF GAS ADDITIONS
LINE INPUT "OUTPUT FILE NAME (B:RUN#Z.DAT)
LINE INPUT “ENTER THE DATE: mm/dd/yyyy
LINE INPUT MARE INPUTS OK? (Y OR N)
IF YORN$ <> YES$ GOTO 60

tabort run if any system error occurs
tclose communications port (just in case)
‘open communications port to BLACK B0OX
‘close valve A

iclose valve B

‘close valve C

‘close valve D

tcall valve opening/closing subroutine

#; YORNS

e
1

"e
e

‘should run be aborted ?
telose communications to BLACK BOX
‘stop program

; SOLVENTS

GASS
SOLMW

; GASMW

SLOPE
Y INTERCEPT

; GMSOL

GMH20
GMGASADD
SUMGMGAS
LOOPMAX
FILENAMES
MDYS
YORN$

LINE INPUT "SOLVENT PVAP DETERMINATION? (Y OR N) *;YORN$

DATE$=MDY$

TWBIZ0L [0A3u0) Judmjiadxy

S'q xipuaddy

CET



155 REM

160 OPEN FILENAMES FOR OUTPUT AS #2

162 H20MW=18.02

163 MOLESOL=GMSOL/SOLMW

164 MOLEH20=GMH20/H20MW

165 GMSAMPLE=GMSOL+GMH20

166 MOLESAMPLE=MOLESOL+MOLEH20

167 SAMPLEMW=GMSAMPLE/MOLESAMPLE

169 REM

170 WRITE #2, FILENAMES, DATES

175 WRITE #2, SOLVENTS, SAMPLEMW, GMSAMPLE

180 WRITE #2, GASS, GASMW, GMGASADD

185 REM

195 FORMS="WH## .H#, BER.B,  REBHHAONN, R RERES
197 FORM2S="Hiti#. &, BEHLK,  BHBRENNNN, O BRKREH, BV
200 HEAD$="P(mmhg) T(C) XGAS GMGAS  TIME"
202 COLONS=*:4

204 SUMMOLEGAS=SUMGMGAS/GASMW

205 TOTALMOLE=SUMMOLEGAS+MOLESAMPLE

207 XGAS=SUMMOLEGAS/TOTALMOLE

210 PBOMBMAX=40

215 PBOMBMIN=15

220 TFLASKMAX=30

225 TFLASKMIN=9

230 PFLASKMAX=800

235 PFLASKFILL=500

237 TIMEOFF=0

245 TINTERVAL=2

246 TSTART=10

247 FLAG=0

250 LooP=0

252 TIMES="QM

254 LPRINT "GAS IS ";GAS$,"SOLVENT 1S *;SOLVENTS
255 LPRINT "OUTPUT FILE NAME IS ";FILENAMES

260 LPRINT “DATE OF RUN IS ";DATE$

265 LPRINT

266 REM KRR KRA KRR KRR R AR AANAR AR RAARRKRARARNAARAA AR AR AR A Ak E

iopen output data file
‘molecular weight of water
‘moles of solvent present
'‘moles of water present
'total mass of sample
‘total moles in sample
‘molecular weight of sample

'initial total moles of gas

‘total moles in the flask

'‘mole fraction of gas

'maximum bomb fill pressure (psia)
‘minimum bomb drain pressure (psia)
‘maximum allowable flask temperature (C)
'cool to" flask temperature (C)
'maximum allowable flask pressure (mmhg)
sucut-of f" pressure for filling (mmhg)

‘temp. (C) interval for data acquisition

€el



267
268
269
270
27
272
273
274
275
280
285
290
291
292
293
294
295
296
297
298
299
300
30
302
303
310
315
320
325
330
335
345
350
355
360
365
370

REM BEGINNING OF SEQUENCE

REM P 2222323232332 222333223 3322332322223 3232231333232 34
IF YORNS©YESS GOTO 280

LPRINT

LPRINT Mececnnnnne SOLVENT VAPOR PRESSURE ----++---- "
LPRINT

TNEXT=TSTART

GOSUB 8000

GOSUB 9000

LOOP=LOOP+1

REFILL=0

IF LOOP>LOOPMAX GOTO 500

TNEXT=TSTART

LPRINT

LPRINT Meevvvvecons GAS ADDITION # M;LOOP;# --evsoonens "
LPRINT

TIMEOFF=TIMEOFF+TIMER

TIMES="Qn

HRS=T IMEOFF /3600

HRS=INT(HRS)

MIN=TIMEOFF/60- HRS*60

MINSINT(MIN)

SEC=TIMEOFF - 60* (HINYHRS*60)

SEC=INT(SEC)
ET$=STRS(HRS)+COLONS+STRS(MIN)+COLONS+STRS(SEC)
LPRINT WELAPSED TIME =%;ETS$

GASADD=GMGASADD

GOSUB 5000

LPRINT USING "PBOMBFINAL (PSIA) = ##.##"; PBOMBFINAL
IF PBOMBFINAL > PBOMBMIN GOTO 380

GOSUB 6000

GOSUB 5000

LPRINT USING "PBOMBFINAL (PSIA) = ##.##"; PBOMBFINAL
REFILL =0

IF PBOMBFINAL > PBOMBMIN GOTO 380

REFILL=1 '

LPRINT “BOMB REFILL 1S NECESSARY™

scall the heating sequence sgbroutine
‘call the cooling sequence subroutine
Yincrement gas addition iteration counter
‘turn off multiple flask refills
‘completed all gas additions

ifirst data point (C)

‘compute elapsed time since last timer reset
‘reset timer to zero
‘convert timer offset to hours, minutes and seconds

‘ereate string of hours, minutes and seconds

iset the amount of gas added to input value
testimate final bomb pressure necessary

tis there enough gas in the flask?
‘refill the bomb to PBOMBMAX
vestimate final bomb pressure necessary

*turn of f multiple flask refills
tfilled bomb, are flask refills necessary
‘turn on multiple flask refill§

7eT



375
380
385
390
395
400
405
410
415
420
425
430
435
440
445
450
455
460
465
470
475
480
485
490
492
495
497
500
505
2000
2005
2010
2015
2020
2025
2030
3000

PBOMBF INAL=PBOMBMIN
GOSuUB 20000

GOSUB 60000

TB1=TBOMB

PB1=PBOMB

GOSUB 7000

1F FLAG=1 GOTO 500
GOSuB 20000

GOSUB 60000

PBF=PBOMB

TBF=TBOMB

GOSUB 4000
SUMGMGAS=SUMGMGAS+GMGAS
IF FLAG=2 GOTO 465

IF REFILL=0 GOTO 465
GASADD=GASADD - GMGAS

IF GASADD<=0 GOTO 465
GOTO 335
SUMMOLEGAS=SUMGMGAS/GASMW

XGAS=SUMMOLEGAS/ ( SUMMOLEGAS+MOLESAMPLE)

GOSUB 8000

GOSUB 9000

If FLAG <> 0 GOTO 500

GOTO 280
R e
REM END OF SEQUENCE - BACK TO BEGINNING

REM ARAanasaskansad dakaadARRAARERXARAARRANKRRKRRRRRAR

Gosus 3000
sToP

REM AAKRRRRERRANARRRRARRRRR A AR R ARRNIRAR RN AR R AN D

REM VALVE OPENING/CLOSING ROUTINE

REM R¥ARAAEAARKARRNRARRRERRERRENRIRRARRRRRKRRSAK
PRINT #1, CHR$(19)+CHR$(1)
VALVE$="0"+0UTD$+0UTCS+OUTBS+OUTAS

PRINT #1, VALVES

RETURN

REM ARKAARKRRRARRARARRARRANRNRRAARNERARRRARRRNANANRAR

‘drain bomb to PBOMBMIN
‘read initial bomb temperature
‘read initial bomb pressure (psia)

'fill flask

‘pressure too high to start fi(ling-abdrt run
‘read final bomb temperature‘

‘read final bomb pressure (psia)

‘calcutate amount of gas added to flask
‘update the amount of gas in the flask
tis this the last run? no more gas added
‘are more bomb & flask refills necessary
tamount of gas to be added in refill
‘trap if amount of gas goes negative

tgo back and refill the bomb

‘calculate total moles of gas present
‘calculate gas mole fraction

‘heating sequence

fcooling sequence

'if this is the last run, exit from loop
*go back to beginning of sequence

‘normal program exit

'switch BLACK BOX to WHITE BOX

GEl



3005
3010
3012
3015
3020
3025
3030
3035
3040
3045
3047
3050
3055
3060
3062
3063
3064
3065
3066
3067
3070
4000
4005
4010
4015
4020
4025
4030
4035
4040
4045
4050
4055
4060
4065
5000
5005

REM ABORT ROUTINE RESETS EVERYTHING
REM T2 2223 2333333233322 223 P22 23222222 2 2-2 32 5 %4
PRINT “SYSTEM ERROR = ";ERR

LPRINT “ABORT RUN"

OUTAS=# 1

ouUTBS="1H

oUTCS="0n

ouUTDS=" 11

GOSUB 2000

PRINT #1, CHR$(19) + CHRS$(2)

PRINT #1, "RU+40"+CHRS(13)

PRINT #1, M2usuTnenQuaCHRS(13) 418"
CLOSE #2

DELAY=TIMER+2

IF TIMER < DELAY GOTO 3062

GOSUB 10000

IF TFLASK > TFLASKMIN GOTO 3060
oUTC$="1" : GOSUB 2000

CLOSE #1

stop

RETURN

REM ARARRARRR RN KRR AR RN ANAR RN RS RN RR AR AABROTANAR

REM COMPUTE THE MASS (GM) OF GAS ADDED
REM tttt*ttiﬁﬁ**tttttittiﬁﬁtt*tttw'tttﬁtﬁﬁﬁt*ﬁtﬁ
R=1205.81

VOLUME=338.8

T181=TB1+273.15

TTBF=TBF+273.15

BI=SLOPE*TTBI+YINTERCEPT

BF=SLOPE*TTBF+YINTERCEPT

21=1+BI*PBI/(R*TTBI)

2F=14BF*PBF/(R*TTBF)
GMGAS=(PBI/(ZI*TTBI)-PBF/(ZF*TTBF))*VOLUME*GASMW/R

LPRINT USING "GMS OF GAS ADDED = #.###";GMGAS
RETURN
REM MAAARAAAKARRNA AR AR AR N AR A AR AR A AR AN AR RRARA RN ARG R

REM THIS SUBROUTINE ESTIMATES FINAL BOMB PRESSURE

*leave air blower on

'set black box to port B (DATAPLATE)
‘turn off ramp
‘turn off hotplate heater & beep

*has flask cooled down to TFLASKMIN
tcall flask opening/closing routine
‘close communications to BLACK Béx

'stop the program

"gas constant: cc*psia/gmole/K

‘bomb volume w/0 gauge in cc's
‘convert final bomb temp. to kelvin
*convert final bomb temp. to kelvin
tinitial bomb 2nd virial coefficient
‘final bomb 2nd virial coefficient
‘initial bomb compressibility factor
tfinal bomb compressibility factor
‘compute the mass (gm) of gas added

9¢T



5006
5010
5015
5020
5025
5030
5035
5040
5045
5050
5055
5060
5065
5070
6000
6005
6010
6015
6020
6025
6030
6035
6040
6045
6050
6055
6060
6065
6070
6075
6080
6085
6090
6095
6100
6105
6110

REM NECESSARY TO DELIVER THE DESIRED MASS OF GAS
REM #&#AARAARRRR RSN AR A AR R AR R B ARR AR AAARRRRRNANRRRKRARARRR
Gosus 20000

GOsuB 60000

R=1205.81

VOLUME =338.8

T=TBOMB+273.15

P=PBOMB

B=SLOPE*T+YINTERCEPT

2=1+8*P/R/1

TEMP=P/Z'GASADD‘R'T/GASMH/VOLU“E

PBOMBF INAL=TEMP/(1-TEMP*B/R/T)

IF PBOMBFINAL<O THEN PBOMBFINAL=0

RETURN

REM AARKARRRAANRRRA R R RN KR ARAARRNRANRANRRRRRR AN AR NS

REM FILLING SEQUENCE FOR SAMPLE BOMB
REM SRARRAARANARARARANARRRRAARRR SRR AR RRRARRRRRRARRL
LPRINT “START BOMB FILLING SEQUENCE"
GOsUB 60000

PBOMBLAST=PBOMB

IF PBOMB>PBOMBMAX GOTO 6155

LPRINT “OPEN BOMB FILL VALVE"

OUTA$=40" : GOSUB 2000

DELAY2=TIMER+60

DELAY=TIMER+1 )

IF TIMER<DELAY GOTO 6055

Gosus 60000

IF TIMER <DELAY2 GOTO 6105
DELAY2=TIMER+60
CHANGE=(PBOMB - PBOMBLAST ) /PBOMB
CHANGE=ABS(CHANGE)

PBOMBLAST=PBOMB

IF CHANGE > .01 GOTO 6105

LPRINT “BOMB IS NOT FILLING - ABORT RUN"
GOsuB 3000

IF PBOMB<PBOMBMAX GOTO 6050

LPRINT “CLOSE BOMB FILL VALVE"

‘read bomb temperature

'‘read bomb pressure

tgas constant: cc*psia/gmole/K
‘bomb volume w/o gauge in cc's
iconvert temperature to kelvin

‘calculate 2nd virial coefficient
‘calculate compressibility factor

‘calculate final bomb pressure
‘trap negative pressures

*read bomb pressure

‘bomb is already filled to maximum

‘open bomb fill valve

‘uaif 1 sec between reads

‘read bomb pressure

‘check every 60 sec.s if bomb is actually fitling

'(i.e. the valve is not stuck). if it is not,
‘then abort the run.

‘call abort sequence-bomb fill valve is stuck closed
‘bomb is still filling

LET



6115
6120
6125
6130
6135
6140
6145
6150
6155
6160
7000
7005
7010
7015
7020
7025
7030
7035
7040
7045
7050
7055
7060
7065
7070
7075
7080
7085
7090
7095
7100
7105
7110
7115
7120
7125
7130

OUTAS="1" : GOSUB 2000
DELAY=TIMER+60*5

LPRINT “WAITING FOR 5 MINUTES"
DELAY2=TIMER+2

IF TIMER<DELAY2 GOTO 6135

GOSUS 60000

IF PBOMB>PBOMBMAX+3 THEN GOSUB 3000
IF TIMER<DELAY GOTO 6130

LPRINT “LEAVE BOMB FILLING SEQUENCE"
RETURN

REM t'ﬁt‘tﬁﬁ!ttﬁttﬁlitttt*t.tﬁﬁiititttttttt"'.ﬁltttk#t

REM FILLING SEQUENCE FOR SAMPLE FLASK

REM RAARAAN AR AN A AR AANNNA N AR E AN ARAARARRNRRRRAANRANT A AR ARAR
C s

LPRINT “START FILLING SEQUENCE FOR SAMPLE FLASK"
OUTC$="0" : GOSUB 2000

LPRINT MAIR BLOWER 1S ON®

DELAY=TIMER+1

IF TIMER<DELAY GOTO 7035

GOSUB 10000

IF TFLASK > TFLASKMIN GOTO 7030

LPRINT "FLASK TEMPERATURE IS COOL ENOUGH TO CONTINUE®
GOSUB 50000

IF PFLASK > PFLASKFILL GOTO 7135

LPRINT “FLASK PRESSURE IS LOW ENOUGH TO START FILLING"

OUTBS="0" : GOSUB 2000

LPRINT “OPEN FLASK FILL VALVE®

LPRINT “CURRENTLY FILLING FLASK WITH GAS®
DELAY=TIMER+1

IF TIMER<DELAY GOTO 7095

GOSUB 50000

IF PFLASK > PFLASKFILL GOTO 7150

GOSU8 60000

IF PBOMB > PBOMBFINAL GOTO 7090

FLAG=0

LPRINT “NMORMAL EXIT FROM FLASK FILLING SEQUENCE"
GOTO 7160

tclose bomb fill valve
twait for 5 minutes

'bomb fill vatve is leaking - stop run

‘turn on air blower

‘read flask temperature
tcheck if flask temperature is cool yet

‘read flask pressure
1if ftask pressure is above the initial

‘maximum sbort the filling sequence
‘open flask fill valve

‘wait 1 sec between reads

‘read flask pressure

thas flask pressure exceeded maximum?
*read bomb pressure

'is bomb at final pressure?

8¢T



7135
7140
7145
7150
7155
7160
7165
7180
7185
7190
7195
7200
7205
7210
7212
7214
7215
7220
8000
8005
8010
8015
8020
8025
8030
8035
8040
8045
8050
8055
8060
8065
8070
8072
8075
8080
8085

FLAG=1

LPRINT “FLASK PRESSURE TOO HIGH - ABORT FILLING SEQUENCE"
GOTO 7160

FLAG=2

LPRINT “DID NOT ADD ENTIRE AMOUNT OF GAS - LAST RUN®™
ouTB$="1" : GOSUB 2000

LPRINT “CLOSED FLASK FILL VALVE"

LPRINT "WAITING 10 MINUTES"

DELAY=TIMER +560*10

DELAY2=TIMER+2

IF VIMER<DELAY2 GOTO 7195

GOsus 50000

IF PFLASK>PFLASKMAX THEN GOSUB 3000

IF TIMER < DELAY GOTO 7190

LPRINT “TURNED OFF AIR BLOWER"

oUTC$="1" : GOsuB 2000

LPRINT “LEAVING SAMPLE FLASK FILLING SEQUENCE"
RETURN

REM AARKREKARARRRNRARNRANA AR AN ANARNANEN AR A ARER RN AN

REM HEATING SEQUENCE
REM P2 3222223 3333332322322 2333333222332 3323203323 2222333
LPRINT "START HEATING SEQUENCE"

OUTC$="0" : GOSUB 2000 '

GOSUB 10000

IF TFLASK < TFLASKMIN GOTO 8050

DELAY=TIMER+S

IF TIMER<DELAY GOTO 8040

GOTO 8025

OUTC$="1" : GOSUB 2000

GOSUB 10000

GOSUB 50000

RAMP=9

RAMP$=STR$ (RAMP)

RAMP$=RIGHTS(RAMPS, 1)

RATE=RAMP*10

LPRINT “HEATING RATE = 1(C) PER ";RATE;“ SEC.S"
LPRINT

iclose flask fill valve

‘wait for 10 minutes

tturn off air blower

'turn on air blower

'‘make sure flask'temp. is low enough

‘turn off air blower

‘read flask temperature
‘read flask pressure

‘ramp rate: 1 C per 60 sec

6¢l



8090
8095
8100
8105
8110
8115
8120
8125
8130
8135
8140
8145
8150
8155
8160
8165
8170
8175
8180
8185
8190
8195
8200
8205
8210
8215
8220
8225
8230
8235
8240
8245
8250
8255
8260
8265
8270

LPRINT HEAD$

REM PRINT #2, USING FORMS; PFLASK,TFLASK,XGAS,SUMGMGAS
LPRINT USING FORM2S; PFLASK,TFLASK,XGAS,SUMGMGAS,TIMES
PRINT #1, CHR$(19) + CHR$(2)

PRINT #1, WRM4RAMPS+CHRS(13)+"B"

DELAY=TIMER+2

IF TIMER < DELAY GOTO 8120

GOSUB 10000

GOSUB 50000

IF TFLASK > TFLASKMAX GOTO 8175

IF PFLASK > PFLASKMAX GOTO 8175

1F TFLASK < TNEXT GOTO 8115

PRINT #2, USING FORMS; PFLASK,TFLASK,XGAS,SUMGMGAS
LPRINT USING FORM2$; PFLASK, TFLASK,XGAS,SUMGMGAS, TIMES
TNEXT=TNEXT+TINTERVAL

GoTo 8115

REM

PRINT #1, CHR$(19)+CHR$(2)

PRINT #1, “RM4+4Qu+CHRS(13)+4B"

LPRINT "SET HOTPLATE AT CURRENT TEMPERATURE"
DELAY=TIMER+60%5

LPRINT “WAITING FOR 5 MINUTES®

DELAY2=TIMER+2

IF TIMER < DELAY2 GOTO 8205

GOSUB 10000

GOSUB 50000

IF TFLASK > TFLASKMAX+10 THEN GOSUB 3000

IF PFLASK > PFLASKMAX+50 THEN GOSUB 3000

IF TIMER < DELAY GOTO 8200

GOSUB 10000

GOSUB 50000

PRINT #2, USING FORMS; PFLASK,TFLASK,XGAS,SUMGMGAS
LPRINT USING FORM2$; PFLASK, TFLASK,XGAS, SUMGMGAS, TIMES
PRINT #1, CHR$(19)+CHR$(2)

PRINT #1, M2u+nTuanQusCHRS(13)+4B"

LPRINT “LEAVING HEATING SEQUENCE"

RETURN

tset black box to port 8
‘ramp hotplate
‘wait 2 sec before taking data

‘read flask temperature

‘read flask pressure

‘stop run at maximum temperature
‘stop run at maximum pressure
tis it time for a data point ?

iset next temperature point
tcontinue toop

‘set black box to port B
‘set hotplate to current temperature

‘waft for 5 minutes

‘check flask temp. while waiting
‘check flask pres. while waiting

‘read final flask temperature

‘read final flask pressure

'set blackbox to port B
‘turn hotplate off & beep

o%T



9000
9005
9010
9015
9020
9025
9030
9035
9040
9045
9050
9055
9060
9065
9070
9075
9080
9085
9090
9095
9100
9105
9110
9115
9120
9125
10000
10001
10002
10005
10010
10012
10015
10020
10025
10030
10031

REM AARRKRRANRANANNARRRRARRN R AN ARRANARNARNRRNRNR AR RN RN

REM COOLING SEQUENCE

REN ARRRRAKARRRRRRARRNARARRNNNAAR AR RRANERARRRNRRNANANRRRR
LPRINT “START COOLING SEQUENCE"

ouTC$="0" : GOSUB 2000

Gosus 10000

GOsus 50000

REM PRINT #2, USING FORMS$; PFLASK,TFLASK,XGAS,SUMGMGAS
LPRINT USING FORM2%; PFLASK,TFLASK,XGAS,SUMGMGAS,TIMES
TNEXT=TNEXT-TINTERVAL

DELAY=TIMER+2

IF TIMER < DELAY GOTO 9055

Gosus 10000

IF TFLASK < TFLASKMIN GOTO 9095

IF TFLASK > TNEXT GOTO 9050

GOsuB 50000

REM PRINT #2, USING FORMS$; PFLASK,TFLASK,6XGAS, SUMGMGAS
LPRINT USING FORM2$; PFLASK,TFLASK,XGAS,SUMGMGAS, TIMES
GOTO 9045

ouTC$="1" : GOSuB 2000

Gosus 10000

GOSuUB 50000

LPRINT USING FORM2$; PFLASK,TFLASK,XGAS,SUMGMGAS, TIMES
REM PRINT #2, USING FORM$; PFLASK,TFLASK, 6XGAS,SUMGMGAS
LPRINT “LEAVING COOLING SEQUENCE"

RETURN

REM AAKRRRRARRANRARARRRN KRN NRR AR DR R RRRRRANRAR S

REM READ FLASK TEMPERATURE (C)

REM P S222222332322323 33233323 3323322328823 32842231
PRINT #1, CHR$(19) + CHRS(1)

TSCALE=1.0047

PRINT #1, "N®

PRINT #1, “[1®

PRINT #1, "R

LINE INPUT #1, TFLASKS

TMV=TSCALE*VAL (TFLASKS)*5/19999
AO=-4.92587€-05

‘turn on air blower
‘read flask temperature
‘read flask pressure

‘set next data point
‘wait 2 sec between data input

'‘read flask temperature

sreached minimum flask temperature
Yis it time for a data point ?
‘read flask pressure

‘continue loop

‘turn off air blower
‘read flask temperature
‘read flask pressure

fset BLACK BOX to Port A (WHITE BOX)
tscale factor correction

tcompute reading to mV

§ 4



10032
10033
10034
10035
10040
20000
20001
20002
20005
20010
20012
20015
20020
20025
20030
20035
30000
30001
30002
30005
30010
30012
30015
30020
30025
30030
30032
30035
50000
50001
50002
50005
50010
50012
50015
50020
50025

A1=25.9305

A2=-,72922

A3=,0308414
TFLASK=A0+TMV*(A1+TMV*(A2¢+TMV?*A3))
RETURN

REM BAARNRAAR AR ARRRARARRRR AL ARRARNARAARRRR
.

REM READ BOMB TEMPERATURE (C)

RE" BAANRARRRARARRN AR SRR REIRRGA AT ARARARAR
PRINT #1, CHR$(19) + CHRS(1)

TSCALE=100

PRINT #1, UN®

PRINT #1, “12w

PRINT #1, "R®

LINE INPUT #1, TBOMBS
TBOMB=TSCALE*VAL ( TBOMBS)*5/19999

RETURN

REM ARARRRRRRARANNRRRARRARARAIARTAAAAREND

REM READ ROOM TEMPERATURE (C)

REM AARRRNARRA RN AR RN R R RN N AANRARNSARANRNR
PRINT #1, CHR$(19) + CHRS(1)

TSCALE=100

PRINT #1, N

PRINT #1, "3

PRINT #1, “Rw

LINE INPUT #1, TROOMS

TROOM=TSCALE*VAL(TROOM$)*5/19999

TROOM=.99423*TROOM- . 66614
RETURN

REM AARAARRARARARRNAN AR RN AARRAATAR TN A AN

REM READ FLASK PRESSURE (MMHG)
REM P2 2223223322223 22 2323232333223 23222334
PRINT #1, CHR$(19) + CHRS(1)

PSCALE=200

PRINT #1, "N®

PRINT #1, n15®

PRINT #1, "R

LINE INPUT #1, PFLASKS

‘compute temperature by empirical expression.

‘set BLACK 80X to port A (HH!{E §0X)
{scale factor for Omegs Thermocouple Amplifier (TAC-386)

'‘compute temperature (C)

'set BLACK BOX to port A (HH!!E 80X)
iscale factor for Omega Thermocouple Amplifier (TAC-386)

‘compute temperature (C)

*set BLACK BOX to port A (WHITE BOX)
*scale factor for MKS Baratron pressure transducer
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50030
50032
50035
60000
60001
60002
60005
60010
60015
60017
60020
60025
60030
60035
60037
60040

PFLASK=PSCALE*VAL(PFLASK$)*5/19999
IF PFLASK < O THEN PFLASK=0
RETURN

REM AARRRRRARRARRRARRARRER RS RN ARA NN T RNAD

REM READ BOMB PRESSURE  (PSIA)
REM 1232232223 332333233233 2823223332322 %23
PRINT #1, CHR$(19) + CHR$(1)

PSCALE=20

OFFSET=10

PRINT #1, uN®

PRINT #1, “16"

PRINT #1, "R

LINE INPUT #1, PBOMBS
PBOMB=PSCALE*VAL (PBOMBS )*5/19999-OF FSET
IF PBOMB < O THEN PBOMB=0

RETURN

‘compute flask pressure in mmig
*zero if fltask pressure reading goes negative

'set BLACK BOX to port A (WHITE BOX)
‘scale factor for bomb pressure transducer
toffset factor for bomb pressure transducer

tcompute bomb pressure (psia)
‘zero if flask pressure reading goes negative

evl
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Appendix B.6

Control Program.Runz=Time Output
(Sample)

* BGAS IS HZS

DATE OF RUN IS 08-02-1985

SOLVENT IS TETRAGLYME
OUTPUT FILE NAME 1S E:RUN28.DAT

enkntenene SOLVENT VAFOR FPRESSURE #itdsaenssn

START HEATING SEQUENCE

HEATING

Y
-8

HMNODONNOCUS B
“ B @ O© 9 v 9 &

N““"‘OOQC'OOC'OC'
[« 3

-
2.2,

2.7,

RATE = 1(C) FER 60
T(C) XGAS
11.2, Q. QQOE+OQ,
15.0, Q. QOOE+QO,
20.0, Q. QOOE+QO,
25.0, 0. 0O0OE+0Q,
30.0, Q. 0QOE+QO,
35.0, Q. QOOE+00,
40.0, 0. QO0OE+0O,
45,0, 0. O00E+QO,
S50.0, Q. QO0E+Q0,
SS5.1, 0. QOOE+QQ,
60,0, 0. 000E+QQ,
65.0, 0.000E+00,
70.0, 0. 000E+00O,
7S.1, 0.000E+00,
8.0, 0. Q00E+QO,
83.0, 0. 0Q0E+00,
0.1, O, QOOE+QO,
5.1, 0. 000E+QQ,

SEC.S

GMGAS

Q. 0000,
Q. 0000,
0. 0000,
Q. 0000,
0. 0000,
Q. 0000,
Q. Q000 A
0. Q000
Q. Q000
Q. 0000,
0. 0000,
0. 0000,
Q.0Q000,
0. 0000,
Q. 0000,
0. Q000
0. 0000,
Q. 0000,

SET HOTFLATE AT CURRENT TEMFERATURE
FOR S MINUTES

WAITING
3.1,

9.0,

Q. 000E+0QQ,

LEAVING HEATING SECUENCE
START COOLING SEQUENCE

3.1,
2.6,
2.2,
1.9,
1.7,
1.5,

1.3,

99.1,
4.8,
89.6,
85.0,
79.7.
74.8,
69.5,
64.6,
S59.7.
S4.6.
49.6,
34,7,
39.8,
35.0,
I0.0,
25.0,
19.9,
15.0,

12.9,

Q. 000E+00,
0. 000E+0O0,
0. CQOE+QO,
0. 0Q0E+QO,
Q. 000E+00,
0., 000E+QQ,
0. QOOE+OQ,
Q. 000E+QQ,
Q. QO0E+QOQ,
Q. QOOE+QO,
O.QO0E+OQO,
Q. QO0E+QO,
0. 00QOE+QQ,
0. 000E+0Q,
0. 000GE+00,
0. Q0OQE+QO,
0. 000E+0Q0,
0. 00OE+Q0,
0. 000E+00,

COOLING SERQUENCE

Q. 0000,

Q. 0000,
Q. 0000,
0., Q000
Q. 0000,
0.0000,
Q. 0000,
Q. 0000,
00,0000,
0., 0000,
Q. 0000,
Q. 0000,
Q. 0000,
0., 0000,
0. 0000,
Q. Q000
0. QO00,
0. 0000,
Q. 0000,

0. 0000,

TIME

Q03 0Oz 0T
Q006210
00z 10:07
00:14:54
QO 20: 03
Q0:24:35
Q0:29:42
QQ:34:5Z2
QQ:39:54
00:45: 00
002 49: 36
Q0:54: 20
00:59: 15
01:04:14
01:09:21
01:214:12
01:19:07

01:27:354

01:33: 29

G1:33:43
Ot

01:34:37
G1:34:55
01:39:16
01:3S: 36
01:326:00
0Y:36:24
01:36:51

01:328: 268"
Q1:39:09
01:39:55
01:40:53
01:42:06
01:43:42
01:46:02
01:47:26




*eunpinesesr GAS ADDITION # 1 E2 22T T Y 2823
ELAPSED TIME =01:47:30

FEROMEBF INAL. (FSIA) = 25.07

START FILLING SEQUENCE FOR SAMPLE FLASK

AIR BLOWER IS ON

FLASK TEMPERATURE IS COQL EMOUGH TO CONTINUE
FLASK PRESSURE 1S LOW ENOUGH TO START FILLING
OFEN FLASK FILL VALVE

CURRENTLY FILLING FLASEKE WITH GAS

NORMAL.EXIT FROM FLASK FILLING SEQUENCE
CLOSED FLASK FILL VALVE

TURNED OFF AIR ERLOWER

WAITING 10 MINUTES

LEAVING "SAMPLE FLASK FILLING SEQUENCE

GMS OF *GAS ADDED =-(¢. 101

START HEATING SELOUENCE

01:59: 30
02 03: 59
02:08: 173
02:13:08
0Z:18:29
02:22: 55
02:27:42
02:32:59
02:37:44
02:42:354
02:48:00
02:53:09
02:57: 39
03:02:37
0T 07:32

0T 13:04

03:18:07

03:233:13

O3:30: 49

03:30:S3
0Z:31:2S
03:31:46

03 32:04

(02:32: 46

33: 10

O03:37:11
03:38:11
03:39:24
03:41:05
03:43:34
0T:45: 02

HEATING RATE = 1(C) PER &0 SEC.S
P (mmhg) T XGAS BMGAS TIME
17.0, 11.9, 7.68SE-03T, 0.1011,
18.5, 1S.1, 7.685E-03, 0.1011,
21.4, 20.0, 7.685E-03, 0.1011,
24.5, 25.1, 7.68SE-03, 0.1011,
78.1, 30.1, 7.6BSE-03, 0.1011,
32.0, 35.0, 7.68SE-03, 0.1011,
6.1, 40.0, 7.68SE-03, 0.1011,
40.6, 45.1, 7.68SE-03, 0.1011,
as.4, £0.0, . 7.685E-02, 0.1011,
50.5, 55.0, 7.68%E-03, 0.1011,
S6.1, 0.0, 7.68SE-03, 0.1011,
62.0, 65.0, 7.685E~03, ©.1011,
67.9, 70.0, 7.685E-03, 0.1011,
74.4, 75.0, 7.685E-03, ©.1011,
81.3, 80.0, 7.68SE-03, 0.1011,
es. 8, 85.1, 7.685E-03, O.1011,
6.1, 90.1, 7.68SE-03, 0.101t,
103. 6, 95.0, 7.68SE-03, 0.1011,
SET HOTFLATE AT CURRENT TEMPERATURE
WAITING FOR 5 MINUTES
110.5, 98.8, 7.48SE-03, 0.1011,
LEAVING HEATING SEQUENCE
START COOLING SEQUENCE
110.6, 98.8, 7.685E-03, 0.1011,
105.6, 94.5, 7.685E-03, 0.1011,
100.0, 89.4, 7.685E~-03, 0.1011,
94,6, 84.8, 7.68SE-03F, 0.1011,
88.3, 79.6, 7.685E-03, 0.1011, O3
82.0, 74.7, 7.685E-03, 0.1011,
74.8, 69.5, 7.6BSE-03, 0.1011, O3F
68.2, 64.7,  7.685E-03Z, 0.1011,
61.5, $9.8, 7.68SE-03, 0.1011,
54,6, S4.8, 7.685E-0T, 0.1011,
ag. 4, 49.9,  7.68B5E-0X, ©.1011,
2.3, 44,7,  7.48SE-03, 0.1011,
7.0, 39.9,  7.685E-03, 0.1011,
32.3, 34.9,  7.68SE-03, 0.1011,
28.2, 29.8, 7.685E-03, 0.1011,
24.7, 25.0, 7.68SE-03, 0©.1011,
21.4, 19.9, 7.6BSE-03, 0.1011,
18. 6, 14.9,  7.685E-03, 0.1011,
17.6, 13.0, 7.68SE-03, 0.1011,
LEAVING COOLING SERUENCE
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sRwnennkw®r GAS ADDITION # 2 *****#*******

ELAPSED TIME =03:45:05

PROMEFINAL (PSIA) = 22.08

START FILLING SERQUENCE FOR SAMFLE FLASK

AIR BLOWER IS ON

FLASK TEMPERATURE IS COOL ENOUGH TO CONTINUE
" FLASK PRESSURE IS LOW ENOUGH TO START FILLING

OPEN FLASK FILL VALVE

CURRENTLY FILLING FLASK WITH GAS

NORMAL EXIT FROM FLASK FILLING SEQUENCE

CLOSED FLASK FILL VALVE

TURNED OFF AIR ELOWER

WAITING 10O MINUTES

LEAVING SAMFLE FLASK FILLING SEQUENCE

GMS OF GAS ADDED = 0.099

START HEATING SEQUENCE

HEATING RATE = 1(C) PER &0 SEC.S

F (mmhg) TC) XGAS GMGAS TIME
33.5, 11.7, 1.511E-02, 0.2003, 0OI:57:28
37.0, 15.0, 1.511E-02, 0. 2003,

42.7, 20.0, 1.S11E-02, ¢.2003,

49.1, 25.0, 1.S11E-02, 0.2003Z,

S6.2, 0.0, 1.3S11E-02, Q.2003, ;
3.9, 35.0, 1.911E-02, 02003, 04:21:57
72.1, 40.1, 1.311E~-02, 0.2003, 04:27:Z28
81.1, 45.0, 1.S11E-0Z2, 0.2003, 04:31:32
0.7, 0.0, 1.511E-02, 0.2003, 04:36:56
100.5, 5.1, 1.511E-02, Q.2003, 04:41:44
110.6, 60.0, 1.911E-02, 0.200%, 04:46:13
122.8, 65.0, 1.511E-02, 0.2003, 04:51:38B
134.9, 70.0, 1.511E-02, O.2003, (4:56:40
147.6, 75.0, 1.511E-02, 0.2003, 0S5:01:35
160.4, 80.1, 1.S11E-02, 0.2003, 0S5:035:57
174.7, 85.0, 1.511E-02, 0.2003, 05S:11:08
189.0, 0.0, 1.311E-02, 0. 2003, 0S:16:295
204.3, ?5.0, 1.S11E-02, 0.2003, 05:21:42

SET HOTFLATE AT CURRENT TEMFERATURE
WAITING FOR S MINUTES
219.5, 98.9, 1.511E-02, 0.2003, 05:30:57
LEAVING HEATING SEQUENCE
START COOLING SERQUENCE

219.3, 98.8, 1.511E-02, Q.2003, 05:31:01
232.1, 94.3, 1.S11E-02, 0.2003, O0S5:31:31
199.4 89.7 1.511E-02 0.2003, 05:31:49
188. 2. 84.9.  1.S11E-02.  0.200%.
174.9, 79.6, 1.S11E-02,  ©.2003,
162.0, 74.6, 1.511E-02,
149.3, £9.9, 1.511E-02,
135.9, 4.9, 1.511E-02,
121.5, 9.8, 1.511E-02,
107.5, 54.8, 1.S11E~-02,  0.2003,
94.9, 49.8, 1.S11E-02,  ©0.2003, .
82.3, 43.7, 1.511E-02,  ©.2003, O05:35:40
72.7, 39.9, 1.S11E-02,  ©0.2003, O0S:36:71
63.6, 34.9, 1.5S11E-02,  ©0.2003, 05:37:11
ss.5, 29.8, 1.S11E-02, ©0.2003, 05:38:172
ag.s, 24.9, 1.511E-02,  0.2003, 05:39:27
42.2, 19.9, 1.S11E-02, Q. 2003 05:41:08
36.5, 15.0, 1.5115—0:, 0. 2003, 051431 40
4.4, 13.0, 1.S11E-02,  0.2003, 05:45:14

LEAVING COOL ING SEQUENCE



#Ereperend GAS ADDITION # = P,
ELAPSED TIME =05:45:17

" PROMEFINAL. (FPSIA) = 18.99

START BOME FILLING SEQUENCE

OFEN EROME FILL VALVE

CLOSE EBOME FILL VALVE

WAITING FOR S MINUTES

LEAVE EBOME FILLING SEQUENCE

PEOMEFINAL (PSIA) = 37.04

START FILLING SEQUENCE FOR SAMPLE FLASK

AIR BLOWER IS ON

FLASK TEMFPERATURE 1S COOL ENOUGH TO CONTINUE
FLASE PRESSURE IS LOW ENOUGH TO START FILLING
OFEN FLASK FILL VALVE

CURRENTLY FILLING FLASK WITH GAS

NORMAL EXIT FROM FLASK FILLING SEQUENCE
CLOSED FLASK FILL VALVE

TURNED OFF AIR ELOWER

WAITING

LEAVING SAMFLE FLASK
GMS OF GAS ADDED =

10 MINUTES

FILLING SEQUENCE

0.099

START HEATING SEQUENCE

0b6:07: 39
06:12:08
0b:16:19
06:21:18
06:26: 02
06: 31311
Qb 36: 39
0b6:40: 354

0&6:45: 45

06:S51: 00
05:56: 02
07:00:37
Q7:035: 30
07:1Q0:480
07:15: 30
07:20: 956
07:25: 43
Q7:3530:42

HEATING RATE = 1(C) PER 60 SEC.S
£ (mmhg) T(C) XGAS GMGAS TIME
50.9, 12.4, 2.241E-02, 0.2993,
s4.8, 15.0, 2.241E-02, 0.2993,
63. 4, 20.1, 2.241E-02, ©0.2993,
72.9, 25.1, 2.241E-02, 0.2993,
83.4, 30.0, 2.241E~02, 0.2993,
94.6, 35.0, 2.241E-02, ©0.2993,
107. 1, 40.1, 2.241E-02,  0.2993,
120.9, 45,0, 2.241E-02, ©0.2993,
134.2, 50.0, 2.241E-02,  0.2993,
"149.5, 5.0, 2.241E-02, 0.2993,
165.7, 60.0, 2.241E-02, . 2993,
182.7, £5.0, 2.241E-02, 0.2993,
200.0), 70.0, 2.2841E-02, ©.2993,
219.0, 7S.1, 2.241E-02, 0.2993,
238.4, 80.0, 2.241E-02,  0.2993,
259.3, 85.0, 2.241E~-02, 0.2993,
280.8, 0.0, 2.241E-02, 0.2993,
02,7, 95.0, 2.241E-02, 0©.2993,

SET HOTFLATE AT CURRENT TEMFERATURE
FOR S5 MINUTES

WAITING

330.3,

100.0,

2.241E-02,

LEAVING HEATING SEQUENCE
START COOLING SEGQUENCE

0.2993,

07:40:31

330.0, 99.9, 2.241E-02, 0.2993, 07:40:35
312.5, 94.6, 2.241E-02, 0.2993, 07:41:07
297.6, 89.8, 2.241E-02, 0.2993, 07:41:25
278.0, B4.3, 2.241E-02, 0.2993, 07:41:464
260.9, 79.6, 2.241E-02, 0.2993, 07:42:04
241.0, 74.6, 2.281E-02, 0.2993, 07:42:25
221.9, 70.0, 2.241E-02, 0.2993, 07:4
199.6, 64.5, 2.281E-02, 0.2993, 07:4
180.7, 60.0, L241E-02,  0.2993, 07:43
160.9, 54.9, 2.241E-02, 0.2993, 07:44:06
141.0, 49.9, 2.241E-02, 0.2993, 07:44:39
122.8, 44.7, 2.241E-02, 0.2993, 07:45:17
107.1, 39.8, 2.241E-02, 0.2993, 07:45:58
93.9, 34.8, 2.281E-02, 0.2993, 07:46:47
81.9, 29.8, 2.241E-02, 0.2993, 07:47:45
71.4, 24.9, 2.241E-02, ©0.2993, 07:48:57
62.0, 20.0, 2.241E-02, 0.2993, 07:50:36
S3.4, 14.9, 2.241E-02, 0.2993, 07:53:02
50.3, 13.0, 2.241E-02, 0.2993, 07:54:27
LEAVING COOLING SERQUENCE
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#annpennes GAS ADDITION #. 4

ELAPSED

FEOMEF INAL (PSIA)

TIME =07:S54:30

IZ4.08

START FILLING SEQUENCE FOR SAMFLE FLASK
AIR BLOWER IS ON
FLASK TEMFERATURE IS COOL ENOUGH TO CONTINUE

FILL VALVE

FILL VALVE

TURNED OFF AIR BLOWER

WAITING

LEAVING SAMFLE FLASK

10 MINUTES

GMS OF GAS ADDED =
START HEATING SEQUENCE
FER 60 SEC.S-

HEAT ING

F (mmhg)}
b6b6.4,
7.9,
83.4,
96.2,
11001,
10801,

141.7,
158.6,
177.3,
197.49,
01E.S,
“d41.1,
265.3,
291.2,
Z17.5,
T4 0,
I70.4,
299,43,

g1 HMOTFLATE AT CURRE

Va1 T IHG
az9.8,

"RATES =- 1<¢C)

T(C)
12.3,
15.0,

a0y
Sy,

&0.1,
65.0,
70,00,
TEH.0,
Q.1
8%. 0,

“ailh e

WITH GAS
FILLING SEGUENCE

FILLING SERUENCE

0. 100

XGAS
Z.968E-0z,

-

ol -z,
L. 96BE-02,
2.96BE-02,
2.968E-0
Z.568E
2.968E-04
T S

Z.wsBE-0Z,
2.9a68E-02,
2. 968E -~
2.968E-
2. 9auk
L PEBE -
PN,

2. T HHE-02)
. 96BE-02,

FOR S MIMUTES

98.9,

2.968E-02,

LEAVING HEATING SEQUENCE
START COOLING SEQUENCE

430.0,
411.5,
391.1,
367.3,
342.8,
317.4,

293.4,

109.0,
.1,
82.4,
71.1,
67.0,

LEAVING

99.0,
94.8,
8.8,
B4.5,
79.4,
74.6,
70.0,
64.6,

55.7,

54.7,
49.7,
44,9,
3.7,
35.0,
29.8,
24.9,
19.9,
15.0,
13.0,

2,968E-02,
2.968E-02,
2.568E-0Z,
2.96BE~-02,
2.968E-02,
2.968E-02,
2.96BE-0Z,
2.968E~02,
2.968BE-02,
2.968BE-02,
2.968E-02,
2.96BE-02,
2.F96BE-0O2
2.968E-Q2

2.968E~02Z,
2.96BE-02,
2.968E~02¢
2.968E-02,
2.96BE-0Z,

COOLING SEQUENCE

[CTRTRTI
[N 2
0.3I994,

0.3994,
0.3994,

NT TEMFERATURE

0.3994,

0.3994,
0.3994,
0.3994,
0.3994,
0.2953,
0.3994,
0.3994,
0.3994,
0.3994,
0.3994,
0.3954,

0. 3994,
0, 3994,
0,3994,
0.39%4,

LI 2

* FLASK PRESSURE IS LOW ENOUGH TO START FILLING
OFEN FLASK
CURREMTLY FILLING FLASK
NORMAL EXIT FROM FLASK
CLOSED FLASK

TIME

08:05: 91
08:10: T8
08:14:42
(SR 35 )
(3=
Og: =
0g: =
08z 44: 08
0B:49: 15
B8:53: 41
ety ay

Cra s i s i)
09:09: 06
09:14:38
09:19: 41
09:22:24
0%:27:52

02:38:10

0%:38:14
09:38: 46
QFs39: 07
09:39: 28
09:39: 49
09: 40210
09:40: 71
0?:40:58
09:41:24
09:41:54
09:42:26
09:43: 01
09:435:45
09:44: 32
0Q:45: T
09:46:4S5
09:48: 23
09:50:47
09:52: 09




#hennnnke® GAS ADDITION # S H#ExER®FEHFFREHER®-
ELAPSED TIME =09:52:12

PEOMEF INAL. (FSIA) = 31.10

START FILLING SEQUENCE FOR SAMFLE FLASK

AIR BLOWER IS ON

FLASK TEMFERATURE 1S COOL ENOUGH TO CONTINUE
FLASK PRESSURE IS LOW ENOUGH TO START FILLING
OFEN FLASK FILL VALVE

CURRENTLY FILLING FLASK WITH GAS

NORMAL EXIT FROM FLASK FILLING SEQUENCE
CLOSED FLASK FILL VALVE

TURNED OFF AIR BLOWER

WAITING

LEAVING SAMFLE FLASK

10 MINUTES

FILLING SEQUENCE
GMS OF GAS ADDED = 0.100
START HEATING SEQUENCE

HEATING RATE = 1(C) PER &0 SEC.S
F (mmhq) T XBAS GMGAS
82.6, 12.2,  3.681E-02, 0.4990,
%0.0, 1S.1, 3.681E-02, ©.4990,
104.3, 20.0, 3.681E-02,  0.4990,
120.1, 25.0, 3.6B1E-02,  0.4990,
137.3, 30.0, 3.681E-02,  0.4990,
156.3, 35.1, 3.681E-02,  0.4990,
176.6, 40.0, 3.681E-02, 0.4990,
198.9, 45.0, 3.681E-02, 0.4990,
222.4, 0.0, 3.681E-02, 0.4990,
247.0, $5.0, 3.681E-02, 0.4990,
273.8, 60.0, 3I.681E-02,  0.4990,
302.1, 65.1, 3.681E-02, 0.4990,
329.0, 70.0,  3.681E-02, 0.4990,
361.4, 75.0, 3.6B1E-02,  (0.4990,
393. 4, 80.1, 3.681E-02, (.4990,
428. 4, 85.1, 3.681E-02, 0.4990,
463.6, 90.1, 3.681E-02, 0.4990,
499.5, 95.1, 3.6B1E-02,  0.4950,

SET HOTPLATE AT CURRENT TEMFERATURE
WAITING FOR S MINUTES

557.4, 101.3, 3.681E-02, 0.4990,

LEAVING HEATING SEQUENCE

START COOLING SEQUENCE

5$57.0, 10t1.2, J.681E-02, 0.4990,
S519.6, 94.3, 3.681E-02, 0. 4990,
494.2, 89.5, J.681E-02, 0.4990,
464.0, 84.6, J.4681E-02, 0.4990,
431.6, 79.3, 3.681E~-02, 0. 4990,
402.2, 75.0, 3. 68B1E~-02, Q. 4990,
366.4, 69.6, 3. 681E-02, 0.4990,
333.0, 64.7, 3.6B1E-02, 0, 4990,
298.4, S9.7, J.681E-02, (.4990,
265.8, S4.6, 3. 681E-02, 0.49%90,
234.5, 49.6, Z.68B1E-02, 0.4990,
206.7, 44.8, 3.68B1E-02, Q.4990,
181.3, 9.9, J3.681E-02, 0.4920,
1S7.4, 34.9, IILB1E-02, 0. 4990,
137.0, 29.9, 3.681E~-02, 0.4990,
119.4, 25.0, 3.681E-02, 0.4990,
103.5, 19.9, 3.681E-02, 00,4990,
89.4, 15.0, J.681E-02, G.49%0,
84.1, 12.9, 3.681E~02, 0.4990,

LEAVING COOLING SEQUENCE ~

TIME

10:07: 39
10:08:08
10212:19
10:17:06
10:22:12
10:27:00
10:32:10
10:37:30
10:42:22
10:86:56
10:51:54
10:56: 53
11:00:42
11:06:17
11:11:08
11:16:14
11:21:17
11:26:04

11:36:26

11:36: 30
\7:08
7:26
11:37:44
11:38: 09
11:38: 23
11:38:47
11:39:11
11:39: 38
11:40:07
11:40:40
11:41:15
11:41:56

11:42:45"

11:43: 43
11:44:56
11:46:34
11:48: 358

11:50:28
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rasnnanans GAS ADDITIOM # &  #ékeFFEREXEEEE

ELAFSED TIME =11:50:28
PEOMBF INAL (FSIA) = 2B.13
START FILLING SEQUENCE FOR SAMFLE FLASK

-AIR BLOWER IS ON

FLASK TEMFERATURE IS COOL ENOUGH TO CONTINUE
FLASK PRESSURE IS LOW ENOUGH TO START FILLING
OFEN FLASEK FILL VALVE

CURRENTLY FILLING FLASK WITH GAS

NORMAL EXIT FROM FLASK FILLING SEQUENCE
CLOSED FLASK FILL VALVE

TURNED OFF AIR BLOWER

WAITING 10 MINUTES

LEAVING SAMFLE FLASK FILLING SEQUENCE

GMS OF "GAS .ADDED = 0.102

START HEATING SEQUENCE

HEATING. RATE.=.1(C) FER 60 SEC.S

F (mmhq) T XGAS GMGAS TIME
99.7, 12.1, 4.398E-02, 0.6007, 12:02:12
108.7, 15.0, 4.398E-02, 0.6007, 12:06:41
125.9, © 20,0, 4.3I98E-02, ©0.6007, 12:10:52
144.6, 25.0, 4.398E-02, 0.6007, 12:15:36
165.6, 30.1, 4.398E-02, 0.6007, 12:20:43
187.9, 35.1, 4.398E~02, 0.6007, 12:25:30
212.6, 40.1, 4.398E-02, 0.6007, 12:30:48
238.9, 45,0, 4.398E-02, 0.6007, 12:35:43
267.4, 0.0, 4.398E-02, 0.6007, 12:40:52
29s.8, S5.0,  4.398E-02, ©0.6007, 12:44:48
328.9, 60.1, 4.398E-02, 0.6007, 12:50:39
362.7, 5.0, 4.398E-02, 0.6007, 12:55:2¢
398.0, 70.0,  4.398E-02, 0.6007, 13:00:21
433.2, 75.0,  4.398E-02, 0.4007, 13:04:17
472.3, 80.0, 4.398E-02, 0.6007, 13:09:38
515.0, 85.1, . 4.398E-02,  ©0.6007, 13:15:17
Ss8.1, 9G.1, 4.398E-02, 0.6007, 13:20:10
601.3, 95.1, 84.398E-02, 0.6007, 13:24:57

SET HOTFLATE AT CURRENT TEMFERATURE
WAITING FOR S MINUTES®

6354.6, G9.6, 4,39BE-02, Q. 6007, 13:34: 16

LEAVING HEATING SEQUENCE
START COOLING SEQUENCE

654.0, 9.6, 4.398E-02, 0.6007, 13:34:21
623.8, 95.0, 4.398E-02, 0.6007, 13:34:50
S590.7, 8%.53, 4, 39BE-02, 0.6007, 13:35:11
556.3, 84.8, 4,.398E-02, 0. 6007, 13:35:2
S516.4, 7%.5, 4.398E-02, 0.6007, 13:35:50
479.2 74.6 4,2Z98E-02 0.6007 13:36: 11
441.5: 69.9: 4.398E-02: 0.6007: 13:36:32
398.1, 64.4, 4.398E-02, 0.6007, 13:36:58
361.3, 60.0, 4.39B8E-02, 0.6007, 13:37:22.
320.8, 54.9, 4.398E-02, 0.6007, 13:37:52
283.5, 49.9, 4, 398E~02, Q. 6007, 3:38:2
246.1, 44.7, 4,Z98E-02, 0.6007, 13:39:02
215065 Io.8, 4, I7BE~-O2, Q. 6007, 13:39: 47
188.2, 34.8, 4.398E-02, 0.6007, 13:40:33
164.4 29.9 4.398E~-02 0.6007 13:41:31
143.7: 25.0: 4.398E—02: 0.6007:

124,.7, 20.0, 4. I98E-02, 0.6007,

107. 6, 14.9, 4, 398e-02, Q.6007, 13:46:50
i01.1, 12.9, 4,39BE-02, 0.6007, 13:48:18

LEAVING COOLING SEQUENCE



#wauxeenerdt GAS ADDITION # 7

ELAFSED TIME
FEBOMEF INAL

(PSIA)

=13:48: 21
25.18

B2 2 2.2 2 2 2.0 2 2 2 8

START FILLING SEQUENCE FOR SAMFLE FLASK
AIR BLOWER IS ON
. FLASK TEMFPFERATURE IS COOL ENOUGH TO CONTINUE

FLASK PRESSURE IS LOW ENOUGH TO START FILLING

OPEN FLASK
CURRENTLY FILLING FLASK
NORMAL EXIT FROM FLASK

FILL VALVE

CLOSED FLASK FILL VALVE
TURNED OFF AIR ELOWER

WAITING

10 MINUTES
LEAVING SAMPLE FLASK
GMS OF GAS ADDED =

WITH GAS
FILLING SEQUENCE

FILLING SEQUENCE

0.100

START HEATING SERUENCE

HEAT ING

F (mmhg)
115.0,
126.53,
1446.4,
168.5,
192.6,
218.7,
247.0,
277.8,
310.8,
3435.9,
381.6,
420.2,
461.8,
S06.1,
552.9,
600, 3,
647.8,
700.5,

RATE =

T

11.9,
1S5.1,
20.0,
25.0,
30.0,
35.0,
40.0,
45,0,
S0.0,
S5.0,
60.0,
&5.0,
70.1,
735.0.
80.0,
85.0,
90.1,
95.0,

1(C) PER &O

¥GAS
5. 09SE-02,
5.095E-02,
S.095E-02,
S.095E-02,
$.095E~02,
S.Q9SE-02,
S.095E-02,
5.095E-02,
S.09SE-02,
S.09SE-02,
5.093SE-02,
S.09SE-02,
S.095E-02,
S.095E-02,
S.Q9SE-02,
S.095E-02,
S.095E~02,
S.09SE-02,

SEC.S

GMGAS

0.7011,
0.7011,
0.7011,
0.7011,
0,.7011,
0. 7011,
0.7011,
a.7011,
0.7011,
0.7011,
0.7011,
00,7011,
a.7011,
0.7011,
00,7011,
Q.7011,
0.7011,
0.7011,

SET HOTFPLATE AT CURRENT TEMPERATURE
WAITING FOR S MIMUTES

751.9,

98.8.

S.09SE-02,

LEAVING HEATING SEQUENCE
START COOLING SEQUENCE

751.4,
718.1%,
685.6,
642.2,
$98.5,
554.0,
S511.3,
464.8,
417.8,
371.3,
326.5,
286.4,
250.9,
218.5,
191.2,
167.0,
145.1,
125.3,
118.0,
LEAVING

%8.8,
94.5,
89.9,
84.6,
79.3,
73.4,
69.8,
64.9,
9.9,
s4.8,
49.8,
43,6,
39.8,
4.8,
29.9,
24.9,
19.9,
14.9,
12.9,

$.095E~-02,
5. 095E-02,
5.095E-02,
S.095E-02,
S.095E~02,
S5.095E-02,
S.095E-02,
5. 09SE-02,
S5.095E-02,
5. 095E~-02,
S.095E-0Z,
S.095SE-02,
S.09SE-02,
$.09SE-02,
S.095E-02,
S.09SE-02,
S.09SE-02,
S.095E-02,
5. 095E-02,

COOLING SEQUENCE

0.7011,

0.7011,
0.7011,
0.7081,
0.7011,
0,7011,
0.7011,
Q.7011,
0.7011,
0.,7011,
Q.7011,
0.7011,
0.7011,
0.7011,
0.7011,
0.7011,
G.7011,
0.7011,
0.7011,
0.7011,

151

TIME

14:00:19
14:04:49
14:09:10
14:13:58

14:34: 00
14:38:55
14:43: 50
14:48:28
14:353: 23
14:58: 03
15:03: 24
15:08: 34
15:13:47
15:18: 02
15:23: 26

15:34: 50

15:35: 10
15:35: 31

15:35: 32

15:36: 16

15:38: 2C
15:39: 04
15:39: 53
15:40:51
15:42: 03
15:43: 41
15:46: 05
15:47:320



152

Hexnrarerr GAS ADDITION # IS 2 22 LT S S

ELAPSED TIME =15:47:33

PEOMEBF INAL (PSIA) = 22.12

START FILLING SEQUENCE FOR SAMPLE FLASK

AIR BLOWER IS ON

FLASK TEMFPERATURE IS COOL ENOUGH TO CONTINUE
FLASK PRESSURE IS LOW ENOUGH TO START FILLING
OFPEN FLASK FILL VALVE .

CURRENTLY FILLING FLASK WITH GAS

NORMAL EXIT FROM FLASK FILLING SEQUENCE
CLOSED FLASK FILL VALVE

TURNED OFF AIR BLOWER

WAITING 10 MINUTES

LEAVING SAMPLE FLASK FILLING SEQUENCE

GMS OF GAS ADDED = 0.102

START HEATING SERQUENCE

HEATING RATE = 1(C) FER &9 SEC.S

P (mmhg) T XGAS GMGAS TIME
130.8, 11.6, S.791E-02, 0.8026, 15:59:S8
144.6, 1S.0, S5.791E~-02, 0.8026, 16:05:22
167.7, 20.0, S.791E-02, 0.8026, 16:209:52
193.0, 25.1, S.791E-02, 0.8026, 16:14:28
220.7, 30.0, S.791E-02, 0.8026, 16:19:43
250.5, 35.1, S.791E-02, Q.8026, 16: 23
282.3, 40.0, S.791E-02, 0.8026, 1&6:2

317.7, 45.0, S.791E-02, 0.8026, 16:34:39

353.9, S0.0, S.791E=-0Z, 0.8026, 16:39: 41
396.2, 55,0, S.7R1E-02, 00,8026, 16:44:51
437.3, &0.0, S.7921E-02, 0.8026, 16:49: 09
482.1, 65.0, S.791E-02, 16:54:08
ST0.3, 70.0, S.791E-02, 16:59: 10
S81.6, 75.0, S.791E-0Q02, 17:048: 20
&32.7, 80.0, S.791E-02, 17:08:57
687.1, 85.0, S.7F1E~-Q2, : 17:132:58
742.3, FO. 0, S.791E-02, 0.8026, 17:18: 44

SET HOTFLATE AT CURRENT TEMFERATURE
WAITING FOR S MINUTES
795.0, 2.5, S.791E-0Z, 0.8026, 17:28: 29
LEAVING HEATING SEGUENCE
START COOLING SEQUENCE

795.0, .5, 5.791E-02, 0.8026, 17:28: 32
76T.3, 89.8, $5.791E-02, 0.8026, 17:29:02
724.7, 85.0, S.791E-02, 0.8026, 17:29: 23
680. 6, 80.0, S.791E-02, 0.8026, 17:29:44
628.2, 74.S, S.791e-02, 0.8026, 17:30:07
S81.4, 69.9, S.791E-02, 0.8026, 17:30:29
S26.2, 64.5, S.791E-02, 0.8026, 17:30: 55
475.3, 59. 6, S.791E-02, 0.8026, 17:31:22
423.6, S4.6, S.791E-02, 0.8026, 17:31:351
374.6, 49.7, 5.791E-02, 0.8026, 17:3Z:24
331.0, 44.9, S.791E-02, 0.8026, 17:32:59
286. 2, 39.7, $5.791E-02, 0.8026, 17:33:43Z
250.0, 4.8, S.791E-02, 0.8026, 17:34: 32
219.7, 29.9, 35.791E-02, 0.8026, 17:35: 30
191.6, 24.9, S.791E-02, 0.8026, 17:36:45
166.5, 19.9, S$.791E-02, 0.8026, 17:38: 2%
144.0, 14.9, S.791E~-02, 0.8026, 17:40:53
135.7, 13.0, S.791E-02, 0.8026, 17:42:21

LEAVING COOLING SEQUENCE



RN GAS ADDITION # 9  ##%#E¥EENEREEEE

ELAPSED TIME =17:42:2

PROMEFINAL (FSIA) = 19.11

START EOME FILLING SEQUENCE

OPEN BOME FILL VALVE

CLOSE EROME FILL VALVE

WAITING FOR S MINUTES

" LEAVE EBOME FILLING SEQUENCE

PEOMBFINAL (PSIA) = 37.03

START FILLING SEQUENCE FOR SAMFLE FLASK

AIR BLOWER IS ON

FLASK TEMFPERATURE IS COOL ENOUGH TO CONTINUE
FLASK FRESSURE. IS LOW ENOUGH TO START FILLING
OPEN FLASK FILL VALVE

CURRENTLY FILLING FLASK WITH GAS

NORMAL EXIT FROM FLASK FILLING SEQUENCE
CLOSED FLASK FILL VALVE

TURNED OFF AIR BLOWER

WAITING 10 MINUTES

LEAVING SAMPLE FLASK
GMS OF GAS ADDED

FILLING SEQUENCE

0.099

START HEATING SEQUENCE

18:04:47
18:09: 16
18:13: 30
18:18:1¢8
18:23:17
18:28: 01
18:33:143

18:38:20

18:43: 30
18:48:14
18:52: 50
18:58: 00
19:02:52
19:07: 29
19:12:42

HEATING RATE = 1(C) PER 60 SEC.S

P (mmhg) T XGAS GMGAS TIME
151.9, 12.7,  &.461E-02, 0.9020,
162.8, 15.0, 6.461E-02, 0.9020,
188.6, 20.0, 6.861E-02, 0.9020,
217.0, 25.0, 6.461E-02, 0.9020,
247.8, 30.1, 6.461E-02, 0.9020,
280.6, 35.0, 6.461E-02, 0.9020,
317.1, 30.1, 6.461E-02, 0.9020,
356.2, 45.0,  6.461E-02, 0.9020,
399.2, 50.0, 6.461E-02, 0.9020,
444.4, 55.0, 6.461E-02, 0.9020,
490.5, 60.1,  6.461E-02, 0.9020,
541.3, 65.0, 6.461E-02, 0.9020,
593. 6, 70.0,  6.461E-02, ©0.9020,
649.3, 75.0, 6.861E-02,  0.9020,
709.1, B80.0, 6.461E-02, 0.9020,
770.9, 85.0, 6.461E-02, 0.%020,

SET HOTFLATE AT CURRENT TEMFERATURE

WAITING FOR S MINUTES

802.4, 86.7, b6.461E-02, Q.9020,
LEAVING HEATING SEQUENCE
START COOLING SEQUENCE
802.1, 86.7, 6.461E-02, 0.9020,
783.5, 84.8, 6.461E-02, 0.9020,
743.0, 80.0, 6.461E-02, 0.9020,
694.5, 74.7, 6. 461E-02, Q.2020,
642.0, 69.6, 6. 461E-02, 0.9020,
590. 6, 64.8, 6.461E-02, 0.9020,
$34.8, 9.9, 6.461E-02, Q.9020,
477.4, 4.9, b6.461E-02, 0.9020,
420.9, 49.9, b6.461E-02, Q.9020,
368.5, 44.8, b6.461E-02, 0.9020,
325.2, 39.9, 6.461E-02, Q. 9020,
282.4, 34.9, 6.461E-02, 0.9020,
247.1, 30.0, 6.461E-02, 0.9020,
214.9, 24.9, b.461E-02, Q,9020,
186.8, 19.9, b6.861E-02, 00,9020,
161.7, 15.0, b6.461E-02, 0.9020,
1S2. 3, 12.9, 6.461E-02, 0.2020,
LEAVING COOLING SEQUENCE

19:17:48

19:26: 43
19:27: 06
19:27: 33
19:28: 03
19:28: 35
19:29:13
19:29:54
19:30: 42
19:31:41
19:32:57
19:34: 35
19:37: 01
19:38: 29

153
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#aepreesrst GAS ADDITION # 10

ELAFSED TIME
PEROMEBEF INAL

=19:38:32

(PS1A)

J34.09

START FILLING SEQUENCE FOR SAMFLE FLASK
AIR BLOWER IS ON

L2 22 2 2 2 2 2 22 2 1

FLASK TEMFERATURE IS COOL ENOUGH TO CONTINUE

FLASK PRESSURE IS LOW ENOUGH TO START FILLING

OFEN FLASK
CURRENTLY FILLING FLASK
NORMAL EXIT FROM FLASK

FILL VALVE

CLOSED FLASK FILL VALVE
TURNED OFF QIR BLOWER

WAITING 10
LEAVING SAMFLE FLASK

HEATING RATE

P (mmhq)
168.0,
181.2,
209.4,
240.6,
275.0,
J11.8,
I52.4
394,14,
441.3,
492.3,
S47.4,
602.2,
660.4,
722.3,
786.0,

MINUTES

= 1)

TC)
12.5,
15.0,
20.0,
25.0,
30.0,
35.0,
40.0,
45.0,
S0.0,
S5.0,
60.0,
65.0,
70.0,
7=.0,
80.

FER 60

WITH GAS
FILLING SEQUENCE

FILLING SERUEMCE
GMS OF GAS ADDED = 0.098
START HEATING SEQUENCE

XBAS
7.116E-02,
7.116E-02,
7.116E-02,
7.116E-02,
7.116E-0Q02,
7.116E-02,
7.116E-02,
7.116E-02,
7. 116E-02,
7.116E-02,
7.116E-02,
7.116E-02,
7.116E-02,
7.116E-02,
7.116E-02,

SEC.S

GMGAS

1.0003,
1.00073,
1.0003F,
1.0003,
1.0003,
1.0003,
1.0003,
1500ﬂ¢?
1.0003,
1.0003,
1.0003,
1.0003,
- 0003,
1.0003,
1.0003,

-

SET HOTPLATE AT CURRENT TEMFERATURE

WAITING FOR S MINUTES

800.7,

80.1,

7.116E-02,

LEAVING HEATING SEQUENCE
START COOLING SEQUENCE

800.2,
796.9,
791.2,
703.4,
b644.5,
587.5,
526.4,
466.5,
410.9,
357.3,
313.8,
272.9,
278. 6,
207.4,
179.6,
169.3,

80.1

79.9,
73.8,
70.0,
64.6,
9.7,
54,7,
49.7,
44.9,
39.7,
35.0,
29.8,
24.9,
19.9,
15.0,
13.0,

7.116E-02,
7.116E-02,
7.116E~-02,
7.116E-02,
7.116E~02,
7. 116E-02,
7.116E-02,
7.116E-02,
7. 116E-02,
7. 116E-02,
7.116E-0Z,
7.116E-02,
7.116E-02,
7.116E-02,
7.116E-02,
7. 116E-02)

LEAVING COOLING SEQUENCE

AEORT RUN

1.0003,

1.0003,
1.00037,
1.0003,
1.0003,
1.0003,
1. 0003,
1.0003,
1.0003%,
1.0003,
1. 0003,
1.0003,
1.0003,
1.0003,
1.0003,
1.0003,
1. 00037

TIME"

19:49: 49
1$:54:22
19:58: 29
20:03:27
20:08:15
20:13:06
20:18:12
20:22:42
20:28:18
20:33:24
20:38:41
20:42:26
20:47:51
20:52: 49
20:57:41

2]
9
«“

o
(2
o

2]
€

21:03:37
21:03:44
21:04:16
21:04:40
21:05:07
21:05: 33
21:06:03
21:06: 35
21:07:10
21:07:54
21:08:41
21:09:42
21:10:54
21:12:32
21:14:59
21:146:27



Appendix B.7

Output Data File (Sample)

"B:RUN28.DAT', ' 08-02-1985"
'"TETRAGLYME',222.28,85.17
'H2S',34.08, .1

003,

004, .

0.4,
0.4,
0.4,
0.5,
0.6,
0.7,
0.7,
0.8,
0.9,
1.2,
1.4,
l.s6,
2.0,
2.2,
2.7,
3.1,
18.5,
21.4,
24.5,
28.1,
32.0,
36.1,
40.6,
45.4,
50.5,
56.1,
62.0,
67.9,
74.4,
8l.3,
88.8,
96.1,
103.s6,
110.5,
37.0,
42.7,
49.1,
56.2,
63.9,
72.1,
8l.1,
90.7,
100.5,
110.6,

15.0,
20.0,
25.0,
30.0,
35.0,
40.0,
45.0,
50.0,
55.1,
60.0,
65.0,
70.0,
75.1,
80.0,
85.0,
90.1,
95.1,
99.0,
15.1,
20.0,
25.1,
30.1,
35.0,
40.0,
45.1,
50.0,
55.0,
60.0,
65.0,
70.0,
75.0,
80.0,
85.1,
90.1,
95.0,
98.8,
15.0,
20.0,
25.0,
30.0,
35.0,
40.1,
45.0,
50.0,
55.1,
60.0,

0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
0.000E+00,
7.685E=-03,
7.685E=-03,
7.685E-03,
7.685E-03,
7.685E~03,
7.685E-03,
7.685E-03,
7.685E-03,
7.685E-03,

7.685E=-03,

7.685E=-03,
7.685E=-03,
7.685E-03,
7.685E-03,
7.685E-03,
7.685E=-03,
7.685E=03,
7.685E-03,
1.511E-02,
1.511E-02,
1.511E~-02,
1.511E-02,
1.511E-02,
1.511E-02,
1.511E-02,
1.511E-02,
1.511E-02,
1.511E-02,

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.1011
0.1011
0.1011
0.1011
0.1011
0.1011
0.1011
0.1011
0.1011
0.1011
0.1011
0.1011
0.1011
0.1011
0.1011
0.1011
0.1011
0.1011
0.2003
0.2003
0.2003
0.2003
0.2003
0.2003
0.2003
0.2003
0.2003
0.2003
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122.8,
134.9,
147.6,
160.4,
174.7,
189.0,

204.3,

219.5,
54.8,
63.4,
72.9,
83.4,
94.6,

107.1,

120.5,

134.2,

149.5,

165.7,

182.7,

200.0,

219.0,

238.4,

259,3,

280.8,

302.7,

330.3,
71.9,
83.4,
96.2,

110.1,

125.1,

141.7,

158.6,

177.3,

197.5,

218.5,

241.1,

265.3,

291.2,

317.5,

347.0,

370.4,

399.4,

429.8,
90.0,

104.3,

120.1,

137.3,

156.3,

176.6,

198.9,

222.4,

247.0,

273.8,

302.1,

65.0,
70.0,
75.0,
80.1,
85.0,
90.0,
95.0,
98.9,
15.0,
20.1,
25.1,
30.0,
35.0,
40.1,
4530,
50.0°
55.0,
60.0,
65.0,
70.0,
75.1,
80.0,
85.0,
90.0,
95.0,

100.0,
15.0,
20.0,
25.1,
30.0,
35.0,
40.0,
45.0,
50.0,
55.0,
60.1,
65.0,
70.0,
75.0,
80.1,
85.0,
90.0,
95.0,
98.9,
15.1,
20.0,
25.0,
30.0,
35.1,
40.0,
45.0,
50.0,
55.0,
60.0,
65.1,

1.511E-02,
1.511E-02,
1.511E-02,
1.511E-02,
1.511E-02,
1.511E-02,
1.511E=-02,
1.511E-02,
2.241E-02,
2.241E=-02,
2.241E=-02,
2.241E-02,
2.241E-02,
2.241E-02,
2.241E-02,
2.241E%02,
2.241E-02,
2.241E-02,
2.241E-02,
2.241E=-02,
2.241E-02,
2.241E=02,
2.241E=02,
2.241E-02,
2.241E-02,
2.241E-02,
2.968E-02,
2.968E=-02,
2.968E-02,
2.968E=-02,
2.968E=-02,
2.968E-02,
2.968E-02,
2.968E-02,
2.968E-02,
2.968E=02,
2.968E=02,
2.968E-02,
2.968E-02,
2.968E-02,
2.968E-02,
2.968E-02,
2.968E-02,
2.968E~02"
3.681E-02,
3.681E-02,
3.681E-02,
3.681E-02,
3.681E=02,
3.681E-02,
3.681E-02,
3.681E-02,
3.681E~02,
3.681E-02,
3.681E-02,

0.2003
0.2003
0.2003
0.2003
0.2003
0.2003
0.2003
0.2003
0.2993
0.2993
0.2993
0.2893
0.2993
0.2993
0.2993
0.2993.
0.2993
0.2993
0.2993
0.2993
0.2993
0.2993
0.2993
0.2993
0.2993
0.2993
0.3994
0.3994
0.3994
0.3994
0.3994
0.3994

- 0.3994

0.3%94
0.3%94
0.3994
0.3994
0.3994
0.3994
0.3994
0.3994
0.3994
0.3994
0.3994
0.4990
0.4990
0.4990
0.4990
0.4990
0.4990
0.4990
0.4990
0.4990
0.4990
0.4990



329.0,
361.4,
393.6,
428.4,
463.6,
499.5,

557.4,

108.7,
125.9,
144.6,
165.6,
187.9,
212.6,
238.9,
267.4,
295.8,
328.9,
362.7,
398.0,
433.2,
472.3,
515.0),
558.1,
601.3,
654.6,
126.5,
146.4,
168.5,
192.6,
218.7,
247.0,
277.8,
310.8,
345.9,
381.6,
420.2,
461.8,
506.1,
552.9,
600.3,
647.8,
700.5,
751.9,
144.6,
167.7,
193.0,
220.7,
250.5,
282.3,
317.7,
353.9,
396.2,
437.3,
482.1,
530.3,

70.0,
75.0,
80.1,
85.1,
90.1,
95.1,
101.3,
15.0,
20.0,
25.0,
30.1,
35.1,
40.1,
45.0,
50.0,
55.0,
60.1,
65.0,
70.0,
75.0,
80.0,
85.1,
90.1,
95.1,
99.6,
15.1,
20.0,
25.0,
30.0,
35.0,
40.0,
45.0,
50.0,
55.0,
60.0,

70.1,
75.0,
80.0,
85.0,
90.1,
95.0,
98.8,
15.0,
20.0,
25.1,
30.0,
35.1,
40.0,
45.0,
50.0,
55.0,
60.0,
65.0,
70.0,

3.681E-02,

3.681E~02, .

3.681E-02,
3.681E-02,
3.681E-02,
3.681E-02,
3.681E-02,
4.398E=02,
4.398E-02,
4.398E-02,
4.398E=-02,
4.398E-02,
4.398E-02,
4.398E-02,
4.398E-02,
4.398E=02,
4.398E-02,
4.398E-02,
4.398E-02,
4.398E-02,
4.398E-02,
4.398E-02,
4.398E-02,
4.398E-02,
4.398E-02,
5.095E=02,
5.095E=02,
5.095E=02,
5.095E-02,
5.095E=02,
5.095E-02,
5.095E=02,
5.095E=02,
5.095E-02,
5.095E-02,
5.095E=02,
5.095E-02,
5.095E-02,
5.095E-02,
5.095E=02,
5.095E-02,
5.095E-02,
5.095E~02,
5.791E-02,
5.791E-02,
5.791E-02,
5.791E-02,
5.791E-02,
5.791E-02,
5.791E-02,
5.791E-02,
5.791E-02,
5.791E-02,
5.791E-02,
5.791E-02,

0.4990
0.4990
0.4990
0.4990
0.4990
0.4990
0.4990
0.6007
0.6007
0.6007
0.6007

0.6007

0.6007
0.6007
0.6007
0.6007
0.6007
0.6007
0.6007
0.6007
0.6007
0.6007
0.6007
0.6007
0.6007
0.7011
0.7011
0.7011
0.7011
0.7011
0.7011
0.7011
0.7011
0.7011
0.7011
0.7011
0.7011
0.7011
0.7011
0.7011
0.7011
0.7011
0.7011
0.8026
0.8026
0.8026
0.8026
0.8026
0.8026
0.8026
0.8026
0.8026
0.8026
0.8026
0.8026
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581.6,
632.7,
687.1,
742.3,

795.0,

162.8,
188.6,

217.0,

247.8,
280.6,
317.1,
356.2,
399.2,
444.4,
490.57
541.3,
593.6,
649.3,
709.1,
770.9,
802.4,
181.2,
209.4,
240.6,
275.0,
311.8,
352.4,
394.1,
441.3,
492.3,
547.1,
602.2,
660.4,
722.3,
786.0,
800.7,

-1.0,

75.0,
80.0,
85.0,

90.0,.

93.5,
15.0,
20.0,
25.0,
30.1,
35.0,
40.1,
45.0,
50.0,
55.0,
60.1,
6540,
70.0,
75.0,
80.0,
85.0,
86.7,
15.0,
20.0,
25.0,
30.0,
35.0,
40.0,
45.0,
50.0,
55.0,
60.0,
65.0,
70.0,
75.0,
80.1,
80.1,

0.0,

5.791E-02,
5.791E-02,
5.791E=02,
5.791E=-02,
5.791E=-02,
6.461E-02,
6.461E=02,
6.461E-02,
6.461E-02,
6.461E-02,
6.461E~02,
6.461E-02,
6.461E-02,
6.461E-02,
6.461E=02,
6.461E=02,
6.461E-02,
6.461E=02,
6.461E-02,
6.461E-02,
6.461E-02,
7.116E-02,
7.116E=-02,
7.116E=-02,
7.116E-02,

7.116E-02,

7-116E~-02,

7.116E-02,

7.116E=-02,
7.116E-02,
7.116E=-02,
7.116E=-02,
7.116E-02,
7.116E-02,
7.116E-02,
7.116E=02,

0.0,

0.8026
0.8026
0.8026
0.8026
0.8026
0.9020
0.9020
0.9020
0.9020
0.9020
0.9020
0.9020
0.9020
0.9020
0.9020
0.9020
0.9020
0.9020
0.9020
0.9020
0.9020
1.0003
1.0003
1.0003
1.0003
1.0003
1.0003
1.0003
1.0003
1.0003
1.0003
1.0003
1.0003
1.0003
1.0003
1.0003
0.0
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C ARRARRRR AR AR ARARERAERARRRARARRRR SRR RS RAERRAERREARIRRARRRRANRRNRSE
C CRUNCH.F77 REGRESSES AND CORRELATES LIGHT GAS SOLUBILITY DATA

C COLLECTED BY CONTROL.BAS TO FIT THE MODIFIED KRICHEVSKY-ILLINSKAYA
C EQUATION. THIS PROGRAM WAS WRITTEM BY STEVEN F. SCIAMANNA.

c RARRRRRREARARRRNAARRNNRARRRNRARRRANANANRARR AN ANRRRANANARRANARRNARRRANR

IMPLICIT REAL*8 (A-H,0-2)

REAL*S M

DIMENSION PKPA(200),TK(200),GMGAS(200),XGAS(200),WGAS(200),
1PVAPSOL (200) , PGAS(200) , FOX(200), XVAR(200) , HENRY (200 , GAMMA(200)

2HANK(50,4)

CHARACTER*20 FILENAME ,DATE,SOLVENT,GAS
INTEGER YES,YALL,YHANK, YREP

C OPEN DATA FILE GENERATED BY CONTROL.BAS

OPEN (1,FILE=*PTXIN.DAT®,ERR=500)
YES=1

C OPTION TO CREATE ALL.DAT OUTPUT DATA FILE WHICH INCLUDES iNTERMEDIATE
C VALUES FOR ALL DATA POINTS. :

WRITE (6,20)
20 FORMAT (' OPEN ALL.DAT? (Y=1) ')

READ (5,*) YALL
IF (YALL.EQ.YES) OPEN (2,FILE=*ALL.DAT',ERR=500)

C OPTION TO CREATE HANK.DAT OUTPUT DATA FILE WHICH INCLUDES HENRY'S LAW
C VALUES AT VARIOUS TEMPERATURES.

WRITE (6,22)
22 FORMAT (' OPEN HANK.DAT? (Y=1) ')
READ (5,*) YHANK
IF (YHANK.EQ.YES) OPEN (3,FILE='HANK.DAT', ERR=500)

C OPTION TO CREATE REPORT.DAT OUTPUT DATA FILE WHICH INCLUDES A SUMMARY

(LLI"HONNED)
wesdoag uoie[aII0) puE uoissaisay vyeq

8'd xipuaddy
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C OF ALL REGRESSED AND CORRELATED QUANTITIES.

WRITE (6,264)
24 FORMAT (' OPEN REPORT.DAT? (Y=1) *)
READ (5,*) YREP
1F (YREP.EQ.YES) OPEN (4,FILE='REPORT.DAT® ERR=500)

C OPTION TO OMIT DATA POINTS WHICH HAVE <= A SPECIFIED MASS OF GAS.

WRITE (6,26)
26 FORMAT(® OMIT DATA WITH <= ? GRAMS OF GAS *)
READ (5,*) GMSOMIT

C READ HEADER INFORMATION FROM DATA FILE

READ (1,%) FILENAME,DATE
READ (1,*) SOLVENT,SOLMW,GMSOL
READ (1,*) GAS,GASMW,GMGASADD

C INITIALIZE ALL SUMS

SUMX=0.00
SUMY=0.D0
SUMXY=0.D0
SUMXX=0.00
SUMYY=0.D0
H=0

C ONLY READ SOLVENT VAPOR PRESSURE DATA FROM DATA FILE.
DO 100 1=1,200
READ (1,*) P,T,XG,GG
IF (GG.GT.0.D0)  GOTO 150
IF (T.LT.50.00) GOTO 100

C OMLY REGRESS SOLVENT VAPOR PRESSURE DATA POINTS ABOVE 50C.
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P=P*0.13332
T=T+273.1500
X=1.000/T
Y=DLOG(P)
XY=X*Y -
XX=X*X
YY=Y*Y
SUMX=SUMX+X
SUMY=SUMY+Y
SUMXY =SUMXY +XY
SUMXX =SUMXX+XX
SUMYY=SUMYY+YY
N=R+1

100 CONTINUE

150 DENOM=N*SUMXX- (SUMX)**2
B=( SUMY*SUMXX - SUMX*SUMXY ) /DENOM
M=(N*SUMXY - SUMX*SUMY ) /DENOM
DENOM=( SUMXX - SUMX**2/N )* (SUMYY - SUMY**2/N)
R2=( SUMXY - SUMX*SUMY /N ) **2/DENOM

SOLB AND SOLM ARE THE Y-INTERCEPT AND SLOPE Of CORRESPONDING TO
CONSTANTS IN AN ANTOINE EQUATION FOR THE SOLVENT VAPOR PRESSURE.

soLB=8
SOLM=M

SOLR2=R2

READ IN ALL THE DATA POINTS. CALCULATE AND STORE INTERMEDIATE VALUES
IN THE VARIOUS ARRAYS.

=1
NOMIT=0

200 CONTINUE

IF (GG.LT.1.200*GMSOMIT) NOMIT=}
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OO o0 o0 o0

PKPA(1)=P*0.1333200
IK(1)=T+273.15

XGAS(1)=XG

GMGAS(1)=GG
PVAPSOL(l)=EXP(SOLM/TK(I)°SOLB)
PGAS(1)=PKPACI)- (1.000-XGAS(1))*PVAPSOL(1)
FOX(I)=PGAS(I)/§§AS(I)
WGAS(1)=GMGAS( 1)/ (GMGAS(1)+GMSOL)
XVARC1)=XGAS(1)*(XGAS(1)-2.000)/TK(1)

1=1+1
READ (1,*) P,T,XG,GG
IF (P.GT.0.00) GOTO 200

NPTS=1-1
NKEEP=NOMIT+1

SORT DATA BY ISOTHERM AND REGRESS LN(F/X) VS. XVAR AT CONSTANT
TEMPERATURE. THE SLOPE 1S A/R AND THE Y-INTERCEPT IS HENRYS
CONSTANT. SAVE TEMPERATURE, A/R, HENRY'S CONSTANT AND CORRELATION
COEFFICIENT IN 'HANK' ARRAY. ‘ )

THE DATA WAS COLLECTED AT 5 C TEMPERATURE INCREMENTS. IN CASE THE
TEMPERATURE INCREMENT IS NOT AN EXACT MULTIPLE OF 5 C, THEN ROUND
OFF THE VALUE TO THE NEAREST MULTIPLE OF 5C. 1IF DATA IS COLLECTED
AT SOME OTHER INCREMENT THEN THE ARGUMENT IN THE MOD STATEMENT
SHOULD BE CHANGED.

TEMP=TK(NKEEP)-273.15D0

MTEMP=INT(TEMP)

TF(MOD(MTEMP,5) .NE.O) THEN
MTEMP=HTEMP+1

ENDIF

TEMP=DBLE (MTEMP)+273. 1500

J=1
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300

c

CONTINUE

INITALIZE ALL SUMS

SUMX=0.D0
SUNY=0.00
SUMXY=0.D0
SUMXX=0.D0
SUMYY=0.D0
N=0

C ONLY REGRESS DATA AT THE SAME TEMPERATURE TO FIT THE KRICHEVSKY-
TLLINSKAYA EQUATION.

c

50

DO 50 I=NKEEP,NPTS

IF (DABS(TK(1)-TEMP).GT.0.200) GOTO 50
X=XVAR(CI)
Y=DLOG(FOX(1))
XX=X*X

XY=X*Y

YY=Y*Y
SUMX=SUMX+X
SUMY=SUMY +Y
SUMXX=SUMXX+XX
SUMKY=SUMXY+XY
SUMY Y =SUMYY+YY
NeN+l
CONTINUE

DENOM=N*SUMXX - (SUMX ) **2

B=( SUMY* SUMXX - SUMX*SUMXY ) /DENOM
M=(N*SUMXY - SUMX*SUMY ) /DENOM

DENOM=( SUMXX - SUMX**2/N)* (SUMYY - SUMY**2/N)
R2=(SUMXY - SUMX*SUMY /N)**2/DENOM
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C STORE TEMPERATURE, A/R, HENRY'S LAW VALUE, AND CORRELATION
COEFFICIENT IN THE HANK ARRAY.

HANK(J, 1)=TEMP
HANK(J, 2)=M
HANK(J,3)=DEXP(B)
HANK(J,4)=R2

REPEAT THE PREVIOUS REGRESSIOM FOR THE NEXT 5C TEMPERATURE INCREMENT
UP T0 A MAXIMUM OF 95C. If THE IMCREMENT OR MAXIMUM TEMPERATURE 1S

DIFFERENT THEN THESE CONSTANTS SHOULD BE CHANGED. JPTS IS THE %UMBER
OF TEMPERATURE POINTS. ’

O 000

TEMP=TEMP+5.D0

J=4+l

1f (TEMP.LE.368.1500) GOTO 300
JPTS=J-1

C INITIALIZE ALL SUMS

SUMX=0.00
SUMY=0.00
SUMXX=0.00
SUMXY=0.00
SUMYY=0.00

C REGRESS LOG HENRY'S LAW VALUE (Y-INTERCEPT FROM BEFORE) VS. 1/T(K)
DO 450 J=1,{?TS

X=1.D0/HANK(J, 1)
Y=DLOG(HANK(J,3))
XX=X*X

XYSX*Y

YY=Y*Y
SUMX=SUMX+X
SUMY=SUMY+Y
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SUMXX=SUMXX+XX
SUMXY =SUMXY+XY
SUMYY=SUMYY+YY

450  CONTINUE

N=IPTS
DENOM=N*SUMXX - SUMX*¥2

B=( SUMY*SUMXX - SUMX*SUMXY ) /DENOM
M=(N*SUMXY - SUMX*SUMY ) /DENOM

DENOM=( SUMXX - SUMX**2/N ) * (SUMYY - SUMY**2/N)
R2=(SUMXY - SUMX*SUMY/N)**2/DENOM

C HM AND HB ARE CONSTANTS FOR [LN (HENRY) = HM/TK + HB].
HM=M
HB=8
HR2=R2

C CALCULATE HENRY'S CONSTANT AND GAMMA®™ (UNSYMMETRICALLY NORMALIZED
C ACTIVITY COEFFICIENT) FOR EACH DATA POINT.

0O 550 1=1,NPTS
HENRY (1)=DEXP(HM/TK(1)+HB)
GAMMA(C1)=FOX(1)/HENRY(1)
550 CONTINUE
C INITIALIZE ALL SUMS

SUMXX=0.D0
SUMXY=0.D0

C REGRESS A/R OVER ALL DATA POINTS TO FIND BEST VALUE OF A/R.
DO 600 I=NKEEP,NPTS
X=XVAR(1)

XX=X*X
XY=X*DLOG(GAMMA(1))
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SUMXX=SUMXX+XX
SUMXY=SUMXY +XY

600 CONTINUE

ARLS=SUMXY /SUMXX

C DETERMINE THE STANDARD DEVIATIOM BETWEEM THE CALCULATED AND
C MEASURED DATA POINTS.

650

SUMERR2=0.D0

DO 650 1=NKEEP,NPTS

ERROR2=( 1.D0-DEXP(ARLS*XVAR(1))/GAMMA(1))**2
SUMERR2=SUMERR2+ERROR2

CONTINUE

STD=SORT(SUMERR2/(NPTS-NOMIT-1))
PSTD=100.D0*STD

C PSTD IS THE PERCENT STANDARD DEVIATION

C SHOULD ALL.DAT BE PRINTED OUT?

400
405
410
412

415

IF (YALL.NE.YES) GOTO 460

WRITE (2,400) FILENAME, DATE
_WRITE (2,405) SOLVENT,SOLMW,GMSOL ,SOLM, SOLB, SOLR2
WRITE (2,410) GAS,GASMW

WRITE (2,412) NPTS,HM,HB,HR2,ARLS,STD

FORMAT (1X,1H',A12,1H', ", ¢, 1H%,A12, 1H")

FORMAT (1X,1H',A12,1H4,5¢*,,E12.5))

FORMAT (1X,1H',A12,1H,0,¢,E12.5)

FORMAT (1X,15,5¢!,*,E12.5))

WRITE (2,415)
FORMAT(1X, TH!,2X, 'P(KPA)*,9X, ' T(K)"',8X, 'GMGAS"' ,BX, "XGAS ', 9X,
1 'WGAS',6X, 'PVAPSOL(KPA)®,3X, 'PGAS(KPA)®,4X, 'F/X (KPA)',5X,
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2 'XVAR',9X, *HENRY',BX, *GAMMA* ', 1H')
DO 700 1=1,NPTS

700 WRITE (2,420) PKPA(I),TK(1),GMGAS(1),XGAS(I),WGAS(1),PVAPSOL(1),
1 PGAS(1),FOX(1),XVAR(1),HENRY(I),GAMMA(I)

A=-1.00
8=0.D0

WRITE (2,420) A,8,8,8,8,8,8,8,8,8,8
420  FORMAT (1X,10(E12.5,°,'),E12.5)

460 CONTINUE
C SHOULD HANK.DAT BE PRINTED QUT?
IF (YHANK.NE.YES) GOTO 475

WRITE (3,425)
425 FORMAT (1X,1H',3X,'T(K)*, 10X, *A/R* 10X, *HENRYS',8X, *R2*,3X, 1H')

00 800 1=1,JPTS
800 WRITE (3,430) (HANK(1,d), J=1,4)

430 FORMAT (1X,3(E12.5,%,'),E12.5)

475 CONTINUE

o SHOQLD REPORT.DAT BE PRINTED OUT?
IF (YREP.NE.YES) GOTO 500
TKHI=0.DO
TKL0O=500.00

PH1=0.D0
PLO=1000.D0
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1000

480

482

495

496

497

498

499

502

WH1=0.D0
WLO=1.D0
XH1=0.D0
XL0=1.00
GAMH1=0.D0
GAMLO=10.00

00 1000 1=1,NPTS
IF (TK(1).GT.TKHI) TKHI=TK(1)

IF (TKC1).LT.TKLO) TKLO=TK(I)

IF (PGASC1).GT.PHI) PHI=PKPA(I)

IF (PGAS(1).LT.PLO) PLO=PKPA(I)

1F (WGAS(1).GT.WHI) WHISWGAS(1)

IF (WGAS(1).LT.WLO) WLO=WGAS(I)

IF (XGAS(1).GT.XHI) XHI=XGAS(1)

IF (XGASC1).LT.XLO) XLO=XGAS(I)

IF (GAMMA(I1).GT.GAMHI) GAMHI=GAMMA(I)
IF (GAMMAC1).LT.GAMLO) GAMLO=GAMMA(1)
CONT INUE

WRITE (4,480)

FORMAT(1X, 15¢H*),* LIGHT GAS SOLUBILITY REPORT !, 15(K*),//)
WRITE (4,482) FILENAME,DATE,SOLVENT,GAS ’
FORMAT (2X,2(A12,5X),2(A12),/)

WRITE (4,495)

FORMAT (35X, 'RANGE®,/,* VARIABLES', 19X, 'LOW!',9X,'HI*,/)
WRITE (4,496) TKLO, TKHI ’
FORMAT(' TEMPERATURE (K)®,13X,F5.1,6X,F5.1)

WRITE (4,497) PLO,PHI

FORMAT(' PARTIAL PRESSURE (KPA) *,4X,F5.2,7X,F6.2)
WRITE (4,498) WLO,WHI

FORMAT(' WEIGHT FRACTION ®,12X,F6.5,5X,F6.5)

WRITE (4,499) XLO,XHI

FORMAT(' MOLE FRACTION *,14X,F6.5,5X,F6.5)

WRITE (4,502) GAMLO,GAMHI

FORMAT(' GAMMA*',21X,F5.3,7X,F5.3,//)

WRITE (4,484).
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484

486

488

490

492

494

504

500

FORMAT(' SOLVENT VAPOR PRESSURE: PVAP(KPA)=DEXP [NS/T(K)+BS) *)
WRITE (4,486) SOLM,SOLB,SOLR2

FORMAT(' MS = ',E12.5,5X,*BS = !,E12.5,5X,'R2 = *,F5.4,/)

WRITE (4,488)

FORMAT(® HENRYS LAW: HENRY(KPA)=DEXP (MH/T(K)+BH] *)

WRITE (4,490) HM,HB,HR2

FORMAT(' MH = ',E12.5,5X,'BH = ',E12.5,5X,'R2 = ,F5.4,/)
WRITE (4,492) ARLS
FORMAT(' TWO-SUFFIX MARGULES CONSTANT: A/R(K) = *,E12.5,/)

WRITE (4,494) PSTD,NPTS

FORMAT(* STANDARD DEVIATION (%) = ',F5.2,5X,'NPTS = 4,13,/)
WRITE (4,504) NOMIT,GMSOMIT

FORMAT(' NUMBER OF DATA POINTS OMITTED =*,13,5X,/,

1,' DATA WITH <= 7,F5.4,' GRAMS OF GAS WERE NOT CONSIDERED'):

CLOSE (1)

IF (YALL.EQ.YES) CLOSE (2)
IF (YHANK.EQ.YES) CLOSE (3)
IF (YREP.EQ.YES) CLOSE (4)
STOP

END
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Appendix C.1

Simulation Flow Diagram

The UCBSRP flowshé"ét simulator described by Neumann (1986) is composed
of many "operation” subroutines that simulate actual unit dperations. These
"operations” are "connected" together to describe an actual process. The process
simulator generates detailed heat and mass balances for all the streams in the
process. The process flow diagram shown in Figure 4-2 was decomposed into the
Simulation Flow Diagram (SFD) outlined in the following section. There are
many more "operations"” aﬁd streams in the detailed SFD than are shown in Figure
4-2. The circled stream numbers shown in the SFD do not correspond to those
shown in Figure 4-2. The "operations” shown in the SFD are numbered in the
order they aré calculated. Some of these "operations" are fictitious and but are
included to improve the stability of the calculation. An example of such an
"operation" is Unit #8, the S0, specification. This specification insures a constant
flow of sulfur dioxide to the rest of the simulation even if the SO, absorber fails
to produce the required amount of SOZ solution. This "operation" has no effect at
convergence of a correctly specified simulation. Alternatively, Unit #23 which
specifies the molar flow of H,S, is nccessary for convergence. This "operation” is
analogous to a H,S controller in an actual process. In Figure 4-2, there are four
points where chemical rcaction occurs; they arc: the primary absorber, sccondary
absorber, primary reactor and recycle rcactor. If the H,S composition or flow is
not fixed at some point in the simulation (or process), the process simulation is

under constrained.
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FIGURE C-1

Simulation Flow Diagram
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FIGURE C-2

Simulation Flow Diagram
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FIGURE

Simulation Flow Diagram
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FIGURE C—4

Simulation Flow Diagram
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FIGURE C-5

Simulation Flow Diagram
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FIGURE C-6

Simulation Flow Diagram
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FIGURE

Simulation Flow Diagram
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Simulation Flow Diagram
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Appendix C.2

Operations & Specifications Summary

The operations and.sbécifications summary was generated by the database
input program for the UCBSRP flowsheet simulation (Neumann, 1986). This
summary contains all information on interconnection of streams and specifications
for the various "operation”. All specification§ are given in SI units. The
specifications in this summary were used to gencrate the STREAMIO.DAT file

used by the UCBSRP flowsheet simulator.
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UNIT= 1.00

TSET ROUTINE
INLET STREAM NUMBER= 1

OUTLET STREAM NUMBER= ' 2
SET TEMPERATURE OF OUTLET= 293.00
UNIT= 2.00

STORAGE UNIT

INLET STREAM NUMBER= 2

OUTLET STREAM NUMBER= 3

OUTLET FLOW OF COMPONENT 1 (KMOLE/S) = 0.0290
OUTLET TEMPERATURE= 293.00

THIS UNIT SETS THE FLOW OF THE DESIRED COMPONENT
AND SCALES THE OUTPUT FLOWS OF THE OTHER COMPONENTS
AT THE SAME COMPOSITION AS THE INLET

UNIT= 3.00
FLOW SPLITTER
INLET STREAM NUMBER= 3
OUTLET STREAM 1 NUMBER= 4
OUTLET STREAM 2 NUMBER= 5
FLOW TO STREAM 1= v 0.0041
UNIT= 4.00

FLOW SPLITTER

INLET STREAM NUMBER=

OUTLET STREAM 1 NUMBER=
OUTLET STREAM 2 NUMBER=
FLOW TO STREAM 1= 0.0150

~Novon
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UNIT= 5.00
FURNACE
INLET SULFUR STREAM NUMBER= 8
INLET RESIDUAL STREAM NUMBER= 9
INLET ATR STREAM NUMBER= 10
FLOW OF SO2 OUT OF FURNACE= 0.00415
OUTLET STREAM NUMBER= 11
OUTLET TEMPERATURE= 423.00

OUTLET  PRESSURE=~ 100.00



UNIT= 6.00

ABSORBER/STRIPPER UNIT

NUMBER OF STAGES= 13

PRESSURE (KPA)= 100.00

VOLUME OF LIQUID ON A TRAY (M3)= 0.00

LIQUID MOLAR DENSITY (KMOL/M3)= 0.00

SECOND ORDER RATE CONSTANT= , 0.00

FEED1 STREAM NUMBER=11 FEED1 STAGE NUMBER= 1

FEED2 STREAM NUMBER= 0 FEED2 STAGE NUMBER= 0

FEED3 STREAM NUMBER= 6 FEED3 STAGE NUMBER=10

FEED4 STREAM NUMBER= 0 FEED4 STAGE NUMBER= 0

FEED5 STREAM NUMBER=12 FEED5 STAGE NUMBER=13

EXIT VAPOR STREAM NUMBER= 13 EXIT LIQUID STREAM NUMBER= 14
REBOILER HEAT INPUT (KJ/S)=  0.00 CONDENSER TEMPERATURE (K)= 0.00
FRACTION OF CONDENSER LIQUID TO SIDE DRAW= 0.000

CONDENSER EXIT LIQUID STREAM NUMBER= 0

FIRST HEATER/INTERCOOLER STAGE= 0 HEAT LOAD (KJ/S)= 0.00
SECOND HEATER/INTERCOOLER STAGE= 0 HEAT LOAD (KJ/S)= 0.00

PROFILE FLAG= 1
(=0 GENERATE NEW INITIAL GUESSES)
(=1 USE PROFILE FROM PREVIOUS CALCULATION)
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UNIT= 7.00
TSET ROUTINE
INLET STREAM NUMBER= ' 14
OUTLET STREAM NUMBER= 15
SET TEMPERATURE OF OUTLET= 308.00.
UNIT= 8.00
MAKEUP UNIT
INLET STREAM NUMBER= 15
OUTLET STREAM NUMBER= 16
OUTLET FLOW OF COMPONENT 4 (KMOLE/S) = 0.00415

THIS UNIT SETS THE OUTLET FLOW OF THE DESIRED COMPONENT
WHILE PASSING THE FLOWS OF THE OTHER COMPONENTS THROUGH
FROM THE INLET TO THE OUTLET

UNIT= 9.00

PUMP
INLET STREAM NUMBER= ' 16
OUTLET STREAM NUMBER= 17
PRESSURE IN OUTLET= . 2200.00
LIQUID MOLAR DENSITY (KMOLE/M3)= 4.56.
UNIT=10.00

SPLITTER
INLET STREAM NUMBER= ' 17
OUTLET STREAM 1 NUMBER= 18
OUTLET STREAM 2 NUMBER= 19

FRACTION OF INLET TO OUTLET STREAM 1= 0.040
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UNIT=11.00

‘ MIXER

INLET STREAM 1 NUMBER= 20
INLET STREAM 2 NUMBER= 32
OUTLET STREAM NUMBER= 21

PRESSURE= ‘ 5000.00

UNIT=12.00

ADIABATIC FLASH
INLET STREAM NUMBER= 21
FLASH PRESSURE= 5000.00
OUTLET LIQUID STREAM NUMBER= 22
OUTLET VAPOR STREAM NUMBER= 23
UNIT=13.00

PARTIAL CONDENSER
INLET STREAM NUMBER= - 23
PRESSURE IN CONDENSER= 5000.00
TEMPERATURE= 283.00
OUTLET LIQUID STREAM NUMBER= 24
OUTLET VAPOR STREAM NUMBER= ' 25
UNIT=14.00

MIXER
INLET STREAM 1 NUMBER= : 22
INLET STREAM 2 NUMBER= 24
QUTLET STREAM NUMBER= 26

PRESSURE= 5000.00



186

UNIT=15.00
ADIABATIC FLASH

INLET STREAM NUMBER= 26
FLASH PRESSURE=: 3000.00
OUTLET LIQUID STREAM NUMBER= 27
OUTLET VAPOR STREAM NUMBER= 28

UNIT=16.00
PARTIAL CONDENSER

INLET STREAM NUMBER= ' 27
PRESSURE IN CONDENSER= 2200.00
TEMPERATURE= 298.00
OUTLET LIQUID STREAM NUMBER= 29
OUTLET VAPOR STREAM NUMBER= 30

UNIT=17%.00"

MIXER
INLET STREAM 1 NUMBER= 29
INLET STREAM 2 NUMBER= 30

OUTLET STREAM NUMBER= 31
PRESSURE= 2200.00

UNIT=18.00
COMPRESSOR
INLET STREAM NUMBER= 28

QUTLET STREAM NUMBER= 32
OUTLET PRESSURE= 5000.00



UNIT=19.00

PUMP
INLET STREAM NUMBER=
OUTLET STREAM NUMBER=-

PRESSURE IN OUTLET=
LIQUID MOLAR DENSITY (KMOLE/M3)=

UNIT=20.00

TSET ROUTINE

INLET STREAM NUMBER=
OUTLET STREAM NUMBER=
SET TEMPERATURE OF OUTLET=

4

33
5000.00
4.56

33
34
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UNIT=21.00

ABSORBER/STRIPPER UNIT

NUMBER OF STAGES=
PRESSURE (KPA)=
VOLUME OF LIQUID ON A TRAY (M3)=

LIQUID MOLAR
SECOND ORDER
FEED1 STREAM
FEED2 STREAM
FEED3 STREAM
FEED4 STREAM
FEED5 STREAM

DENSITY (KMOL/M3)=
RATE CONSTANT=
NUMBER=25

NUMBER= 0
NUMBER=61

NUMBER= 0
NUMBER=34

EXIT VAPOR STREAM NUMBER= 35
REBOILER HEAT INPUT (KJ/S)= 0.00
FRACTION OF CONDENSER LIQUID TO SIDE DRAW=

CONDENSER EXIT LIQUID STREAM NUMBER=

FIRST HEATER/INTERCOOLER STAGE= 0
SECOND HEATER/INTERCOOLER STAGE= 0
PROFILE FLAG= 1

(=0 GENERATE

NEW INITIAL GUESSES)

FEED1
FEED2
FEED3
FEED4
FEED5

EXIT LIQUID STREAM NUMBER= 36

10
5000, 00
0.20
4.56
100,00
STAGE NUMBER= 1
STAGE NUMBER= 0
STAGE NUMBER= 7
STAGE NUMBER= 0
STAGE NUMBER=10

CONDENSER TEMPERATURE (K)=

HEAT LOAD (KJ/S)
HEAT LOAD (KJ/S)

(=1 USE PROFILE FROM PREVIOUS CALCULATION)

0.000
0

0.00

i aene

88T

arm



UNIT=22.00
REACTOR

INLET STREAM 1 NUMBER=
INLET STREAM 2 NUMBER=
OUTLET STREAM NUMBER=
PRESSURE=

HEAT REMOVED (KJ/S) =
FRACTION CONVERSION=

SECOND ORDER RATE CONSTANT=

UNIT=23.00
MAKEUP UNIT
INLET STREAM NUMBER="

OUTLET STREAM NUMBER=
OUTLET FLOW OF COMPONENT 3

THIS UNIT SETS THE OUTLET FLOW

36
87
37
5000.00
0.00
0.99999
100.00
37
38
(KMOLE/S) =

OF THE DESIRED COMPONENT

WHILE PASSING THE FLOWS OF THE OTHER COMPONENTS THROUGH

FROM THE INLET TO THE OUTLET

UNIT=24.00

ADIABATIC FLASH

INLET STREAM NUMBER=

FLASH PRESSURE=

OUTLET LIQUID STREAM NUMBER=
OUTLET VAPOR STREAM NUMBER=

UNIT=25.00
MIXER

INLET STREAM 1 NUMBER=
INLET STREAM 2 NUMBER=
OUTLET STREAM NUMBER=
PRESSURE=

38
2200.00

40

39

40
71

- 41

120.00

189

0.00042
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UNIT=26.00
PARTIAL CONDENSER

INLET STREAM NUMBER=
PRESSURE IN CONDENSER=
TEMPERATURE=

OUTLET LIQUID STREAM NUMBER=
OUTLET VAPOR STREAM NUMBER=.

UNIT=27.00
| SULFUR SETTLER

INLET STREAM NUMBER=

OUTLET SULFUR STREAM NUMBER=
OUTLET SOLVENT STREAM NUMBER=
WT% SULFUR IN SULFUR STREAM=

PRESSURE=
UNIT=28.00
MIXER

INLET STREAM 1 NUMBER= 46

INLET STREAM 2 NUMBER= 55
OUTLET STREAM NUMBER= 47
PRESSURE= 100.00
UNIT=29.00

SULFUR CENTRIFUGE

INLET STREAM NUMBER=

INLET WASH STREAM NUMBER=

OUTLET SULFUR SLURRY STREAM NUMBER=
OUTLET LIQUID STREAM NUMBER=

PRESSURE=

WT% SULFUR TO SLURRY IN FIRST SEPARATION=
WT% SULFUR TO SLURRY IN EXIT=

41
120.00
283.00

43

42

43
45
44
50.00
120.00

45
47
49
48
100.00
100.00
33.00



191

UNIT=30.00

PUMP
INLET STREAM NUMBER= 49
OUTLET STREAM NUMBER= 50
PRESSURE IN OUTLET= 200.00
LIQUID MOLAR DENSITY (KMOLE/M3)= 4.56

UNIT=31.00

HEAT EXCHANGER
INLET STREAM 1 (HOT) NUMBER= 52
INLET STREAM 2 (COLD) NUMBER= 50
OUTLET STREAM 1 NUMBER= 54
OUTLET STREAM 2 NUMBER= 51
UA (KJ/S-K) = 14.00
UNIT=32.00

MELTER/DECANTER
INLET STREAM NUMBER= 51
OUTLET NON-SULFUR STREAM NUMBER= 52
OUTLET SULFUR STREAM NUMBER= 53
TEMPERATURE= 393.00
PRESSURE= 200.00
UNIT=33.00

TSET ROUTINE
INLET STREAM NUMBER= 54
OUTLET STREAM NUMBER= 55

SET TEMPERATURE OF OUTLET= 308.00
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UNIT=34.00

PUMP

INLET STREAM NUMBER=

OUTLET STREAM NUMBER=

PRESSURE IN OUTLET=

LIQUID MOLAR DENSITY (KMOLE/M3)=

UNIT=35.00.

FLOW SPLITTER:

INLET STREAM NUMBER=
OUTLET STREAM 1 NUMBER=
OUTLET STREAM 2 NUMBER=
FLOW TO STREAM 1=

UNIT=36.00
MIXER

INLET STREAM 1 NUMBER=-
INLET STREAM 2 NUMBER=
OUTLET STREAM NUMBER=
PRESSURE=

UNIT=37.00
REACTOR

INLET STREAM 1 NUMBER=
INLET STREAM 2 NUMBER=
OUTLET STREAM NUMBER=
PRESSURE=

HEAT REMOVED (KJ/S) =
FRACTION CONVERSION=
SECOND ORDER RATE CONSTANT=

48
56

120.00
4.56 '

44
57
58
0.1800

56

58

59
120.00

57
18
60
120.00
0.00
0.99990
100.00



UNIT=38.00
PUMP

INLET STREAM NUMBER=

OUTLET STREAM NUMBER=

PRESSURE IN OUTLET=

LIQUID MOLAR DENSITY (KMOLE/M3)=

UNIT=39.00
HEAT EXCHANGER

INLET STREAM 1 (HOT) NUMBER=
INLET STREAM 2 (COLD) NUMBER=
OUTLET STREAM 1 NUMBER=
OUTLET STREAM 2 NUMBER=

UA (KJ/S=-K) =

UNIT=40.00
TSET ROUTINE
INLET STREAM NUMBER=

OUTLET STREAM NUMBER=
SET TEMPERATURE OF OUTLET=

60

61
5000.00
4.56

65
59

62
80.00

62
63
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UNIT=41.00

DISTILLATION UNIT
NUMBER OF STAGES= 10 PRESSURE (KPA)= 120.00
FEED1 STREAM NUMBER= 0 FEED1 STAGE NUMBER= 0
FEED2 STREAM NUMBER= 0 FEED2 STAGE NUMBER= 0
FEED3 STREAM NUMBER=63 FEED3 STAGE NUMBER= 5
FEED4 STREAM NUMBER= 0 FEED4 STAGE NUMBER= 0
FEED5 STREAM NUMBER=64 FEED5 STAGE NUMBER=10
EXIT VAPOR STREAM NUMBER= 67 EXIT LIQUID STREAM NUMBER= 65
FIRST HEATER/INTERCOOLER STAGE= 0 HEAT LOAD (KJ/S)= =~  0.00
SECOND HEATER/INTERCOOLER STAGE= 0 HEAT LOAD (KJ/S)= 0.00
BOTTOM SPEC= 1 IBOT= 2 SPECBOT= 0.1100
TOP SPEC= 2 ITOP= 2 SPECTOP=  308.0000

FRACT TO SIDEDRAW STRM # 66 = 0.650

BOTTOM SPEC=: TOP SPEC=:
1=SET MOLE FRACT OF COMP. IBOT 1=NO TOP SPECIFICATION
2=SET REBOILER HEAT DUTY 2=SET CONDENSER TEMPERATURE
3=SET RECOVERY FRACT OF COMP. IBOT 3=SET RECOVERY FRACT OF COMP. ITOP

SPECBOT (TOP) = VALUES FOR SET PARAMETER (HEAT, TEMP., ETC.)

PROFILE FLAG= 1
(=0 GENERATE NEW INITIAL GUESSES)
(=1 USE PROFILE FROM PREVIOUS CALCULATION)

%61



UNIT=42.00

DISTILLATION UNIT
NUMBER OF STAGES= 5
FEED1 STREAM NUMBER= 0
FEED2 STREAM NUMBER= 0
FEED3 STREAM NUMBER= 0
FEED4 STREAM NUMBER= 0
FEED5 STREAM NUMBER=66
EXIT VAPOR STREAM NUMBER= 64
FIRST HEATER/INTERCOOLER STAGE= 0
SECOND HEATER/INTERCOOLER STAGE= 0

BOTTOM SPEC= 3 IBOT= 2

TOP SPEC= 1l ITOP= O
FRACT TO SIDEDRAW STRM # 0 = 0.000

BOTTOM SPEC=:
1=SET MOLE FRACT OF COMP. IBOT
2=SET REBOILER HEAT DUTY

3=SET RECOVERY FRACT OF COMP. IBOT

PRESSURE (KPA)= 120.00

FEED1 STAGE NUMBER= 0

FEED2 STAGE NUMBER= 0

FEED3 STAGE NUMBER= 0

FEED4 STAGE NUMBER= 0

FEED5 STAGE NUMBER= 5

EXIT LIQUID STREAM NUMBER= 68

HEAT LOAD (KJ/S)= "0.00

HEAT LOAD (KJ/S)= 0.00
SPECBOT= 0.9900
SPECTOP= 0.0000

TOP SPEC=:
1=NO TOP SPECIFICATION

2=SET CONDENSER TEMPERATURE
3=SET RECOVERY FRACT OF COMP. ITOP

SPECBOT (TOP) = VALUES FOR SET PARAMETER (HEAT, TEMP., ETC.)

PROFILE FLAG= 1
(=0 GENERATE NEW INITIAL GUESSES)

(=1 USE PROFILE FROM PREVIOUS CALCULATION)

661
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UNIT=43.00

MIXER
INLET: STREAM 1 NUMBER=
INLET STREAM 2 NUMBER=

OUTLET STREAM NUMBER=
PRESSURE=~

UNIT=44.00
COMPRESSOR
INLET STREAM NUMBER=

OUTLET STREAM NUMBER=
OUTLET PRESSURE=

UNIT=45.00"

PARTIAL CONDENSER

INLET STREAM NUMBER=
PRESSURE IN CONDENSER=
TEMPERATURE=

OUTLET LIQUID STREAM NUMBER=
OUTLET VAPOR STREAM NUMBER=

UNIT=46.00
COMPRESSOR
INLET STREAM NUMBER=

OUTLET STREAM NUMBER=
OUTLET PRESSURE=

42

67

69
120.00

69
70
650.00

70
650.00
293.00

71

72

72
73
2200.00



UNIT=47.00

MIXER
INLET STREAM 1 NUMBER= 39
INLET STREAM 2 NUMBER= | 73
OUTLET STREAM NUMBER= 74
PRESSURE= 2200.00
UNIT=48.00

MIXER
INLET STREAM 1 NUMBER= 31
INLET STREAM 2 NUMBER= 74
OUTLET STREAM NUMBER= 75 :
PRESSURE= 2200.00
UNIT=45.00

HEAT EXCHANGER
INLET STREAM 1 (HOT) NUMBER= 79
INLET STREAM 2 (COLD) NUMBER= 75
OUTLET STREAM 1 NUMBER= 80
OUTLET STREAM 2 NUMBER= 76
UA (KJ/S=-K) = 55.00
UNIT=50.00

TSET ROUTINE
INLET STREAM NUMBER= 76
OUTLET STREAM NUMBER= 77

SET TEMPERATURE OF OUTLET=
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UNIT=51.00

NUMBER OF STAGES= 20
FEED1 STREAM NUMBER= 0

FEED2 STREAM NUMBER= 0

FEED3 STREAM NUMBER=77

FEED4 STREAM NUMBER= 0

FEED5 STREAM NUMBER= 0

EXIT VAPOR STREAM NUMBER= 78
FIRST HEATER/INTERCOOLER STAGE= O
SECOND HEATER/INTERCOOLER STAGE= 0

BOTTOM SPEC= 3 IBOT=
TOP SPEC= 3 ITOP=
FRACT

BOTTOM SPEC=:

1=SET MOLE FRACT OF COMP. IBOT
2=SET REBOILER HEAT DUTY

3=SET RECOVERY FRACT OF COMP. IBOT

DISTILLATION UNIT

PRESSURE (KPA)= 2200.00
FEED1 STAGE NUMBER= 0

FEED2 STAGE NUMBER= 0

FEED3 STAGE NUMBER=10

FEED4 STAGE NUMBER= 0

FEED5 STAGE NUMBER= 0

EXIT LIQUID STREAM NUMBER= 79

HEAT LOAD (KJ/S)=" "' 0.00
HEAT LOAD (KJ/S)= 0.00
13 SPECBOT= 0.9800
12 SPECTOP= 0.9900
TO SIDEDRAW STRM # 0 = 0.000
TOP SPEC=:

1=NO TOP SPECIFICATION
2=SET CONDENSER TEMPERATURE
3=SET RECOVERY FRACT OF COMP. ITOP

SPECBOT (TOP) = VALUES FOR SET PARAMETER (HEAT, TEMP., ETC.)

PROFILE FLAG= 1
(=0 GENERATE NEW INITIAL GUESSES)

(=1 USE PROFILE FROM PREVIOUS CALCULATION)

861



UNIT=52.00
PUMP

INLET STREAM NUMBER=

OUTLET STREAM NUMBER=

PRESSURE IN OUTLET=

LIQUID MOLAR DENSITY (KMOLE/M3)=

UNIT=53.00
SPLITTER

INLET STREAM NUMBER=

OUTLET STREAM 1 NUMBER=

OUTLET STREAM 2 NUMBER= _
FRACTION OF INLET TO OUTLET STREAM

7

81
2200.00
4.56

19
82
85

0.490
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UNIT=54.00

ABSORBER/STRIPPER

NUMBER OF STAGES=
PRESSURE (KPA)=

VOLUME OF LIQ
LIQUID MOLAR
SECOND ORDER
FEED1 STREAM
FEED2 STREAM
FEED3 STREAM
FEED4 STREAM
FEED5 STREAM

UID ON A TRAY (M3)=
DENSITY (KMOL/M3)=
RATE CONSTANT=
NUMBER=78

NUMBER= 0

NUMBER=82

NUMBER=81

NUMBER= 0

EXIT VAPOR STREAM NUMBER= 83
REBOILER HEAT INPUT (KJ/S)= 0.00
FRACTION OF CONDENSER LIQUID TO SIDE DRAW= 0.000

CONDENSER EXI
FIRST HEATER/

T LIQUID STREAM NUMBER=
INTERCOOLER STAGE= O

SECOND HEATER/INTERCOOLER STAGE= 0

PROFILE FLAG=
(=0 GENERATE

1
NEW INITIAL GUESSES)

UNIT

15
2200.00
0.06
4.56
100.00
FEED1 STAGE NUMBER=
FEED2 STAGE NUMBER=
FEED3 STAGE NUMBER= 5
FEED4 STAGE NUMBER=13
FEED5 STAGE NUMBER= 0

0o

EXIT LIQUID STREAM NUMBER= 84

CONDENSER TEMPERATURE (K)=

0

HEAT LOAD (KJ/S)=

HEAT LOAD (KJ/S)=

(=1 USE PROFILE FROM PREVIOUS CALCULATION)

~

308.00

00¢



UNIT=55.00

REACTOR

INLET STREAM 1 NUMBER= "
INLET STREAM 2 NUMBER=
OUTLET STREAM NUMBER=
PRESSURE=

HEAT REMOVED (KJ/S) =-
FRACTION CONVERSION=

SECOND ORDER RATE CONSTANT=

UNIT=56.00
PUMP

INLET STREAM NUMBER=

OUTLET STREAM NUMBER=

PRESSURE IN OUTLET=

LIQUID MOLAR DENSITY (KMOLE/M3)=

201

84
85
86
2200.00
0.00
0.99990
100.00

86-

87
5000.00
4.56
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Appendix C.3

Detailed-Stream>Data

The detailed stream data for the converged simulation are given here. The
stream numbers correspond to those in the simulation flow diagram shown in

Appendix C.1. The units used in this output are given below.

Composition mole-fraction
Flow kmole/sec
Temperature Kelvin
Pressure kPa

Enthalpy kJ/kmole



SoLV

1 .8823E+00

.8823E+00
.8823E+00
.8823€+00
.8823E+00
.8823E+00
.8823E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000€+00
J1266€-08

.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000£+00
.0000€+00
,0000€E+00
.0000€E+00
.0000E+00
.0000€+00
.8823E+00
.8823E+00
.6515E-05
4981E+00
.4810€+00
L4B811E+00
. 1407E- 04
.5077€+00
.5052€+00
.1370€-03
6317E+00
6661E+00
. 1136€+00

H20
.1100€+00
.1100E+00
.1100E+00
. 1100E+00
.1100E+00
.1100€+00
. 1100€+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.1000€+01
A379€-01
.9240E-01
.9240E-01
.9240€-01
.9240E-01
.9240E-01
9240E-01
.6000E-03
.5871€-03
JAT74BE-02
AST7E-05
. 7282€-04
AGT4E-07
.3302€-02
.3760E-02
.2306E-05
L4118€-02
.5280€E-05
.3760E-02
.2306€-05
.1100E+00
.1100E+00
924TE-04
. 1996E+00
.1963€+00
. 1963€+00
.6562E-03
.2071€+00
.2076E+00
6679E-02
.2579€+00
.2720E+00
4639€-01

H2s
4969E-07
.49BIE-07
.4981E-07
.4981E-07
.4981E-07
.4981E-07
.4981E-07
.0000E+00
.0000E+00
.0000E +00
.0000E +00
.0000E+00
.0000E+00
.0000E +00
.G00OE+00
.0000E +00
.0000E+00
.0000E+00
.0000E +00
.6000E - 02
.6033€-02
LT6E-01
.5231€-02
1824E-01
.4361E-02
A376€-01
L 1463€-01
.T520€-02
. 14B5E - 01
.1234€-01
L1463E-01
.TS20€-02
.4981E-07
.49B1E-07
.3700€-07
.1985E-01
.1389€-02
A3S7E-02
.3069€-03
415602
1415€-02
.2894E-02
.1045E-02
L1101E-02
.1879€-03

$02

.3880E-
.3888€-
.3888€-
.3888¢-
.3888€-
.3888€-
.3888E-

08
08
08
08
08
08
08

.0000E+00
.0000E+00
.0000€+00
.2100€+00
.0000E+00

34126

06

.2152E+00
.2152E+00
.2152E+00
.2152E+00
.2152E+00
.2152E+00
.0000€+00
.0000€E+00
.0000E+00
.0000E +00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.0000£+00
.0000E+00
.0000E+00

.3888E-
.3688E -
.8011E-

.6703€
.7290€
L T290€

S T2S4E-

. T690E
LT72TE
T6L1E

J94TRE-
.9988E -
.1704E-

08
08
24
07
07
07
09
(114
07
08
07
07
07

SULD
.T700E-02
TT04E-02
.T704E-02
.TT04E-02
LTT04E-02
LTT04E-02
TT04E-02
-0000E+00
.000CE+00
.000CE+00
.0000E +00
.0000E+00
.0000E+00
.5993€-02
.5993€-02
.5993¢-02
.$993€-02
5993602
.5993€-02
.0000E +00
.000CE+00
.0000E+00
.0000E +00
.0000E +00
.0000E +00
.0000E+00
.0000E +00
.0000E +00
.0000E +00
.0000E+00
.0000E+C0
.0000E+00
LTT04€-02
JTT04E-02
.0000E+00
.S175E-02
-1095€-01
.1095€-01
.0000E+00
. 155E-01
1149801
-0000E+00
1438601
.S817E-02
.9921€-03

02
. 1684E- 08
.1689€-08
.1689€-08
.1689€-08
.1689€-08
.1689€-08
.1689€-08
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000€+00
.0000€+00
.0000€E+00
.0000E+00
.0000E+00
.3500€-01
.3498E-01
.6032€-02
.3903€-04
.1548E-01
.4061E-01
.8954€-02
.5476€-02
.3403€-01
L2947€-02
.3196€-01
5476€-02
.3403€-01
. 1689€-08
.1689€-08
.2846E-01
.7341€-01
.6640€-01
L6641E-01
.9589€-01
L6477E-01
L6449E-01
.2729€+00
.1226€-01
.1292E-01
.2204€-02

N2
.0000E+00
.0000E +00
.0C00E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
. T900E+00
. T900E+00
.0000E+00
.9B62E+00
.1392€-03
.1392€-03
.1392€-03
.1392€-03
.1392€-03
.1392€-03
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.00C0E+00
.0000E+C0
.0000€+00
.0000E+00
.0000€+00
.0000€+00
.0000E+C0
.0000E+00
.0000E+00
.0000E+00
.0000E+00
9TTSE-07
.0000E+00
.4252€-05
4253€-05
JTLV4E-04
.3824E-06
.3806E-06
.1897E-05
5648E-09
.S956E-09
.1016€-09

c
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.00C0E+00
+0000E+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00
.G000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000£+00
.0000E +00
.0000€+00
.700CE+00
7004€+00
.1573€+00
.TT64E+00
2181E+00
.B138E+00
JA761E+00
. 1009€+00
.7185€£+00
.S517€-0%
-ST91E+00
. 1009€+00
.T185€+00
.G000E+00
.0000E+00
.8489E+00
.5401€-01
.4403E-01
.4403E-01
.ST98E+00
.1436€-01
1430€-01
.7093E-01
.1085€-03
1144E-03
A951E-04

€2
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E +00
.0000E+00
.G000E+00
.0000E+00
.0000E +00
.0000E+00
.GO00E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.000CE+00
.9640E - 01
.9727€-01
1073€+00
.§5B7E - 01
1657E+00
.9120€-01
1254€+00
.1238€+00
.1367E400
1165E+00
.1997E400
.12386+00
.1367€+00
.0000E+00
-000CE+00
.BB4SE-01
.3655€-01
.3205€-01
.3205€-01
.1708€+00
.2437E-01
.2435€-01
1166€+00
.1239€-02
.1306€-02
.2228€-03

c3
1T9SE-07
. 1800€-07
. 1800€-07
. 1800€-07
.1800€-07
- 1800E-07
. 18008 -07
.0000E+00
. 0000€ +00
.0000£+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E +00
.0000E+00
.0000E+00
.0000E +00
.0000E+00
.8400€-01
.8394E-01
J24T6E+00
.6102€-01
-3266E+00
4327€-01
.2720E+00
.2985E+00
B115€-01
+3139€+00
. 1369€+00
+2985E+00
.B115€-01
.1800€-07
. 1800€-07
3112€-01
.8370€-01
.1103E+00
.1103E+00
+1398E+00
.1087€+00
. 1099E+00
&495E+00
. 2482€-01
.2618E-01
4465E-02

Cé4
- VA96E - 06
.1501€-06
.1501E-06
1501E-06
+1501E-06

.1501£-06

+1501€-06
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.G000E+00
.0000E+00
.0000€E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
45S00E-01
441E-0Y
.2388E+00
1720€-01
.1821E+00
B171E-02
.2213€+00
.2495E+00
A772E-00
.2703E+00
.3179€-01
+2495E+00
A772E-01
.1501E-06
.1501€E-06
W2559€-02
.2718€-01
.2307€-01
.2308E-01
11356-01
2373E-01
.2477€-0%
.7318€-01
. 1264€-01
.1333E-0%
.2274E-02

S5+
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.G000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.3300E-01
.3238€E-01
. 2259E+00
.5287€-02
.7379€-01
J7073E-03
. 1788E+00
.2031E+00
4&162E-02
2217E+00
.TT75E-02
.2031E+00
4162€-02
.0000E+00
.0000£+00
.3873£-03
.2633E-02
.1958E-02
.1958E-02
I434E-02
.1987€-02
.2318€-02
JT181E-02
.1099E-02
1159€-02
A977E-03

SuLP
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00
.0000E+00
. 1000E+01
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000€E+00
.0000E+00
.0000E+00
.0000€E+00
.0000£+00
.0000€+00
.0000E +00
.0000€E+00
.0000E+00
.0000E+00
.0000£+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000€E+00
.0000E+30
.0000E+00
.0000E+00
.0000£+00
.3253€-01
.3254E-01
.0000E +00
.3434€-01
.3416€-01
.0000E+00
4273E-01
.0000E+Q0
.B294E+00

02
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
-0000€+00
.2100E+00
.0000E+00
.0000£+00
.0000€+00
.0000£+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000€E+00
.0000E+00
.0000€+00
.0000E+00
.0000E +00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.C000E+00
.0000E+00
.0000€+00
.0000E+00
.0000£+00
.0C00E+00
.0000E+00
.0C00E +00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000£+00
.0000€+00
.0000€+00
.0000€E+00

FLOM
.3286E-01
.3282E-01
.3287€-01
.4100€E-02
.2877E-01
.1500€-01
.4377€-01
.4150E-02
.0000E+00
A976€-01
1976E-01
.3500€-03
.1583€-01
.1928€-01
.1928E-01
-1928E-01
. 1928€-01
JTT14E-03
1851E-01
. 1385€+01
JA416E401
A739E400
12426401
LT781E-01
L 1164E+01
.2517E+00
.2210E+00
.3065E-01
.2017€+00
.1927E-01
.2210E+00
.3065€-01
.4100€-02
.4100€-02
.1100E+01
.2490E+00
.3095€+00
.3095E+00
. 1624E- 01
.2933E+00
L294TE+00
+5906E-01
L2357E+00
.2210E+00
N4L66E-01

TEMP
.2926E+03
+2930E+03
.2930E+03
.2930E+03
.2930E+03
.2930E+03
.2930E+03
.39306+03
.0000E+00
+2980E+03
.4230€+03
.3080E+03
.2851E+03
.3350£+03
.3080E+03
.3080E+03
.3080£+03
.3080€+03
.3080€+03
.3080€+03
.3080£+03
.3080£+03
.3080E+03
.2830£+03
.2830£+03
+3007E+03
.2912E+03
.29126+03
.2980E+03
.2980E+03
.2980E+03
2954E+03
.2930€+03
.2830€+03
. 2944E+03
.2896E+03
.3015E+03
.30156+03
.2990E+03
+2990E+03
.2887E+03
.2830E+03
.2830E+03
.2830€+03
.2830£+03

PRES ENTH
. 1200E+03 -.319023677€+05
.1200E+03 - .317586968E+05
.1200E+03 - ,317586968E+05
.1200£+403 - .317586968E+05
- 12006403 - .317586968E+05
-1200E+03 -.317586948E+05
.1200E+03 - .317586968E+05
.0000E+00 0.227979945E6+04
,0000E+00 0.000000000E+00
.1000E+03 0.870142382E+04
+1000€+03 .- .486227741E+05
. 1000€+03" - ,272082220E+06
.1000€+03 0.500153242E+04
.1000€+03 -.835722553£+05
«1000£+03 - .913293911E+05
.1000E+03 - .913294545E+05
.2200E+04 - .913294545E+05
.2200E+04 - .913294545E+405
.2200E+04 - .913294545E+05
.5000E+04 - .806028606E+05
.5000E+04 - .805046736E+05
.5000E+04 -.107110013E+06
.5000E+04 - .767674934E+05
.5000E+04 -.102831854E+06
.5000€E+04 -.778834184E+05
.5000E+04 -.105787271E+06
.3000E+04 -.109776957€+06
.3000€+04 -.770085618E+05
+2200E+04 -.110528823E+06
+2200€+04 - .776092489E+05
+2200E+04 - .107658609€+06
.5000€+04 - .760666407E+05
.S000E+04 - .317586968E+05
.S000E+04 -.353035564E+05
.5000E+04 -.734372830E+05
.5000€+04 -,103864890E+06
.SO00E+04 -.977406910E+05
+5000E+04 - ,977327097E+05
.2200E+04 - .976962965E+05
.2200E+04 -.977348253E+05
. 1200E+03 - .980574646E+05
. 12006403 -, 1647746186406
.1200E+403 - .830962041E+05
+1200E403 -.876256497E+05
.1200E+03 -.147359307E+05
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. 0000€+00
.9692£-05
4279400
J7877E-05
.T877€-05
. T87TE-05
. 1006€ - 04
.0000€+00
.1008€-04
.1008E- 04
42798400
JOG61E+00
6661E+00
.6455E+00
.6655€+00
66556400
.6L55E+00
LO455E+00
&406E-08
.8823€+00
.2498€-06
.2009€-09
.2524E-06
.1313€-03
.1313€-03
.S5460€-02
.3743€-06
3743E-06
.3287€-05
JBLL2E-06
.BAG2E- 06
JB4L2E-06
.0000€+00
.2372€-05
.2372€-05
.8823£+00
.6863€+00
. 1660E- 04
.3957€+00
.6863£+00
.4440E+00
A4LOE+00

. 1000E+01
. 1000£+01
.5323€400
.7830€+00
.7830€+00
. 7830E+00
. 1000£+01
.0000£+00
.1000£+01
.1000€+01
.5323€000
.2720€E+00
.2T20E+00
.2945€+00
.2720€E+00
.2720E+00
+2945E+00
+2945E400
L9819E+00
.1100E+00
.9998€+00
.4628E-01
. 1000£+01
.8324E-02
.8324E-02
.3057€+00
.1015€-02
.1015€-02
.9383E-03
.3035€-02
.3035€-02
.3035€-02
.0000E+00
.8530E-02
.8530E-02
. 1100€+00
-9240E-01
.9126€-03
. 1196E+00
.9240E-01
- 1166E+00
.1166E+00

.0000E +00
AS71E-07
.7076€-03
.1278€-07
.1278€-07
.1278€-07
.1632€-07
.0000E +00
1633607
.1633£-07
.T076€-03
-1101E-02
1101E-02
-1067E-02
~1096€-06
.1096€-06
1067€-02
-1067E-02
.3367€-02
-4964€-07
.3429€-04
.1872€-01
-0000E +00
.3551€-02
.3551€-02
-1410E-02
~3604E-02
.3604E-02
.2903€-02
-1162€-01
-1162€-01
1162601
-1804E-01
-1596E - 05
1598 - 05
.49B1E-07
-0000E 00
.5286 - 08
.21626-02
-0000 +00
A793E-06
.A793E-06

.0000E+00
3788 1Y
Lb416E-07
i1226- 11
.1122€- 11
1226 14
L1433E- 10
.0000E+00
L1434€-11
J1434E- 11
J6416E-07
.9988E-07
.9988E-07
.9678E-07
.3696E-03
.3696E-03
.9678E-07
.9678€-07
»3543€-05
.3879¢-08
.3608€-07
. 1648E- 05
.0000E+00
.7579€-07
JIST9E-07
J1512E-06
T394E-07
.T394E-07
.5837E-07
LA499E-07
L1499€-07
. 1499€-07
.1381€-07
L3715€-07
JAT15€-07
.3886€-08
.21526+00
&TTSE-07
.5918E-02

.2152€+00

J4031E-01
.4031E-01

.0000E+00
.8282€-07
.3736E-02
.6T36E-07
.6T36E-07
L6T36E-07
.8603€-07
.0000E+00
.8614E-07
.B414E-07
.3736€-02
.5817€-02
.5817E-02
.5636E-02
.5839€-02
.5839€-02
.5636€-02
.5636€-02
.0000€+00
TT04E-02
.0000E+00
.0000E+00
.0000E +00
.0000E +00
.0000€+00
.0000€+00
.0000E +00
.0000E+00
.0000E+00
~0000E +00
.0000E+00
.0000€+00
.0000E +00
.0000€+00
.0000€ +00
JT704€-02
.5993£-02
.0000E+00
.1118£+00
.5993€-02
.3906€-01
.3906€ -01

.0000€+00
1851€-06
.8302€-02
.1505€-06
.1505€-06
.1505€-06
.1922€-06
.0000€ +00
. 1924E-06
1924E- 06
.8302€-02
.1292€-01
.1292¢-01
.1252¢€-01
.1285€- 01
.1285€-01
.12526-01
.1252e-01
. 1298€-01
.1683€-08
.1322€-03
.2197€+00
.0000E+00
.2707E+00
.2707E+00
.8780€-02
27726400
.2T72E+00
.2386€+00
.6536€E-01
L8536€-01
.6536€-01
. 1015€+00
.0000€+00
.0000E+00
.1689€-08
.0000E+00
.1002E+00
,4B890E-01
.0000E+00
.4056€-01
.4056€-01

.0000E+00
L8227 14
.3826€-09
JO699E - 16
b699E- 16
6699E- 14
.B555€- 14
.0000€400
.8597E- 14
.8597€-14
.3826€-09
+5956€-09
5956€-09
STTIE-09
S5961E-06
9941E-06
STT1E-09
STTIE-09
.0000E+00
+0000€+00
.0000E +00
.0000E+00
.0000€+00
.1818€-05
.1818€E-05
.2393€-07
. 1862€-05
. 1B62€E-05
JAT23€-04
4425€-05
4425€-05
L425€-05
.6873€-05
.0000€+00
.0000€ +00
.0000€+00
.1392€-03
. 1505€-04
.3196€-07
.1392€-03
.2352€-04
.2352€-04

.0000€+00

1642€-
- T349E-
.1335€-
.1335€-
.1335€-
. 1705€-

08
04
08
08
08
08

.0000E+00

I707€-
.1707€-
<04

.T349€

T144E-
A144E-
. 1109¢€-
.1138€-
.1938€-
.1109€-
.H109€E-

08
08

03
03
03
03
03
03
03

.0000E+00
.0000E+00

.5287¢€-
- 1944E-

07
02

.0000E+00

-6B06E -
.6806E -
.2015€-
.6968E -
.6968E-

01
01
02
01
01

.1781E+00
. 1207€+00
. 1207€+00
.1207E+00
. 1875€+00
.0000E+00
.0000DE+00
.0000E+00
.0000E+00
.2086E+00

.3804E -

02

.0000E+00

+3156E-
.3156€-

02
02

L0000 +00
.1885€-07
.8390€-03
.1533¢-07
L1533€-07
.1533€-07
A957€-07
.0000E +00
.1960€-07
1960€-07
.B390€-03
.1306€-02
.1306€-02
V26602
1299€-02
1299€-02
1266€-02
. 1264€-02
.0000E+00
.0000E +00
.TT68E-06
.2220€-01
.GO00E +00
1127E+00
1127€+00
L2171E-01
1149E+00
1149€+400
.1268€+00
-1246€+00
1246€+00
1246E400
-1935€+400
.2637€-06
.2639E-08
-G000E +00
.0000E +00
.2115€+400
A762€-01
.0000E+00
A46IE-01
. 1469E-01

.0000£E+00
.3794E-06
. 1681E-01
.3084€-06
.3084€ - 06
.3084€-06
.3939€-06
.0000€E+00
.3949€-06
.3949€-06
.1681€-01
.2618E-01
.2618E-01
.2536E-01
.2603E-01
.2603€-01
.2536€-01
.2536€-01
- V194E-02
. 1794E-07
. 1216€-04
4449E+00
.0000E+00
4493E+00
244936400
.3543€¢00
4517€+00
A517E+00
.3854E+00
.3208€+00
.3208€+00
.3208£+00
.4933E+00
.9012€-02
.9017E-02
. 1800E-07
.0000E+00
4T39E+00
.2865€+00
.0000E+00
.2376€E+00
.2376E+00

.0000E +00
.1929€-06
.B564E-02
. 1568E - 06
.1568E-06
.1568E-06
.2002€-06
.0000E+00
.2004€-06
.2006E - 06
.B564E-02
.1333E-01
.1333€-01
.1292€-01
. 1326€-01
-1326E-01
1292€-01
1292€-01
.4848E-03
. 1495€-06
A4957€-05
. 2266E+00
.0000€+00
LT955€-01
< T955€-01
.2327€+00
LIST9E-01
.T579E-01
.6209€-01
.2014E+00
.2014E+00
.2014E+00
.6255€-02
.5546E+00
.5546E+00
-1501E-06
.0000€+00
4810E-02
.8055€-02
.0000€+00
.6682E-02
L6682E-02

.0000E+00
. 1669€-07
. TA4LE-03
L1357E-07
1357807
.1357€-07
.1733€-07
»0000£<00
1735€-07
I735€-07
. Th44E-03
.1159€-02
.1159€-02
.1123€-02
.1133€-02
-1153€-02
.1123€-02
.1123€-02
.0000£+00
.0000E+00
.2063€-06
.1970€-01
-0000E+00
.7701E-02
.T701E-02
.8799€-01
.6220€-02
.6220E-02
.5202€-02
. 1523400
.1523€+00
.1523€+00
. 1022€-06
6279€E+00
.6279€+00
.0000€E+00
.0000E +00
J9B4EE-07
.5853€-07
.0000E+00
.4855E-07
4855E-07

.0000E+00
.0000E+00
.0000€+00
.2170€+00
.2170€+00
.2170E+00
.0000E+00
. 1000€E+01
,0000E+00
.0000E+00
.0000E+00
.0000E+00
,0000€+00
.0000E+00
.1615€-02
+1615E-02
.0000E+00
.0000£+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000€E+00
.0000€+00
.0000€E+00
.0000E+00
.0000E+00
.0000E+00
.5761E-01
LST41E-01

.0000€ +00
.0000€E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+C0
.0000E+00
.0000E+00
,0000E+00
.0000E+00
.0000E +00
.0000€+00
.0000€+00
.0000E+00
.0000E+00
.0000€+00
.0000€+00
.0000£+00
.0000€+00
.0000£+00
.0000E+00
-0000€E+00
,0000E+00
.0000€+00

. 1390E-
.4527E-
.3892€-
.5603E-
.5603€-
.5603€-
.4388¢E-
L1216€-
.4388E-
.4388€ -
.3892€-

02
0
02
0t
01
0
01
01
01
01
02

. 1800E+00

.4102€-
4491E-

01
01

- 1810E+00
.1810€+00

A491E-
4491E-
J9T68E-
.3286E-
.9593€-
02
J9495E -
6162€-
6162€E-
J1478E-
J6014E-
6014E-
.7638€-

. 2560€

01
01
04
01
02

01

.2974E+00
.2974E+00
L2974E+00
.19156+00
. 1058€+00
.1058€+00

A377€-
.9071E-

01
02

17126400

4B43E-
94426
.5597E-
.5597€-

01
02
01
1]

»3080E203
.3080E+03
.2B41E203
.3036E+03
.3036€403
37438403
.3930€+03
.3930E+03
.3070€+03
.3080€+03
.2841E+03
.2830E+03
«2B30E+03
.2831E+03
.2834€203
.2834E+03
-3911€203
3940403
.37746E003
.6253E003
.3080E+03
.3080E203
.3780E+03
- 2844E+03
.2982E+03
.2930£+03
.2930E+03
.3032E+03
.3158E+03
.3069€+03
.3341€403
.3340€+03
.3125E+03
4203403
.3239€+03
.2930£+03
.3080€E+03
.3080£203
.3307E+03
.3080E+03
.3263E+03
.3263E+03

.1000€+03
.1000E+03
.1000E+03
.1000E+03
.2000€+03
.2000E+03
.2000€+03
.2000€+03
.2000£+03
. 2000203
12006403

- 1200E+03.

.1200€+03
.1200E+03
. 1200€+03
.5000E+04
.1200£+03
.1200E+03
. 9200E+03
.1200E+03
. 12006403
»$200£+03
. 1200€+03
. 1200E+03
.6500E+03
.6500€+03
.6500€+03
.2200E+04
.2200E+04
.2200E+04
.2200€+04
.2200€+04
.2200E+04
.2200E+04
+2200E+04%
.2200E+04
.2200E+04
.2200E+04
.2200E+04
.2200E+04
.2200E+04
.5000E+04

- .272082220E+06
+ . 27207944 1E+06
- . 153647096€+06
+.212988463E+06
-.212988463E+06
-.210505114E+06
- . 268944462E+06
0.227979945€+04
= 272115137€+06
- .272079329€+06
- . 153687969€+06
"+ .87625649TE+05
- .87625649TE+05
- .933502121E+05
- .B75454466E+05
- 87550294 2E+05
*.589236834E+05
- 573915468E+05
* ,229TT46TLE+06
0.1515673226+05
- . 272087523£+06
. 155865329€+06
- .269514574E+06
* . 1644044 15E+06
= 16244T425E+06
. 162062224E+06
-.163683276E+06
+. 1611336226406
- 147646276406
-, 117928803€E+06
- . 110039049E+06
-.110076858E+06
-.102292033E+06
-.100316452€+06
- 122476765E+406
- . 317586968€405
- 913294545E+405
-.103217932€+06
- . 759073097€+05
- .913294545E+05
-, 783727246E+05
- . 783727246405
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Appendix C.4

Column Profiles

The converged tenipératurc, flow and composition profiles for all equilibrium-

staged columns used in this simulation are given here.

Unit# Description Subroutine
6 SO, Absorber Absorber w/o rxn.
21 | Primary Absorber Absorber w/rxn.
41 Solvent Stripper Distillation
42 Sour-Water Stripper Distillation
51 Depropanizer Distillation

54 Secondary Absorber Absorber w/rxn.



UNIT 6:

INPUT PARAMETERS:

F(FLOW)=
F(FLOW)=
FCFLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=

SULFUR DIOXIDE ABSORBER

k2=
QR=

0.19762€-01
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.15000€-01
0.00000€+00
0.00000E+00
0.35000€ - 03

0.
0.00000E+00

VIRAY= 0000

TC=

F(TEMP)= 423.00

FCTEMP)=
F(TEMP)=
F(TENP)=
F(TENP)=
F(TEMP)=
F(TEMP)=
FCTEMP)=
F(TEMP)=

.00
.00
.00
.00
.00
.00
.00
.00

F(TEMP)= 293.00

FCTEMP)=
FCTEMP)=

.00
.00

F(TEMP)= 308.00

LIQUID COMPONENT MOLE FRACTIONS

SG#
1 .686
2 .665
3 .703
4 .77
5 .834
6 .860
7 .866
8 .867
9 .868
10 .868
11 .244

12 .3273E-03

13 .425

SOLY

H20
3E+00
SE+00
SE+00
9E+00
6E+00
6E+00
7E+00
8E+00
GE+00
1E+00
OE-01

9€-05

.9240E-01
.1320€+00
.1416E+00
. 1391E+00
.13156+00
- 1264E+00
. 1247E+00
. 1242E+00
.1241E+00
. 1241E+00
.9756E+00
.9997E+00
. 1000E+01

H2s’
.0000E+00
.0000E+00
.00C0E+00
.0000E +00
.0000E+00
.0000E +00
.0000E+00
.0000E +00
.2961E-08
.1205€-07
.0000E+00
.0000E+00
.0000E+00

VAPOR COMPONENT MOLE FRACTIONS

SG# $
1 .243
2 .181
3 .32
4 789
5 .504
6 414
7 .392
8

9

.3877€-03
-3868E-03
10 .3866E-03

11 .71
12 .943
13 .124

oLy H20
0E-02
9€-02
1€-02
2E-03
5E-03
2E-03
3E-03

0E-05
7E-07
6E-08

LL179E-01
.4597€-01
.3441E-01
.1864E-01
.1032€-01
.7822€-02
.7230E-02
. 7T104E-02
.7079€-02
.7074E-02
.1338€-01
- 1354E-01
.1379€-01

H2S
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
A168E-07
.4752E-07
.0000E+00
.0000E+00
.0000E+00

S02

.2152€400
- 1965€+00
- 1486E+00
.8207€-01
.2647€-01
.5255€-02
.8402E-03
.1263€-03
. 1846E-04
.2391€-05
.4919€-07
.1325€-07
.1282€-07

$02

.1919E+00
. 1449E+00
. 7985€-01
.2570E-01
.5097€-02
.8151€-03
.1228€-03
. 1824E- 04
.2658E-05
.3441E-06
.3416€-06
.3415€-06
.3412E-06

.00

F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
FCENTHALPY)=
F(ENTHALPY)=
FCENTHALPY)=
FCENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=

SULD
.5993E-02
.5790€E-02
.6127E-02
-6729€E-02
.7281€-02
.7510E-02
- T964E-02
~T5T4E-02
-T976E-02
LI577E-02
.0000E+00
.0000E+00
.0000E+00

SULD
.0000E+00
.0000E+00
-G000E+00
.0000€E+00
.0000E+00
-0000E+00
.0000E+00
.0000€E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00

RHOL=

.00
Fs= .000

-0.48623E+05
0.00000E+00
0.00000E+00
0.060000E+00
0.00000E+00

0.00000E+00

0.00000E+00
0.00000€+00
0.00000€+00
-0.31759€+405
0.00000€ +00
0.00000€+00
-0.27208E+06

co2
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€E+00
.0000€+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

co2
.0000E +00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.000CE+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00

N2
.1392€-03
.1499€-03
1726€-03
.2038€-03
.2277€-03
.2377€-03
.2403€-03
.2409€-03
.2410-03
.2410€-03
.2839E-04
1447E-04
. 1425E-04

N2
. 7639E+00
.8073E+00
.8844E+00
.9549E+00
.9841E+00
.9909£+00
.9923E+00
.9925E+00
.9925E+00
.9925E+00
.9866€+00
.9865E+00
.9862E+00

c1
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
-0000E+00
-0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
-0000E+00
.0000E+00

c1
.0000€+00
-0000E+00
.0000E+00
.0000E+00
.0000€E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

ABSORBER OUTPUT DA

334.98
329.42
321.53
309.14
298.82
294 .46
293.29
293.04
292.99
292.98
285.06
284 .87
285.14

H2
-0000€E+00
-0000E+00
-0000E+00
.0000E+00
-0000E+00
.0000E+00
.0000E+00
.0000E+00
-0000€+00
.0000€+00
.0000E+00
-0000E+00
.0000E+00

H2
.0000E+00
.0000E+00
-0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
-0000E+00
.0000E+00
.0000E+00
.0000E+00
-0000E+00

V=0.2044E401
v=0.1934E-01
V=0, 1765€ - 01
v=0.1635€-01
v=0.1587€-01
v=0,1576E-01
v=0.1573€-01
v=0.1573€-01
v=0.1573€-01
v=0.1573€-01
v=0.1582€ -01
v=0.1582€ -01
V=0, 1583€-01

co
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
-0000E+00
.G000E+00
.0000E+00
.0000E+00

co
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00
-0000€+00
.0000E+00

c2

.0000E+00
.0000E+00
.0000E+00
-0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
-0000E+00
.0000E+00
.0000E+00 .0000E+00

c2

.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.000CE+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

0.1928¢-01
0.1996E-01
0.1886€-01
0.1718€-01
0.1587E-01
0.9539€-01
0.1528€-01
0.1526E-01
0.1525€-01
0.1525€-01
0.2491€-03
0.3436E-03
0.3460E-03

c3
.0000£+00
-0000€+00
.0000€E+00
.0000€E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000€+00

c3
.0000€+00
.0000E+00
.0000E+00
.0000€E+00
.0000E+00
.0000€+00
.0000E+00
-0000€+00
-0000E+00
.0000E+00
.0000E+00
-0000E+00
.0000€+00

Cé
.0000E+00
.0000€+00
.0000E+00
-0000E+00
.0000E+00
-0000E+00
-0000E+00
.0000E+00
.2639E-08
.1974€-07
.0000E+00
.0000E+00
.0000E+00

cé
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00
-1914€-07
.1432E-06
.0000E+00
.0000£+00
.0000E+00

90¢



LIQUID COMPONENT FLOWS
SG# SOLV H20

-

. 1326€-01

.1325€-01
6 .1324E-01
7 .1324E-01
8 .1324€-01
9 .1324E-01
10 .1324E-01
11 .6080E-05
12 .1125€-06
13 .1473E-08

.1323€-01
2 .1328€-01
3 .1327e-01
4
5

.1782€-
.2636E -
.2671E-
.2389€-
.2087E-
. 1946E -
. 1905€ -
- 1896E -
. 1894E-
.1893€-
.2431E-
.3435E-
.3460€ -

02
02
02
02
02
02
02
02
02
02
03
03
03

VAPOR COMPONENT FLOWS
SG# SOLv K20

VNV N =

X SULFUR
% SULFUR
X SULFUR
X SULFUR
X SULFUR
X SULFUR
X SULFUR
% SULFUR
% SULFUR
% SULFUR
% SULFUR
% SULFUR
% SULFUR

4967E-04
.3519€-04
.2332€-04
. 1290€-04
.8003E-05
.6526€E-05
.6173E-05
.6098E-05
.6084E-05
10 .6080E-05
11 .1125€-06
12 .1493E-08
13 .1972e-10

SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION

.8540E -
.8891E -
.6074E -
.3048€ -
A637E-
4232 -
1138E-
1118€-
A14E-
A2
L2117E-
L2142€-
.2182€-

03
03
03
03
03
03
03
03
03
03
03
03
03

ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON

H2s

.0000€+00
.0000€+00
.D000E+00
.0000€+00
.0000E+00
.0000€E+00
.0000E+00
.0000E+00
L4516E-10
.1837€-09
.0000E+00
.0000E+00
.0000E+00

H2s

.0000E+00
.0000E+00
.0000E+00
.0000E+0Q0
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.1837e-09
.T4T3E-09
.0000E+00
.0000E+00
.0000€+00

TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY

- d b b
WN—=O VRNV WUN -

s02 SULD

co2

.4150E-02 .1156E-03 .0000E+00
.3922E-02 .1156E-03 .0000€+00
.2803E-02 .1156€-03 .0000E+00
.1410E-02 .1156E-03 .0000E+00
.4202E-03 ,1156E-03 .0000E+00
.8087€-04 .1156E-03 .0000€+00
.1284E-04 .1156E-03 .00GOE+00
.1928€-05 .1156E-03 .0000€E+00
.2816E-06 .1156E-03 .0000E+00
.3647E-07 .1156E-03 .0000E+00
.1226E-10 .0000E+00 .0000E+00
.4554E-11 ,0000E+00 .0000E+00
.4437€-11 .0000E+00 .0000E+00"

S02 SULD

co2

.3922E-02 .0000E+00 .0000E+00
.2803E-02 .0000E+00 .0000E+00
.1410E-02 .0000E+00 .0Q0O0E+00
.4202E-03 .0000E+00 .0000E+00
.8087€-04 .0000E+00 .000CE+00
.1284E-04 .0000E+00 .000CE+00
.1933e-05 .0000E+00 .0000E+00

.4181E-07 .0000E+00 .0000E+00
.5412€-08 ,0000E+00 .0000E+00
.5404E-08 .0000E+00 .0000E+00
.5404E-08 .0C00E+00 .Q000E+00
.5400E-08 .0000E+00 .0000E+00

LU I U IO (T L AT TR N O 1)

0.1072450798E+02
0.1268618990E+02
0.1817830886E+02
0.3331701009€+02
0.5730217255€+02
0.7267040572E+02
0.7743262598E+02
0.7848787875E+02
0.7869444489E+02
0.7873279331E+02
0.00000000G0E+00
0.0000000000€E+00
0.0000000000E+00

(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=

LT ci

N2 c1

0.5587845234E-01)
0.4563705623E-01)
0.3370359905€-01)
0.2019547530€-01)
0.1270549610E-01)
0.1033449362€-01)
0.9768703646E-02)
0.9650461404€ - 02)
0.9627487133€-02)
0.9623214869€-02)
0.6475249693E-02)
0.6411083988E-02)
0.6500499384€-02)

H2

.2685E-05 .0000E+00 .0000E+00
.2992E-05 .0000E+00 .00COE+00
.3255€-05 .0000E+00 .0000E+00
.3500€E-05 .0000E+00 .00COE+00
.3614E-05 .0000E+00 .000CE+00
.3657€-05 .0000E+00 .00GOE+00
.3672E-05 .0000E+00 .0000E+00
.3676E-05 .0000E+00 .00GCE+00
.3676E-05 .0000E+00 .0000E+00
.3677€-05 .0C00E+00 .000CE+00
.7074E-08 .0000E+00 .0000E+00
.4973E-08 .0000E+00 .0000E+00
.4931E-08 .0000E+00 .0000E+00

2

.1561E-01 .0000E+00 .0000E+Q0
.1561E-01 .0000E+00 .00GOE+Q0
.1561E-01 .0000E+00 .0000E+00
.1561E-01 .0000E+00 .00CQE+00
.1561E-01 .0000E+00 .0000E+00
.1561E-01 .0000E+00 .0000E+00
, .1561E-01 .0000E+00 .00GOE+00
.2869€-06 .0000E+00 .00CCE+00 .1561E-01 .0GO00E+00 ,0000E+00
.1561E-01 .0000E+00 .0000E+00
.1561E-01 .00C0E+00 .0CQ0E+00
.1561E-01 .0000E+00 .0000E+00
.1561E-01 .0000E+00 .0GOOE+00
.1561E-01 .0000E+00 .0000E+00

co c2
.0000E+00 .0000E+00
.0000€+00 .0000E+00
.0000e+00 .0000E+00
.0000E+00 .0000E+00
.0000€E+00 .0000E+00
.0000E+00 .0000E+00
.0000E+00 .0000E+00
.0000E+00 .0000E+00
.0000€+00 .0000€+00
.0000E+00 .0000€E+00
.0000E+0C .0000€E+00
.0000E+00 .0000E+00
.0000€+00 .0000E+00

co : c2
.0000E+00 .00O00E+00
.0000E+00 .0000E+00
.0000E+00 .00O0OE+00
.0000E+00 .0000E+00
.0000E+00 .0000E+00
.0000E+00 .0000E+00
.0000E+00 .0000E+00
.000CE+00 .00COE+00
.0000E+00 .0GO0E+00
.0000E+00 .0000E+00
.0000E+00 .0000E+00
.0000E+00 .0000E+00
.0000E+00 .0000E+00

c3
.0000€+00
.0000€+00
.0000€+00
.0000€E+00
.0000€+00
.0000€+00
.0000E+00
.0000E+00
-0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00

c3
.0000E+00
.0000€+00
.0000E+00
.0000€E+00
.0000€E+00
.0000E+00
.0000€E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.000CE+00
.0000E+00

c4
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.4026E-10
-3011€E-09
.0000E+00
.0000E+00
.0000E+00

c4
.0000E+00
.0000E+00
.0000E+Q0
.0000€+00
.0000€+00
.0000€+00
.0000€+00
.0000E+00
.3011€-09
.2251E-08
.0000E+00
.0000E+00
.0000€E+00

L0¢



UNIT 21:

INPUT PARAMETERS:

F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=

PRIMARY ABSORBER

K2=

100.0

QR= 0.00000E+00

0.11640E+01
0.00000€E+00
0.00000E+00
0,00000E+00
0.00000E+00
0.00000€+00
0.18097€+00
0.,00000E+00
0.00000E+00
0.41000€E-02

FCTEMP)=
F(TEMP)=
F(TEMP)=
FCTEMP)=
F(TEMP)=
FCTEMP)=
F(TEMP)=
F(TEMP)=
FCTEMP)=
FCTEMP)=

LIQUID COMPONENT MOLE FRACTIONS

SG#

COVXNOWVEWWN =

-

SOLY
-4981E+00
.5215E+00
-5324E+00
-5385€+00
.5429€+00
.5484E+00
.5618E+00
-6557€+00
.6731E+00
.6778E+00

H20

.1996€+00
-2097E+00
-2142E+00
.2166E+00
.2183€+00
.2204E+00
.2258€+00
.1099E+00
-8920€-01
.8535E-01

H2s'
.1985€-01
.6301E-02
.1905€-02
.4570E-03
.9036E-04
J1675E-04
.2906E - 05
.1189€-05
.6723E-06
.S014E-06

VAPOR COMPONENT MOLE FRACTIONS

SG#

.5358E-05
.6289€-05
.6463E-05
.6515E-05

soLv
1 3713E-05
2 .4606E-05
3 .5167E-05
4 .5512E-05
5 .5693€-05
6 .5699€-05
7
8
9
0

K20

P

.1567E-03
-1980€E-03
.2238€-03
.2396E-03
.2478E-03
.2482E-03
.2332E-03
-1181€-03
<9644E - 04
.9247E-04

H2s
415E-02
.4911E-03
.1559€-03
.3844E-04
.7696E-05
1422605
.2369E-06
.8907€-07
A4971E-07
.3700€- 07

VTRAY=
TC=

283.00

.00
.00
.00
.00
.00

283.41

.00
.00

283.00

$02

.6703€-07
.2397€-05
. 2944E - 04
-1315€-03
.2437€-03
.2887€E-03
.3056€-03
.1617€-03
J7586E-04
.2773E-04

§02

.1706€-09
.7173E-08
L9631E-07
.4522€E-06
.8573€E-06
.1008€-05
.9866E - 06
LATLTE-06
.2196€E-06
.8011E-07

.2000
.00

F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
FCENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
FCENTHALPY)=
FCENTHALPY)=

SULD
-5175€-02
.5612E-02
.3443E-02
.5202€E-02
-4916E-02
-4B45E-02
-4935€-02
-S786E-02
.5893€-02
.5922€-02

SULD
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000€+00
.0000€+00
.0000€+00
.0000€+00
.0000€E+00
.0000€+00

RHOL= &.56

Fs= .000

-0.77883€+05
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000€+00

-0.87551E+05
0.00000€+00
0.00000E +00

-0.35304E+405

co2
.7341€-01
-6814E-01
-6535€-01
+6359E-01
<6194E-01
.5878€-01
L4924€-01
.5278E-01
.5333E-01
.5300E-01

co2
.3920€-01
.3851E-01
.3809€-01
.3772€-01
-3704E-01
.3508E-01
.2869€-01
.2869E-01
.2869E-01
.2846E-01

N2
.0000E+00
-0000€+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.1236E-08
.1303£-08
.1314E-08
.1317€-08

N2
.0000E+00
.0000E+00
.0000E +00
.0000E+00
.G000E+00
.0000E +00
.9763€-07
.9764E-07
.9764€-07
.977SE-07

ct
.5401€-01
.5198E - 01
.5090€ - 01
.5033€-01
.5012€-01
.5042€-01
.5225€-01
.5592€ - 01
.5650E-01
.5664E-01

c1
.8207e+00
.8237E+00
.8253E+00
.B265E+00
.8281€£+00
.8321E+00
.8481E+00
.8482E+00
.8482£+00
.8489E+00

ABSORBER OUTPUT DATA

289.63
292.82
294 .61
295.63
296.09
295.92
294.28
294.39
294 .41
294.43

K2
.0000E+00
.0000€+00
.0000€+00
.0000€+00
.0000€+00
.0000€E+00
.0000E+00
.0000€E+00
.0000€E+00
.0000E+00

H2
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00

v=0.1153€+01°
v=0,1148E+01

0.1145€+01
0.1144E+01
0.1141€+01
0.1136€+01
0.1101€+01
0.1101E+01
0.1101€+01
0.1100E+01

1=0.2490E+00
L=0.2378£+00
L=0.2330€+00
L=0.2304E+00
0.2285€+00
0.2262€+00
0.2208E+00
0.5515€-02
0.5374€-02
0.5337€-02

L
L
L
L
L
L

co
.0000E+00
.0000E+00
.0000E+00
.0000E+00
-0000E+00
-0000E+00
.0000E+00
.0000€E+00
.0000E+00
.0000E+00

co
.0000E+00
,0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000€E+00
.0000E+00
.0000E+00
.0000E+00

c2
.3655E-01
.3414€-01
.3289E-01
.3222€-01
.3197€-01
.3216E-01
.3206E-01
.3526€-01
.3577€-01
.3583€-01

2
.9123E-01
.9121E-01
.9121€-01
.9125€-01
.9141E-01
.9167€-01
.8851E-01
.B852E-01
.8852E-01
.8BA4SE-01

c3
.8370€-01
.7859€-01
.7582€-01
.7399€-01
. 7215€-01
-6864E-01
-5895E-01
.6723€-01
.6858€-01
.6818€E-01

c3
-4182E-01
.4110€-01
.4065E-01
.4023€E-01
.3947€-01
-3745E-01
.3142€-01
.3142€-01
.3142E-01
.3112€-01

Ct
-2718€-01
.2211E-01
. 1923€-01
.1728€-01
.1578€-01
. 1449€-01
. 1335€E-01
- 1558E-01
- 1593€-01
.1556E-01

Cé4
.4922E-02
-4264E-02
.3837€-02
.3515€-02
.3235€E-02
+2960E-02
.2633E-02
.2633E-02
.2631E-02
.2559€-02

c5+
.2433E-02
.2016€-02
.1809E -02
.1687E-02
.1599€-02
.1510€-02
.1378€-02
.1620E-02
1660E-02
-1636E-02

c5+
.6045E - 03
.5565€-03
.5291E-03
.5095€-03
.4897E-03
.4591€-03
.3949€-03
.3950€-03
.3948E-03
.3873€-03

80¢



LIQUID COMPONENT FLOWS ’

SG# SOLY H20 K2s $02 SULD co2 N2 c1 H2 co c2 c3 Cé4 C5+

L12406400 .4971E-01 .4943E-02 .1669E-07 .1289E-02 .1828E-01 .0000E+00 .1345E-01 .0000E+00 .00COE+00 .9102E-02 .2084E-01 .6768E-02 .6059€-03
.1240E+00 .4989E-01 .1499E-02 .S701E-06 .1287E-02 .1621E-01 .0000E+00 .1236E-01 .0000E+00 .0000E+00 .8119E-02 .1869E-01 .5260E-02 .4795E-03
.12406+00 .4992E-01 .4438E-03 .6860E-05 .126BE-02 .1523E-01 .0000E+00 .1186E-01 .0000E+00 .COOOE+00 .7662E-02 .1767€-01 .44B1E-02 .4215E-03
.1240E+00 ,4990E-01 .1053E-03 .3029E-04 .1198E-02 .1465E-01 ,0000E+00 .1159€-01 .0000E+00 .0000E+00 .7422€E-02 .1705E-01 .3981E-02 .3886E-03
.1240E+00 .4987E-01 .2065E-04 .5568E-04 .1123E-02 .1415E-01 .0000E+00 .1145E-01 .G000E+00 .0000E+00 .7305€-02 .1649€-01 .3605E-02 .3653E-03
.1240E+00 ,4986E-01 .3789E-05 .6530E-04 .1096E-02 .1330E-01 .0000E+00 .1140E-01 .0000E+00 .0000E+00 .7274E-02 .15526-01 .3278E-02 .3415E-03
.1240E+00 .49B6E-01 .6417E-06 .674BE-04 .1090E-02 .1087E-01 .2730E-09 .1154E-01 .0000E+00 .0000E+00 .7080E-02 .1302E-01 .2947€-02 .3042E-03
.3616E-02 .6063E-03 .6559E-08 .8916E-06 .3191E-04 .2911E-03 .7188E-11 ,3084E-03 .0000E+00 .0000E+00 .1944E-03 ,3707E-03 .8589E-04 .8935E-05
J3617E-02 .4794E-03 .3613E-08 .4077E-06 .3167E-04 .2B66E-03 .7062E-11 .3037€-03 .0000E+00 .0000E+00 .1922E-03 .3686E-03 .B562E-04 .8921E-05
10 .3617E-02 .4555E-03 .2676E-08 .1480E-06 .3161E-04 .2828E-03 .7028E-11 .3023E-03 .0000E+00 .0000E+00 .1912E-03 ,3639E-03 .8304E-04 .8730E-05

WOONOWVII NN =

VAPOR COMPONENT FLOWS ’

SG# soLv H20 H2s $02 SULD co2 N2 c1 H2 co c2 c3 c4 C5+
.4281E-05 ,1807E-03 .1631E-02 .1966E-09 .0000E+00 .4519E-01 .O000E+00 .9461E+00 .0000E+00 .CO00E+00 .1052E+00 .4821E-01 .5674E-02 .6969E-03
.5288E-05 .2273E-03 .5638£-03 .8235€-08 .0000E+00 .4421E-01 ,0000E+00 .9456E+00 .0000E+00 .0000E+00 .1047E+00 .4719E-01 .4B95E-02 .6389E-03
.S918E-05 .2563E-03 .1786E-03 .1103E-06 .0000E+00 .4363E-01 .0000E+00 .9454E+00 .0000E+00 .0000E+00 .1045E+00 .4657E-01 .4395E-02 .6060E-03
.6304E-05 .2740E-03 .4396E-04 .5171E-06 .0000E+00 .4314E-01 .0000E+00 .9452E+00 .0000E+00 .0000E+00 .1044E+00 .4601E-01 .4020€-02 .5827E-03
LG49TE-05 ,2828E-03 .8784E-05 .9785E-06 .0000E+00 .4228E-01 .0C00E+00 .9452E+00 .0000E+00 ,0000E+00 .1043E+00 .4505€-01 .3693E-02 .5589E-03
.6474E-05 ,2B20E-03 .1615E-05 .1145E-05 .0000E+00 .3986E-01 .0000E+00 .9453E+00 .0000E+00 .0000E+00 .1041E+00 ,4254E-01 .3362E-02 .5216E-03
.5901E-05 .2568E-03 .2610E-06 .1087E-05 .0000E+00 .3160E-01 .1075E-06 .9341E+00 .0000E+00 .0000E+00 .9748E-01 .3460E-01 .2900E-02 .4350E-03
.6926E-05 ,1301E-03 .9809E-07 .5228E-06 .0000E+00 .3160€-01 .1075E-06 .9341E+00 .0000E+00 .0000E+00 .9748E-01 .3460€-01 .2900E-02 .4349E-03
L7117E-05 .1062E-03 .5474E-07 .2419E-06 .0000E+00 .3159€-01 .107SE-06 .9341E+00 .0000E+00 .0000E+00 .9748E-01 .3460E-01 .2897E-02 .4348E-03
LT166E-05 .1017€-03 .4070E-07 .8812E-07 .0000E+00 .3131E-01 .1075E-06 .9338E+00 .0000E+00 .0000E+00 .9729€-01 .3423E-01 .2814E-02 .4260€E-03

COVBDNOWVISWN=

s

0.6341025693E+02 (SOLMAX= 0.8161210093€-02)
0.5667373078E+02 (SOLMAX= 0.9548722494€-02)
0.5228124410E+02 (SOLMAX= 0.1041112119€-01)
0.4759153374E+02 (SOLMAX= 0.1092991217e-01)
0.4400932499E+02 (SOLMAX= 0.1117129499€-01)
0,4372199777E+02 (SOLMAX= 0.1108077003€-01)
0.4816507104E+02 (SOLMAX= 0.1024653661€-01)
0.5618057380E+02 (SOLMAX= 0.1029919008€-01)
0.5714986483E+02 (SOLMAX= 0.1031095373€-01)
0.5739614184E+02 (SOLMAX= 0.1031852517€-01)

X SULFUR SATURATION ON TRAY
% SULFUR SATURATION ON TRAY
% SULFUR SATURATION ON TRAY
% SULFUR SATURATION ON TRAY
% SULFUR SATURATION ON TRAY
% SULFYR SATURATION ON TRAY
% SULFUR SATURATION ON TRAY
% SULFUR SATURATION ON TRAY
% SULFUR SATURATION ON TRAY
% SULFUR SATURATION ON TRAY

COURNOCWVNHWN—
RN

—_

602



UNIT 41; SOLVENT STRIPPER

F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=

0.00000E+00
0.00000€+00
0.00000€+00
0.00000€+00
0.44913€-01
0.00000E+00
0.00000E+00
0.00000€+00
0.00000E+00
0.97650E-04

F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=

LIQUID COMPONENT MOLE FRACTIONS

SG#

OOV NOWVIS LN =

-

SOLV
.8823E+00
.7077€+00
.6831E+00
.6831E+00
.6978E+00
.9006E-01
.5209€-02
.2690E-03
.1339€-04
.2498E-06

H20
. 1100E+00
.2863E+00
.3109€+00
.3108€+00
.2936E+00
.9098E+00
.9948E+00
.9997E+00
. 1000E+01
.9998E+00

H2$
-4966E-07
.4371€-06
.2897€-05
. 1874€E-04
-1115€-03
.2005E-04
.2156E-05
- 1656€-05
. 1669€-05
.3429€-04

VAPOR COMPONENT MOLE FRACTIONS

SG#

CWOWOONOWVIWN -

-

SOLV
.1048E+00 .8952E+00
.3157€-01
.2832€-01
.2793€-01
.2486E-01
. 1608 -02
.B4LOSE-04
.4316E-05
.2141E-06
.2009E-09

H20

.9683E+00
-9707E+00
.9603€+00
.8285E+00
.8584E+00
.8605E+00
.B606E+00
.8581E+00
-4628E-01

H2S
A775€-05
.1221E-04
.8017E-04
.5161E-03
.2884E-02
.27T49E-02

.1872€-01

$02
.3879€-08
. 1268€-07
.2172E-07
.3387€-07
LAT24E-07
- 1162E-07
.1412E-08
.1098E-08
.1151€-08
.3608€-07

s02
.4309€-07
.8008€-07
.1324E-06
.2047€-06
.2566E-06
.2424E-06
.2737€-02 .2412E-06
.2736E-02 .2411E-06
.2794E-02 .2558E-06
. 1648€-05

F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=

SULD
. T704E-02
.5974€E-02
.9901E-02
.5907€-02
.6041E-02
.0000€+00
.0000€+00
.0000€+00
.0000E+00
.0000E+00

SULD
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
-0000€+00
.0000E+00
-0000E+00
.0000€+00

0.00000€+00
0.00000£+00
0.00000€+00
0.00000E+00
-0.57392€+05
0.00000€+00
0.00000€+00
0.00000€+00
0.00000€+00
-0.22977€+06

co2
. 1683E-08
.4046E - 07
.8799€-06
. 1907€- 04
.3812e-03
-6541E-04
.7483€-05
.5796E-05
.5830€-05
.1322€-03

.00
.00
00
.00
.00
.00
.00
.00
.00

co2
LA743E-06
.3753E-05
.8172E-04
.1765E-02
.3380E-01
.3225€-01
.3211€E-01
.3210€-01
.3270€E-01
.2197E+00

.00
.00

.00

N2

00E+00
00E+00
00E+00
00E+00
00E+00
00E+00
00E+00
00E+00
00E+00

.0000E+00

N2

.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

00E+00
0CE+00

.0000E+00
-0000E+00

00E+00

425.28
399.22
397.33
396.98
393.46
376.29
373.83
373.70
373.61
308.00

c1
-0000€+00
.0000€+00
.0000€+00
.0000E+00
< 1696E-06
.3292€-07
.4529€E-08
.3586€-08
.3606E-08
.5287€-07

c1
.0000€+00
.0000E+00
.0000E+00
-0000E+00
.2990€-03
.2855€-03
.2842E-03
.2841E-03
.2891E-03
.1944€-02

ABSORBER OUTPUT DATA

v=0.9516€-02
v=0,1004E-01
¥=0.9998€-02
v=0.9050€-02
v=0.1665€-01
v=0.1744E-01
¥=0,1752€E-01
v=0,1752€-01
v=0.1722€-01
v=0.2560€-02

H2
-0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00

H2
.0000E+00
.0000E+00
.0000E+00
-0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00

co

-0000€E+00
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
-0000E+00
.0000E+00
.0000E+00

co

.0000e+00
.0000£+00
.0000E+00
.0000E+00
.0000€+00
-0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

L=0.3286€-01
L=0.6237€-01
L=0.4290E-01
0.4286E-01
L4191E-01
-4596E-02
.5384E-02
.5464E-02
.5468E-02

L=
L=
L=
L=
L=
L=
L=0.5165€E-02

0
0
0
0
0
0

c2

c2

.0000E+00
.0000E+00
.0000E +00
L4944E 07
.6203€-05
.T364E-06
.5176€-07
.3785E-07
.3791E-07
.TT68E - 06

.0000E+00
.0000E+00
.0000E+00
.2873E-04
L3414E-02
.3260E-02
.3245E-02
.3244E-02
.3301E-02
.2220E-01

RV
HY
WV
Hv
Hv
Hv
Hv
WY

- 1794E-07
.2871E-06
4524E-05
.7201E-04
.1058€-02
.3891E-04
.T461E-06
-4688E-06
-4657E-06
.1216€-04

.1217E-05
-1927E-04
.3086E-03
.4898E-02
.6842E-01
.6532E-01
.6502E-01
.6501E-01
.6615€-01
~4449E+00

. 1898E+06
21716406
.2182E+06
-2171E+06
.206BE+06
.2163E+06
s- . 21706406
=+, 2170E+06
=-.,2168E+06
=-,1559E+06

(O I IO O [ I [}
« 4 s 0

c3 cé4

c3 Cé4

« 1495E-
. §483E-
<1323€-
. 1183E-
9751€-
.24 T4E-
.2860€E-
- 1692€-
-1676E-
~A95TE-

-6086E -
.5602€ -
.5067E-
4515€-
.3485E-
.3327€-
-3319E-
.3311E-
.3369€ -
.2266E+00

HL=0.1516E+05
HL=- .4850E+05
HL=- .5663E+05
HL=- .5672E+05
HL=-.5283E+05
HL=-.2425E+06
HL=- . 2681E+06
HL=- , 2696E+06
HL=- , 2697E+06
HL=-.2721E+06

c5+
.0000E+00
.0000E+00
.1856€-07
.6635E-06
.2180E - 04
.8538E -06
.1380E-07
.84B3E-08
.8416E-08
.2063E-06

06
05
04
03
03
04
06
06
06
05

c5+
.0000E+00
.0000E+00
.2844E-05
.1010€-03
.3029€-02
.2892€-02
.2879E-02
.2878€-02
.2929€-02
.1970E-01

05
04
03
02
01
01
01
01
01

0T1¢



LIQUID COMPONENT FLOWS

SG#
1

2
3
&
5
6
7
8
9
0

1

SoLv H20
.2899E-01 .3614E-02
L2999E-01 .1213E-01
.2931E-01 .1334E-01
.2927€-01 .1332€-01
.2924E-01 .1230E-01
.4139E-03 .4182€E-02
.2805E-04 .5356€E-02
.1470E-05 .5463E-02
.T324E-07 .5468E-02
.1290E-08 .5164E-02

VAPOR COMPONENT FLOWS

SG#
1

2
3
4
5
6
7
8
9
0

SOLV H20
-9969E-03 .8519€-02
.3171€-03 .9725€E-02
.2831E-03 .9705€-02
.2528€-03 .8690E-02
.4140E-03 .1380¢-01
.2B0SE-04 .1497E-01
<V473E-05 .1508E-01
.7564E-07 .1508E-01
.3687E-08 .1478E-01
.5145€-12 .1185E-03

H2S
.1632€-08
.1852e-07
.1243€-06
.8032€E-06
.4672E-05
.9216€-07
.1161E-07
.9050E-08
-9126E-08
ATTIE-06

H2s
. 1689€-07
.1226E-06
-8016E-06
L46T1E-05
.4B803E-04
L4T95E-04
LAT94E-04
4T94LE-04
.4B11E-04
JAT9LE-04

$02
<1274€-09
.5375E-09
.9316€-09
.1452€-08
. 1980E-08
.5341E-10
.7604E-11
.6002E- 11
.6295€- 11
. 1864E - 09

$02
.4100E-09
.8042E-09
.1324€-08
.1852€-08
.4273E-08
.4227€-08
.4225€-08
.4226€E-08
-4406E-08
.4219E-08

SuLD
.2531€-03
.2531€E-03
.2531€-03
.2531E-03
.2531€-03
.0000€+00
.0000€E+00
.0000E+00
.0000E+00
.0000E+00

SULD
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

co2
.5531E-10
.1714E-08
.3775€-07
.8171E-06
. 1597E-04
.3006E - 06
.4029€-07
.3167€-07
.3188£-07
.6827€-06

co2
.1659€-08
.3769E-07
.8170E-06
.1597E-04
.5628€-03
.5625€-03
.5625€-03
.5625€ - 03
.5631€-03
.5625€ -03

N2
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

N2
.0000E+00
-0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€E+00

c1
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.7106E-08
.1513€-09
.2438E-10
.1959€-10
.1972€-10
.2731E-09

c1
-0000E+00
.0000€E+00
.0000€+00
.0000E+00
.4979€-05
4979€-05
4979E-05
4979E-05
.4979€-05
.4978E-05

H2
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€E+00
.0000E+00
.0000E+00

He
.0000E+00
.0000E+00
.0000£+00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00

Cco
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000€E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00

co
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€E+00

c2
.0000E+00
.0000€+00
.0000€E+00
.2119€-08
.2600E - 06
.3385€-08
.2787E-09
.2068E-09
.2073E-09
.4013E-08

c2
.0000E+00
.0000E+00
.0000E+00
.2600E - 06
.S685E-04
.S684E-04
.5684E-04
.5684E-04
.5685E-04
.S684E-04

c3
.5895€-09
-1217€-07
.1941E-06
.3086E-05
4433E-04
. 1788E-06
.4017€-08
.2562E-08
.2547E-08
.6280E-07

a3
.1158€-07
-1935€-06
.3086E-05
.4433E-04
.1939€-02
.1139€-02
.1139€-02
.1139€-02
.1139€-02
.1139€-02

Cé
.4911E-08
.6282€-07
.3675E-06
.5071E-05
.4086E-04
-1137€-06
.1540€E-08
.9248E-09
.9165E-09
.2560E-07

Cé4
.S7T91E-07
.5625E-06
.9067E-05
.40B6E-04
.5803E-03
.5802E-03
.5802€-03
.5802€-03
.5802€-03
.5802€-03

C5+
.0000€+00
-0000E+00
T963E-09
.2B44E-07
.9137e-06
-3924E-08
.7432E-10
L4635E-10
.4602E-10
. 1066E-08

C5+
.0000E+00
.0000E+00
.2B43E-07
.9137€-06
.5044E-04
.5043E-04
.5043E-04
+5043E- 04
.5043E-04
.5043E-04

T1¢



UNIT 42: SOUR WATER STRIPPER

F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=

0.00000€+00
0.00000€+00
0.00000€+00
0.00000€+00
0.95928€-02

F(TEMP)=
FTEMP)=
F(TEMP)=
F(TEMP)= 00
F(TEMP)=

LIQUID COMPONENT MOLE FRACTIONS

SG#

WV SN AN =

SoLv
.2524€-06 .1000E+01
.2353E-06 .1000E+01
.2353E-06 .1000E+01
.2353E-06 .1000E+01
.2354E-06 .1000E+01 .1905€E-05

H20

Hes'
.0000E+00
.0000E+00
.0000E+00
J1564E-07

VAPOR COMPONENT MOLE FRACTIONS

SG#

LY

soLv
.4827E-08 .1000E+01
.4501€-08 -, 1000€+01
-4500€-08
.4500E-08
-4406E-08

H20

.1000E+01
.9999E+00
.9819E+00

LIQUID COMPOMENT FLOWS

SG#

WSS

soLv
.2396E-08 .9495E-02
.2400E-08
.2399€-08
.2399€-08
.2399€-08

H20

.1020€-01
.1020E-01
.1020€-01
.1019¢-01

VAPOR COMPONENT FLOWS

SG#

SoLy

H20

1 .3390E-11 .7024E-03
.3161E-11 .7024E-03

.3138E-11 .6974E-03

2
3 .3161E-11 .7024E-03
4
5

.4304E-12 .9591E-04

K2
.0000E+00
.0D00E+00
.0000E+00
.2785E-04
.3367E-02

H2s

.0000E+00
.0000E+00
.0000E+00
.1595€-09
.1942€-07

H2S
.0000E+00
.0000E+00
.0000E+00

.3289€-06

S02
.0000E+00
.0000E+00
.0000E+00
.0000€+00
L1478E-07

502
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.3543€-05

$02
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.1506€-09

$02
.0000€+00
.0000€+00
.0000£+00
.1942€-07 .0000€+00
.3461E-09

FCENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=

SULD
.0000E+00
-0000E+00
.0000€+00
.0000€+00
.0000€+00

SULD
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00

SULD
.0000E+00
-0000E+00
.0000E+00
.0000E+00
.0000E+00

SULD
-0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

0.00000E+00
0.00000€+00
0.00000E+00
0.00000€+00
-0.27209€+06

co2
.0000E+00
.0000E+00
.0000E+00
.5320E-08
.21826-05

.00
.00
.00
.00
.00

co2
.0000E+00
.0000E+00
.0000E+00
.3189€-04
.1298€-01

.00
.00
.00
.00
.00

co2
.G000E+00
.0000E+00
-0000E+00
.5425€-10
.2224€-07

.00
.00
.00
.00
.00

€02
.0000E+00
.0000E+00
.C000E+00
.2224E-07
.1268E-05

.00
.00
.00
.00
.00

ool ek =

N2

00E+00
00E+00
00E+00
00E+00
00E+00

N2

00E+00
00E+00
00E+00
00E+00
00E+00

N2

00E+00
00E+00
00E+00
00E+00
00E+00

N2

00E+00
00E+00
00E+00
00E+00
00E+00

377.96
377.96
377.96
377.96
377.43

ct
-0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

C1
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00

c1
-0000E+00
.0000E+00
.0000E+G0
.0000E+00
.0000E+00

c1
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

ABSORBER OUTPUT DATA

=0.7024E-03
=0.7024€-03
0.7024E-03
0.6975€-03
0

v
v
v
v
V=0.9768E - 04

H2
.0000€+00
.0000E+00
-0000E+00
.0000E+00
.0000E+00

H2
.0000£+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00

K2
.0000£+00
.0000€+00
-0000€+00
.0000E+00
.0000E+00

H2
.0000E+00
.0000€+00
.0000€+00
.0000E+00
.0000€+00

.0000E+00
.0000€+00
-0000E+00
.0000E+00
.0000E+00

-0000E+00
.0000E+00
.0000E+00 .0000E+00
.0000E+00 .0000E+00
.0000E+0C .0000E+00

=0.9495E-02
.1020€-01
.1020€-01
.1020€-01
.1019€-01

€2

c2
.0000€+00
.00C0E+00
.0000E+00
.0000€+00
.0000€£+00

c2
.0000E+00
.0000E+00

c2

-0000E+00 .0000E+00
.0000E+00 .0000E+00
.0000€+00
.0000€+00
.0000E+00

.0000E+00
.0000E+00
.C000E+00

Hv
KV
L1
Ky
Hv

.0000E+00 .0000E+00 .0000E+00
.0000E+00 .0000E+00
.0000E+00 .0000E+00
.0000E+00 .0000E+00
.0000E+00 .0000E+00

.00C0E+00
.0000E+00
.0000E+00
.7869E-08

.0000€+00
.0000E+00
.0000E+00
.0000€+00
.1194€-02

.0000€+00
.0000E+00
.0000€+00
.0000E+00
.8020€-10

.0000€+00
.0000E+00
.0000E+00
.0000E+00
.1166E-06

=-,2288E+06
=-,2288E+06
=-,2288E+06
=-,2288E+06
=-,2298E+06

c3 C4

c3 Cé4

c3

C4

c3 c4

.0000E+00
.0000E+00
.0000€+00
-0000E+00
.2253€-08

.0000€E+00
.0000€E+00
-0000E+00
.0000€+00
.4868E-03

.0000E+00
.0000E+Q0
.0000E+00
.0000E+00
.2297E-10

-0000E+00
.0000E+00
.0000E+00
.0000E+00
4755E-07

HL=- .2695E+06
HL=-.2695E+06
HL=- . 2695E+06
HL=-,2695E+06
Hi=-.2695E+06

C5+
.0000E+00
.0000E+00
.0000£+00
.0000E+00
.oooosygo

c5+

.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

C5+
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.00005+90

C5+
.0000E+00
-0000E+00
.0000E+00
-0000€E+00
.0000E+00

(AN



UNIT 51:

F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
FCFLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=

& L

DEPROPANIZER

0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000€+00
0.00000£+00
0.00000€E+00
0.00000E+00
0.00000€+00
0.29739€+00
0.00000E+00
0.00000€+00
0.00000€+00
0.00000€£+00
0.00000€+00
0.00000€+00
0.00000€+00
0.00000E+00
0.00000€+00

F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
FCTEMP)= 334
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
FC(TEMP)=

FCENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTRALPY)=
FC(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
FCENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=

0.00000€+00
0.00000€E+00
0.00000€+00
0.00000€E+00
0.00000€E+00
0.00000€E+00
0.00000E+00
0.00000€+00
0.00000E+00
-0.11008E+06
0.00000E+00
0.00000€e+00
0.00000E+00
0.00000E+00
0.00000€+00
0.00000E+00
0.00000E+00
0.00000€+00
0.00000E+00

420.31
413.88
409.23
404.66
399.21
392.68
385.54
378.43
370.53
351.08
347.24
344.84
342.92
340.78
338.10
334.91
331.60
328.55
325.13

ABSORBER OUTPUT DATA

v=0.2042E+00

=0. 2068E+00
v=0.2058E+00
v=0.2024E+00
v=0. 1986€+00
V=0, 1956€+00
v=0.1938£+00
v=0. 1899E+00
V=0, 1633£+00
v=0.2968E+00
v=0,3029€+00
v=0,3065E+00
v=0.3092€+00
v=0.3121€+00
v=0.3159€+00
v=0.3208E+00
v=0.3262E+00
v=0.3306€+00
v=0,3285E+00

L=0.1058E+00
L=0.3100E+00
L=0.3127€+00
0.3116E+00
.3083E+00
.3044E+00
.3015€+00
.2997E+00
.2957E+00
.2691E+00
.1053€+00
<1114E+00
.1150E+00
.1177€+00
.1206E+00
. 1244E+00
.1293€+00
.1347€+00
.1391€+00

]

HV
KV

HY-

Hv
Hv
Hv
HV
Hv
Hv
Hv
HV
K
HV
HV
RV
Hv
Hv
HV
HY

. 7090E+05
. T143E+05
- 7T172E+05
.T186E+05
. 7192E+05
- . 7190€+05
.7181E+05
=- ,7164E+05
=- . 7199E+05
=- . 9136E+05
.9125E+05
<9116E+05
-9106E+05
.9091E+05
=-.9070E+05
=- ,9045E+05
=-.9018E+05
=- .8997E+05
=- .9042E+05

HL=-.1003E+06
HL=-.9976E+05
HL=- .9987E+05
HL=-.1002E+06
HL=-.1006E+06
HL=-.1010E+06
HL=-.1012E+06
HL=-.1014E+06
HL=-.1016E+06
HL=-.1048E+06
HL=-.1028E+06
HL=-.1019€+06
Hi=-.1013€+06
HiL=-.1008E+06
HL=-.1002E+06
Hi=- .9940E+05
Hi=-.9843E+05
HL=- .9747E+05
HL=- .9674E+05

0
0
o
0
0
0
0
0
0
0
0
0
0
0
0
0

312.53  v=0.1915E+00 LA3706+00  HV =-,1023E+06  HL=-.9791E+05

F(FLOW)= 0.00000E+00  F(TEMP)= FCENTHALPY)= 0.00000E+00 =

L1QUID COMPONENT MOLE FRACTIONS
SG# SOLV K20 H2s
.2372€-05 .B530E-02 .1596E-05
.B182E-06 .3713E-02 .5730E-05
.8052E-06 .3181€-02 .1799€E-04
.B076E-06 .3119E-02 .5258€-04
.B160E-06 .3119E-02 ,1448E-03
.B261E-06 .3128€-02 .3729E-03
.8338E-06 .3128E-02 .8871E-03
.8385E-06 .3119€-02 .1932E-02
.B49SE-06 .3136E-02 .3820E-02
10 .9333€-06 .3415E-02 .6464E-02
11 .0000E+00 .1557E-03 .6917€-02
12 .0000E+00 .5805E-05 .7242E-02
13 .0000E+00 .1911E-06 .7544E-02
14 .0000E+00 .5700E-08 .7920€-02
15 .0G00E+00 .0000E+00 .B434E-02
16 .0000E+00 .0000E+00 .9119€E-02
17 .0000E+00 .0000E+00 .9981€-02
18 .0000E+00 .0000E+00 .1113E-01
19 .0000E+00 .0000E+00 .1309E-01
20 .0000E+00 .0000E+00 .1692E-01

c5+
4279E+00
.3228E+00
.2658E+00
.2376E+00
.2231E+00
.2136E+00
.2053€+00
L1974E+00
.1916E+00
. 1984E+00
.9528E-01
.4012€-01
.1559€-01
.5683E-02
.1932€6-02
.6005E-03
.1673E-03
L4146E-04
9152E-05
AT736E-05

c3 c4
.9012E-02 .5546E+00
.2043E-01 .6530E+00
.3988E-01 .6911E+00
.7125E-01 .6879E+00
.1183E+00 .6552E+00
.1820E+00 .6006E+00
.2566E+00 ,5328E+00
-3292E+00 .4639E+00
.3816E+00 .4051E+00
.3768E+00 .3678E+00
.4118E+00 .4369E+00
.4398E+00 .4625E+00
L4695E+00 .4558E+00
.5092E+00 .4243E+00
.5647E+00 .3703E+00
.6363E+00 .2970E+00
.T160E+00 .2142E+00
.7889E+00 .1368E+00
.8383E+00 .7632E-01
.8326E+00 .3534E-01

co2 N2 c1 H2 co c2
.0000E+00 .0000E+C0 .0000E+00 .0000E+00 .0000E+00 .2637E-06
.0000E+00 .0000E+00 ,0000E+00 .0000E+0G .0000E+00 .1301E-05
.0000E+00 .0000E+00 .000CE+00 .0000E+00 .0000E+00 .5772E-05
.0000E+00 .0000E+00 .3361E-08 .000CE+00 .0000E+00 .2431E-04
.0000E+00 .0000E+00 .4268E-07 .0000E+00 .0000E+00 .9781E-04
.0000E+00 .00B0E+00 .5272€-06 .0000E+00 .0000E+00 .3735E-03
.9643E-08 .0000E+00 .6301E-05 .0000E+00 .0000E+00 .1340€-02
.5994E-06 .0000E+00 .7263E-04 .0000E+00 .0000E+00 .4482E-02
.32126-04 .8821E-08 .8023E-03 .0000E+00 .0000E+00 .1388E-01
.1388€-02 .1573€-06 .8075E-02 .0000E+00 .0000E+00 .3761E-01
.15086-02 .1580E-06 .8199E-02 ,0000E+00 .0000E+00 .3929€-01
.1590€-02 ,1585E-06 .8282€-02 .0000E+00 .0000E+00 .4045E-01
.1661€-02 .1590E-06 .8354E-02 .0000E+00 .0000E+00 .4148E-01
-V745E-02 .1595E-06 .8434E-02 .0000E+00 .0000E+00 .4269€-01
.1857E-02 .1601E-06 .8535E-02 .0000E+00 .0000E+00 .4428E-01
.2002E-02 .1608E-06 .8655E-02 .0000E+00 .0000E+00 .4629E-01
.2168E-02 .1615E-06 .8786E-02 .0000E+00 .0000E+00 .4866E-01
.2344E-02 .1626E-06 .8942E-02 .0000E+00 .0000E+00 .5191E-01
.2665E-02 .1688E-06 .9498E-02 .0000E+C0 .0C00E+00 .6014E-01
L6249E-02 .2943E-06 .1671E-01 .0000E+00 .0000E+00 .9216E-01

$02
JA715€-07
+3064€-07
.4622E-07
.6261E-07
.7733e-07
.8661E-07
.8696€E-07
.7786€-07
.6240€-07
.4370E-07
.5830€-07
.7405€-07
.9176€-07
-1112€-06
. 1296E-06
.1405€-06
.1375€-06
.1186€E-06
.8888E-07
.5517€-07

SULD
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+Q0
.0000E+00
.0000E+00
.0000E+00
.0000€E+00
.0000E+00
.0000E+00
.0000e+00
.0000€+00
.0000E+00
.0000E+00
.0000€E+00
.0000€E+00

VR NOWVEHWND =

1 ¥4



VAPOR COMPONENT MOLE FRACTIONS

SG#

SoLy
.1281€-07
.3480€-08
.2875E-08
.2424E-08
.1985€-08
.1556€-08
-1183€E-08
-8916E-09
.6516€E-09
.3107€-09
.0000E+00
.0000€+00
.0000€+00
.0000€+00
.0000E+00
.0000€+00
.0000€+00
.0000€+00
.0000E+00
.0000E+00

H20
<1217€-02
-4452E-03
.3359€-03
.2903E-03
.2488E-03
.2057E-03
. 1649€-03
. 1306E-03
-1009€-03
.5524E-04
.2135€-05
J171E-07
.2170€-08
.5888E-10
.0000E+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00
.0000E+00

LIQUID COMPONENT FLOWS

SG¥#

—0.00NO*V'&UJN-b

"
12
13
14
15
16
17
18
19
20

SoLV
.2510E-06
.2537E-06
.2518€-06
.2516E-06
.2515€-06
.2514E-06
.2514E-06
.2513E-06
.2512E-06
.2512€-06
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00

H20
.9027€-03
.1151€-02
J9947E-03
.9718E-03
-9614€-03
.9521€-03
.9429€-03
.9346€-03
.9275€-03
.9191E-03
. 1640E- 04
.6468E-06
.2198€-07
.6709€-09
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000€+00

H2s
.7872E-05
.2637TE-04
. 7880E-04
.2196€E-03
.5707€-03
. 1366€-02
.2985E-02
.5947€-02
. 1065€-01
.1410E-01
.1407€-01
.1410€-01
. 1419€-01
. 1433€-01
. 1453€ - 01
. 1479€-01
L1519€-01
.1596€E-01
.1758€E-01
. 1804E-01

H2s
.1689€-06
.1776€-05
.5624E-05
. 1638E- 04
~4463E-04
.1135€-03
.2674E-03
.5789€-03
.1130€-02
.1740€-02
.7284E-03
.8068E-03
.8679€-03
.9321€-03
.1017e-02
. 1134€E-02
.1291€-02
.1500€-02
.1821€-02
.2318€-02

$02
.3763€-07
.6110€-07
.8599€-07
. 1088E - 06
.1236E-06
.1247E-06
.1110€-06
.8762€-07
.6090€-07
.2960E-07
.3596E-07
.4306€E-07
.5090€-07
.5853€-07
.6372€-07
.6368E-07
.S711E-07
.4540€E-07
.3106€-07
.1381€-07

$02
.1814E-08
<9499€-08
- 1445E-07
.1951E-07
.2384E-07
.2636E-07
.2622€-07
.2333E-07
. 1845€-07
1176€-07
.6140E-08
.8250€-08
.1056€-07
.1309€-07
.1562€-07
.1748€-07
A779€-07
.1599€-07
.1237€-07
.7558E-08

SuLD
.0000E+00
-0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000€+00
.0000€+00
.0000€+00
.0000e+00
.0000E+00
.0000£+00
.0000E+00
.0000€+00
.0000€+00

SULD
-0000E+00
-0000€E+00
.0000E+00
-0000€+00
.0000E+00
.0000€E+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00
.0000€E+00
.000CE+00
.0000E+00
.0000€E+00
.0000£+00
.0000E+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00

co2
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.9266E - 06
.5002€ - 04
.2287E-02
.6602E-01
.6475E-01
.6403E-01
.6353E-01
.6300€ - 01
.6232€-01
.6146E-01
.6055€ -01
.5991E-01
.6178€-01
.1015€+00

co2
-0000E+00
.0000E+00
.0000E+00
-0000E+00
.0000E+00
.0000E+00
.2907€-08
.1796E-06
L9499E-05
.3735€-03
.1588€-03
A771E-03
-1911€-03
.2054€-03
.2239€-03
.2491E-03
.2804E-03
.3157€-03
.3707e-03
.8562E-03

N2
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
-0000E+00
.0000€+00
.2593E-06
-4490E-05
-4403E-05
.4353€E-05
.4317€-05
.4279€-05
.4229€E-05
4167€-05
-4101E-05
.4052€-05
-4 129€-05
.6873E-05

N2
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00,
.0000€E+00
.0000€+00
.2608E-08
4234E-07
. 1664E-07
. 1766E-07
. 1829€-07
.1878€-07
JA931E-07
.2000E - 07
.2089E-07
.2191E-07
.2348E-07
.4032E-07

c
.0000E+00
.0000E+00
.0000E +00
.6499E-07
.B0B1E-06
.9709E -05
.1123€-03
.1249€-02
.1331E-01
.1239E+00
.1216E+00
.1202€+00
. 1193E+00
.1183€+00
.1170E+00
.1154E+00
.1137€+00
1126E+00
.1162E+00
.1875E+00

ci
.0000E+00
.0000E+00
.0000E+00
.1047€-08
.1316€-07
. 1605€-06
. 1900€-05
-2176E-04
.2373€-03
L2173€-02
.8634€E-03
.9227€-03
.9610E-03
.9927€-03
.1029€-02
.1077€-02
.1136E-02
.1205€-02
.1321€-02
.2289€-02

H2
-0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€E+00
.0000€+00
.0000E+00
-0000€+00
.0000E+00
-0000£+00
.0000E+00
.00C0E+00
.0000€+00
-0000E+00
.0000E+00
.0000E+00
-0000E+00
.0000€+00
.0000E+00
.0000€+00

H2
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
-0000E+00
.0000€+00
-0000E+00
.0000E+00
.0000€E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.000CE+00

co
.0000€E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000£+00
.0000€+00
.0000€+00
.0000€+00
.0000E+00

co
.0000E+00
.0000€E+00
.0000E+00
-0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000€+00
.0000€+00
.0000E+00
.0000€E+00
.0000E+00
.0000€E+00
.0000E+00
.0000E+00

c2
.1838€-05
.8589E -05
.3667E-04
.1488E-03
.5724E-03
. 2064 - 02
.6928€ - 02
.2161€-01
.6198E-01
.1387E+00
.1372E+00
.1364E+00
.1361E+00
.1358E+00
11355E+00
.1351E+00
.1350E+00
.1374E+00
.1512€+00
.1935€+00

c2
.2790€-07
.4033E-06
.1805E - 05
.7573E-05
.3015€ - 04
.1137€-03
.4039E-03
L1343€-02
.4105€-02
.1012€-01
.4138E-02
.4507E - 02
ATTIE-02
.5024E-02
.5339€-02
.5759€-02
L6294 -02
.6993E-02
.8367E-02
.1263€-01

c3
.2635€-01
.5567€-01
.1033e+00
.1755€+00
.2742E+00
.3905€+00
.5039€+00
.5891€+00
.6151E+00
.4643E+00
LAT36E+00
L4844E+00
-4993E+00
.5208€+00
.5496E+00
.5831€+00
.6153E+00
.6385€+00
.6348E+00
.4933E+00

c3
.9536E-03
.6335E-02
-1247E-01
.2220€-01
.3648E-01
.5540E-01
- TT36E-01
.9863E-01
.1128€+00
.1014E+00
-4336E-01
-4900€-01
.5401E- 01
.5993E-01
.6809E-01
«7916E-01
.9261E-01
. 1063E+00
. 1166E+00
.1141E+00

C4
. 7040E+00
. T609E+00
.7565E+00
.7078€E+00
.6250E+00
-5209€+00
-4143€+00
.3218E+00
. 2467E+00
. 1590E+00
174 1E+00
-1750E+00
- 1654€E+00
- 1469E+00
.1208€+00
.9010€-01
.6016E-01
-3574€E-01
.1838€- 01
.6255E-02

¢4
.5869E - 01
.2025€E+00
.2161E+00
.2143E+00
.2020E+00
. 1828E+00
. 1606E+00
. 1390€E+00
. 1198E+00
<9898E - 01
-4601E-01
.3153E-01
.5244E-01
L4994E - 01
-4465E-01
.3695€-01
.277T1E-01
. 1843E-01
. 1062€-01
.4841E-02

C5+
.2684E+00
- 1829E+00
. 1398E+00
. 1160E+00
.9936E-01
.8485€-01
.7153€-01
.5998E-01
.4975E-01
.3381€-01
. 1476E-01
-5850€E-02
.2164E-02

-T466E-03

.2366E-03
+6751E-04
A718E-04
«3910E-05
. 7838€-06
.1022€-06

C5+
.4528€-01
.1001E+00
.8312E-01
. T404E-01
.6876E-01
.6501E-01
.6188€-01
.5915€-01
.5667€-01
.5340E-01
.1003€-01
4470E-02
.1793€E-02
.6689€-03
.2330€-03
T4T1E-04
.2164E-04
-5585€-05
.1273€E-05
.2379E-06

71¢



VAPOR COMPONENT FLOWS

SG¥#

VONOWVSUWND =

10

12
13
1%
15
16
17
18
19
20

SOLV
.2616E-08
LT199€-09
.5916E-09
.4906E-09
.3942€-09
.3045€-09
.2292€-09
.1693€-09
- 1064E-09
.9220E-10
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000€+00
.0000€+00

H20
.2484E-03
.9208E- 04
6912E-04
.5877E-04
-4940E- 04
.4025€-04
.3197€-04
«24T9E-04
-1647E-04
- 1640E-04
+b46TE-06
.2198€-07
.6708€-09
.1838€-10
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00

H2s
.1607€-05
.5455€-05
.1621E-04
L444L6E-04
.1133g-03
.2673E-03
.5787€-03
.1129€-02
.1739€-02
.4183€-02
L4262E-02
.4323€-02
.4387€-02
44T2E-02
4590€-02
J4746E-02
.4955€-02
.5276E-02
.5773€E-02
.3455€-02

S02
.7684E-08
. 1264€E-07
L1769€-07
.2202€-07
.2455E-07
.2440€-07
.2152E-07
.1664E-07
.9945€-08
.8784E-08
+1089€-07
-1320E-07
.1574E-07
.1826E-07
.2013E-07
.2043€-07
.1863E-07
L1501E-07
.1020E-07
.2644E-08

SULD
.0000€+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€E+00
.0000€+00
.0000E+00
.0000€+00
.0000€+00
.0000€E+00
.0000€+00
.0000E+00

€02
.0000E+00
.0C00E+00
.0000E+00
.0000E+00
.0000€E+00
.0000€+00
.1796E-06
.9499€-05
.3734E-03
.1959€-01
.1961€-01
-1963€-01
- 1964E-01
. 1966E-01
- 1969€-01
-1972¢-01
.1975e-01
-1981E-01
.2029€-01
< 1944E-01

N2
.000DE+00
.0000E+00
.0000E+00
.0000E+00
.0000E +00
-0000E+00
.0000E +00
.0000E+00
4234E-07
.1333€-05
1334€-05
A334E-05
.1335€-05
.1335€-05
.1336€-05
A337€-05
.1338¢-05
-1340E-05
1356E-05
1316E-05

ci
.0000E+00
.0000E+00
.0000E+00
.1316€-07
. 1605€-06
. 1899€-05
.2176E-04
.2372€-03
.2173E-02
-3676E-01
-3682E-01
.3686E-01
.3689€-01
.3692€-01
.3697€-01
.3703E-01
.3710€-01
.3722€-01
.3818€-01
.3590€-01

H2
.0000E+00
.0000E+00
.0000€E+00
.0000€+00
.0000E+00
.0000€E+00
.0000€E+00
.0000€E+00
.0000€E+00
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00

co
.0000€+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+0Q0
.0000€+00
.0000E+00
.0000E+Q0

c2
.3754E-06
L1777€-05
. 7545E-05
.3012€-04
.1137€-03
.4038€-03
.1343€-02
-4105€-02
.1012€-01
.4118€-01
.4155€-01
.4181E-01
-4207€E-01
.4238€-01
.4280€E-01
.4334€-01
LA404E-01
.4541E-01
L4967E-01
.3704E-01

c3
.5381E-02
-1152€-01
.2124E-01
.3552€-01
.5444E -01
. 7640€ -01
.9767E-01
-1119€+00
. 1004€+00
.1378E+00
.1435E+00
.1485E+00
-1544E+00
.1625€+00
AT36E+00
1871E+00
.2007E+00
.2111E+00
.2085E+00
.9445E - 01

C4
. 1438€+00
. 1574€+00
.1556€+00
-1433e+00
.1241E+00
.1019e+00
.8031E-01
6111E-01
.4029€-01
.4720€-01
.5272E-01
-5364E-01
9114E-01
-4585€-01
.3815€-01
.2891E-01
.1963€-01
-1181E-01
.6039€-02
.1198-02

CS+
.5481E-01
-3784E-01
.2876E-01
.2348€E-01
-1973E-01
-1660E-01
.1387€-01
-1139€-01
.8124€-02
. 1003E-01
.44T0E-02
.1793€-02
.6689€-03
.2330€-03
JT473E-04
.2166E-04
.5605E-05
.1293€-05
.2575E-06
.1958€-07

STC



UNIT 54:

INPUT PARAMETERS:

F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
FCFLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=
F(FLOW)=

K2=

SECONDARY ABSORBER

100.0

QR= 0.00000E+00

0.19148E+00
0.00000&E+00
0.00000€+00
0.00000€+00
0.90714€-02
0.00000€+00
0.00000€+00
0.00000€E+00
0.00000€+00
0.00000€+00
0.060000E+00
0.00000€+00
0.13769€-01
0.00000E+00
0.00000E+00

VTRAY= 0600
1€=308.00

F(TEMP)= 312.53

F(TEMP)=
F(TEMP)=
F(TEMP)=

.00
.00
.00

F(TEMP)= 308.00

F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=
F(TEMP)=

.00
.00
.00
.00
.00
.00
.00

FCTEMP)= 293.00

F(TEMP)=
FCTEMP)=

LIQUID COMPONENT MOLE FRACTIONS

SG#

VNV WN =

SOLV
.3957E+00
4T64LE+00
.4790E+00
.4810E+00
.4880E+00
.5308E+00
.5415E+00
.5443E+00
.S4L4TE+00
10 .5440E+00
11 .5420E+00
12 .5377E+00
13 .5346E+00
14 .S380E+00
15 .3784E+00

H20
< 1194E+00
.6917€-01
.6232€-01
.6215€-01
.6316E-01
.6739E-01
-6955E-01
. 7025€-01
.7041E-01
.7031E-01
.6996E-01
-6916E-01
.6823€E-01
.6982E-01
.2067€+00

H2s
.21626-02
.1307€-04
.T084E- 07
.6575E-08
.5264E-08
.5163€-08
.5137€-08
.5141E-08
.5178E-08
.5352€-08
.6026E-08
.8226E-08
A4T9E-07
JA4T2E-07
.2040€-07

.00
.00

$02

.5918€-02
.4945E-01
.5863€-01
-6041E-01
.6178€-01
- 1663€-01
L4675E-02
.1329€-02
.3782E-03
. 1069€-03
.2963E-04
.7738E-05
. 1656E-05
.1665E-05
.3422€-05

F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
FC(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=
F(ENTHALPY)=

SULD
.1118€+00
. 1046E-01
4217E-02
-4198E-02
.4259€-02
4631E-02
4724E-02
4T4LBE-02
4752E-02
4T46E-02
-4729E-02
.4690E-02
4664E-02
- 1657€-05
.8545E-06

RHOL= 4.56

Fs= .000

-0.10229€+06
0.00000E+00
0.00000E+00
0.00000E+00

-0.91329€+05
0.00000€+00
0.00000€+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000€+00
0.00000€+00

-0.31759€+05
0.00000€+00
0.00000E+00

co2
.4B90E - 01
.5093€-01
.S091E-01
.5048€-01
.4955€-01
4919E-01
.4906€-01
.4905€-01
.4910E-01
.4925E-01
.4960E -01
.5043E-01
S174E-01
.5172€-01
.6214E-01

N2

ABSORBER OUTPUT DATA

= 330.69
= 331.49
= 331.84
332.44
= 332.99
= 333.68
= 333.85
= 333.86
= 333.78
= 333.58
= 333.11
= 331.99
= 328.77
= 328.75
308.00

c1

.3196€-07 .3804E-02
.3302€-07
.3308€-07 .3970€-02
.3306E-07 .3957E-02
.6635€-07
.6621E-07 .4028E-02
6614E-07 .4022E-02
6613E-07 .4021E-02
.6616E-07
.6623E-07
.6640E-07
.6691E-07
.7182E-07
LT179E-07
TT4TE-07

-3962E-02

.4043E-02

.4023E-02
-4030€E-02
+4045E-02
.4090E-02
L4421E-02
.4418E-02
L4935€-02

-0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.G000E+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00

v=0.1868E+00
v=0.1868E+00
V=0, 1866E+00
v=0.1861E+00
v=0.1804E+00
v=0.1799E+00
v=0.1798€+00
v=0,1798£+00
v=0.1798€+00
v=0.1799€+00
v=0.1801€+00
v=0.1802€+00
v=0.1713€+00
v=0.1713+00
v=0,1712E+00

K2 co

1=0,4643E-01
£=0,3858€-01
=0.3838€-01
0.3822€-01
0.3767€-01
0.2290€-01
0.2246€-01
0.2234E-01
0.2232€-01
0.2235E-01
0.2243€-01
0.2262€-01
0.2275€-01
0.1522E-04
0.2181€-04

c2

.0000E+00 .1762€-01
.0000E+00 .1858E-01
.G000E+00 .1860E-01
.0000E+00
.0000E+00
.0000E+00
.0000€+00
-0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00
.0000€+00
.0000€+00

.1847E-01
.1870E-01
.1855E-01
.1850€-01
.1849€-01
.1851E-01
.1857E-01
.1870€-01
.1907E-01
.2086E-01
.2085E-01
.2571E-01

c3 Cé4
.28656+00 .8055€-02
.31226+00 .8849E-02
-3136E+00 .8803E-02
.3109e+00 .8506E-02
.3027€+00 .7782E-02
.3011E+00 ,7700€E-02
.3003e+00 ,7669€-02
.30026+00 .7667E-02
.3004E+00 .7682E-02
.3012E+00 .7720€-02
-3031€+00 .7789E-02
.3071E+00 .7825E-02
.3083E+00 .7227E-02
-3080E+00 .7219E-02
.3143E+00 .7815€-02

c5+
.5853€-07
.6381E-07
.6374E-07
.6258€-07
.6056E -07
.5961E-07
.5930€-07
.5927€-07
.5941E-07
.5978E-07
.6069€-07
.6280€-07
.6625€-07
.6618E-07
.9080€ -07

9T¢



VAPOR COMPONENT MOLE FRACTIONS

SG#

SoLv
.5219E-04
.6520€E- 04
.6665E-04
.6883E-04
LT165E-04
.8047E-04
.8272E-04
.8319€-04
.8297€- 04
.B209€-04
.8000E-04
L7534E-04
L6442E-04
.6478E-04
. 1660E - 04

H20
.1661€-02
.1042€-02
.9585€-03
.9827€-03
.1027€-02
+H31E-02
+I175E-02
«1188E-02
.1186E-02
L174E-02
.1143€-02
.1075€-02
.9187€-03
.9388€-03
.9126€-03

LIQUID COMPONENT FLOWS

SG#

OO NOWVIS NN =

10
1
12
13
14
15

SoLV
.1837€-01
.1838€-01
.1838€-01
.1838€-01
.1838€-01
1216€-01
.1216€-01
.1216€-01
.1216€-01
.1216€-01
1216€-01
1216€-01
.1216€-01
.8189E-05
.8253€-05

H20
.5551€-02
.2669€-02
.2392E-02
.2375E-02
.2379€-02
.1543€-02
.1562€-02
.1570€-02
.1572€-02
.1572€-02
.1569€-02
.1564E-02
.1552€-02
.1063€-05
.4509€-05

H2S $02 SULD
.8702E-03 .1970E-03 .0000E+00
.5048E-05 .1598E-02 .0000E+00
.2743€-07 .1911€-02 .0000E+00
.2579€-08 .2016E-02 .0000E+00
.2094E-08 .2112E-02 .0000E+Q0
.2083€-08 .5834E-03 .0000E+00
.2081E-08 .1652€-03 .0000E+00
.2084E-08 .4700E-04 .0000E+00
.2095€-08 ,1333E-04 .0000E+00
.2157€-08 .3739E-05 .0000E+00
.2403€-08 .1017E-05 .0000E+00
.3202€-08 .2541E-06 .0000E+00
.5385€-08 .4795E-07 .0000E+00
.5361€-08 .4822E-07 .0000€+00
.5286E-08 .4775E-07 .0000E+00

H2s $02 SULD
.1004E-03 ,2748E-03 .5193E-02
.5042€-06 .1908E-02 .4035€-03
.2719€-08 .2250E-02 .1619€E-03
.2513E-09 .2309€-02 .1604E-03
.19836-09 .2327E-02 .1604E-03
.1183€-09 .3809€-03 .1061E-03
<1154E-09 .1050E-03 .1061E-03
<1149E-09 .2970E-04 .1061E-03
.1156E-09 .8442E-05 .1061E-03
.1196E-09 .2390E-05 .1061E-03
.1352E-09 .6646E-06 .1061E-03
.1860E-09 .1750E-06 .1061E-03
.3365E-09 .3767E-07 .1061E-03
.2240E-12 .2535E-10 .2522€-10
L4448E-12 .7462E-10 .1864E-10

co2
. 1024€+00
. 1024E+00
.1023E+00
. 1023E+00
. 1014E+00
.1015E+00
. 1016E+00
.1016E+00
.1016£+00
.1016E+00
.1017€+00
.1018E+00
.1002E+00
.1002E+00
.1002E+00

co2
.2270E-02
.1965€-02
.1954E-02
.1929€-02
L1867 -02
A127€-02
.1102€-02
.1096€-02
. 1096€- 02
.1101E-02
.113€-02
JMG1E-02
L7702
.7871E-06
.1355€-05

N2
.7043E-05
. T045E-05
.7051E-05
.7078E-05
- 1430E-04
.1433€-04
- 1434E-04
+1434E-04
. 1434E-04
< 1434E-04
.1432€-04
A4G31E-04
«1505€-04
. 1505€-04
.1505€-04

N2
. 1484E-08
.1274€-08
.1270E-08
+1263€-08
.2499€-08
.1516€-08
. 1485E-08
.1478E-08
.1477€-08
. 1480E-08
. 1490E-08
.1513€-08
. 1634E-08
. 1093€-11
.1690E-11

c1
. 1920€+00
.1920E+00
.1922e+00
.1928E+00
.1985€6+00
.1990€+00
<1991E+00
. 1992E+00
. 1991E+00
. 1990£+00
.1988E+00
.1987€+00
.2086€E+00
.2086E+00
.2086E+00

1
.1766E-03
.1529€-03
.1524€-03
.1513€-03
.1523€E-03
.9226E-04
.9031€-04
.8983€-04
.8981E-04
.9007E-04
.9076€ - 04
.9250E-04
.1006€-03
L6725E-07
.1076E-06

H2
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000€+00
.0000E+00
.0000€+00
.0000€E+00
.0000E+00

H2
.0000E+00
.0000€E+00
.0000E+00
.0000€+00
.0000€+00
.0000E+00
.0000€+00
.0000E+00
.0000E+00
.0000€E+00
.0000E+00
.0000€+00

*,0000€E+00

.0000E+00
.0000€+00

co
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

co
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.00C0E+00
.0000€+00

c2 - c3 Cé4
.1977€+00 .4988E+00 .6236E-02
.1978E+00 .4989E+00 .6219E-02
.1979E+00 .4985E+00 .6156E-02
.1985E+00 ,4974E+00 .6002E-02
.2032E+00 .4881E+00 .5544E-02
.2036E+00 ,4885E+00 .5535E-02
.2037E+00 .4886E+00 .5533E-02
.2038E+00 .4886E+00 .5535E-02
.2037€+00 ,4887E+00 .5540€-02
.2037e+00 ,4889E+00 .5550E-02
.2035E+00 .4892E+00 .5556€£-02
.2036E+00 .4892E+00 .5483E-02
.2115E+00 .4739E+00 .4810E-02
21156+00 .4739E+00 .4810€-02
L2115E+00 .4739€+00 .4810E-02

c2 c3 cé4
.8179E-03 .1330€-01 .3740E-03
.7170E-03 ,1205€-01 .3414E-03
.7140E-03 .1204€-01 .3379E-03
.7060E-03 .1188E-01 .3251E-03
.7045E-03 .1140€-01 .2932E-03
.4249E-03 ,6896€E-02 .1764E-03
+4154E-03 ,6743E-02 .1722E-03
.4131E-03 .6707E-02 .1713E-03
.4132€-03 ,6707E-02 .1715€-03
.4150E-03 ,6733€-02 .1726E-03
L4196E-03 .6800E-02 .1747E-03
-4312E-03 .6945€E-02 .1770E-03
.4745E-03 ,7013€-02 .1644E-03
.3173E-06 .4687E-05 ,1099E-06
.5607E-06 .6854E-05 .1704E-06

c5+
. 1034E-06
.1034E-06
.1032E-06
.1029€-06
.1010E-06

.1011E-06

.1011E-06
-1011E-06
.1012E-06
.1013€-06
.1015€-06
.1019€-06
L9845E-07
.9846E-07
.9846E-07

C5+
.2717€-08
.2462E-08
.2446E-08
.2392€-08
.2281€-08
-1365€-08
.1332€-08
.1324€-08
. 1326€E-08
.1336€E-08
.1361E-08
.1420€-08
.1507e-08
. 1007€-11
. 1980€- 11

L1T



VAPOR COMPONENT FLOWS
SG# SOLV H20

-t
OOVOONOWVNSWN -

% SULFUR
% SULFUR
X SULFUR
X SULFUR
X SULFUR
X SULFUR
X SULFUR
% SULFUR
% SULFUR
% SULFUR
% SULFUR
% SULFUR
% SULFUR
% SULFUR
% SULFUR

.9750€-05 .3103E-
L1218E-04 . 1946E-
L1244E-04 .1789E-
.1281€-04 .1829¢-
.1293E-04 .1852¢-
-1448E-04 .2035€-
.1488E-04 .2113E-
L1496E-04 .2135E-
J1492E-04 .2133E-
JATTE-04 .2112E-
11 ,1441E-04 .2059E-
12 .1358E-04 .1937E-
13 .1103e-04 .1573E-
14 .1110E-04 .1608E-
15 .2843E-05 .1563€-

SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION
SATURATION

03
03
03
03
03
03
03
03
03
03
03
03
03
03
03

ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON
ON

H2S

. 1626E -
L9430t -
<S119E-
.4799E-
-09

.3778E

.3748E-
-09

.3743€

<3746E-
-09

.3768E

.3880¢t-
.4328¢€-
STTE-
.9223E-
9181E-
.9052€-

TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY
TRAY

03
06
08
09

09
09

09
09
09
09
09
09

VOO NOWNSH NN -

$02 SuLD

co2

.3680E-04- .0000E+00 .1913E-01
.2985E-03 .0000E+00 .1912E-01
.3566E-03 .0000E+00 .1910E-01
.3751€E-03 .0000E+00 .1903E-01
.3809€E-03 .0000E+00 .1829€-01
.1050E-03 .0000€+00 .1827E-01
.2970E-046 .0000E+00 .1826E-01
.B4S1E-05 .0000£+00 .1826E-01
.2398E-05 .0000E+00 .1827€-01
.6728E-06 .0000E+00 .1828€-01
.1832€-06 .0000E+00 .1831E-01
.4580E-07 .CO00E+00 .1834E-01
.8211E-08 .0000E+00 .1717E-01
.B258E-08 .0000E+00 .1717€-01
.8178E-08 .0000E+00 .1717E-01

0.2337894812E+03
0.2123581520€+02
0.8451948107E+01
0,8231382140€+01
0.81849842846E+01
0.8682297550€+01
0.8803147639E+01
0.8844056405€+01
0.8875165250E+01
0.8929432802E+01
0.9050982316E+01
0.9349463986E+01
0.1047182509€+02
0.3722274865€-02
0.4447579653€-02

(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=
(SOLMAX=

N2 Ci

.1316E-05 .3587E-01 .
-1316E-05 .3587E-01 .
-1316E-05 .3587E-01
.1317€-05 .3587€-01
.2579€-05 .3581€-01
.2579€-05 .3581E-01 .
.2579€-05 .3581E-01 .
.2579€-05 .3581€-01 .
.2579€E-05 .3581E-01 .
.2579€-05 ,3581E-01 .
-2579E-05 ,3581E-01
.2579E-05 ,3582E-01
.2578E-05 ,3572€-01
.2578E-05 .3572E-01
.2578€-05 .3572E-01

0.4783775196€-01)
0.4925060052€-01)
0.4989445181E-01)
0.5099880510€-01)
0.5203362981€-01)
0.5334260864E-01)
0.5366256561E-01)
0.5368538152€-01)
0.5353950121E-01)
0.5314919468€E-01)
0.5224420763€-01)
0.5016826908E-01)
0.4453567932E-01)
0.4450814513€-01)
0.1921285145€-01)

H2
0000E+00
0000E+00

-0000E+00
-0000€E+00
.0000E+00

0000E+0Q0
0000E+00
0000E+00
0000E+00
0000€E+00

.0000E+00
.0000E+00
-0000E+00
.0000E+00
.0000E+00

co
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0D00E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

c2

+3694E -
.3694E-
.3693E-
. 3693€-
- 3665€ -
- 3664E-
+3664E-
.3664E-
- 3664E -
- J664E -
- 3666E -
-3670E-
.3623E-
«3623E -
.3622€E-

0%
01
o
01
01
01
01
01
01
01
01
01
0%
01
01

c3
.9320€-01
.9319€-01
-9304E- 01
.9256E-01
.8805E-01
.8790E-01
.8786E-01
.8786E-01
.8789€-01
.8795€-01
.8810€-01
.8817€-01
.8116€E-01
-8116E-01
.8115€-01

Cé4
-1165E-02
- 1162E-02
< 1149E-02
A117E-02
-1000€-02
<9959E-03
.9950€-03
.9952€-03
.9963€-03
.9984E-03
.1001E-02
.9881E-03
.8238E-03
.8239€-03
.8237E-03

c5+

.1932€-07
.1931E-07
.1925€-07
1914E-07
.1823E-07
.1819€-07
.1B18E-07
.1819€-07
.1820€-07
.1822€-07
.1828E-07
.1837E-07
.1686E-07
-1686E-07
.1686E-07

8T¢C



This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.
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