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ABSTRACT

A computer model of the Rectisol process for acid
gas absorption has been developed with the ASPEN
process simulator. The model uses a modified ver-
sion of the Redlich-Kwong-Soave equation-of-state
to represent the phase equilibria for the methanol-
water-aromatics-acid gas system. This report de-
scribes the development of the physical properties
model and the flowsheet simulation. The work is
based on the CONOCO design for a commercial scale
coal gasification facility. The computer modelling
effort was carried out under contract to the Morgan-
town Energy Technical Center, U. S. Department of
Energy.
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I. INTRODUCTION

The objective of this work was to develop a computer
model of the Rectisol process (Hochgesand, 1970; Scholz, 1969)
using the ASPEN process simulator. This simulation was pre-
pared as part of a program to transfer ASPEN technology to the
Morgantown Energy Technology Center (METC) of the United States
Department of Energy. The overall program involved devélop-
ment of computer models for the major process units in the
CONOCO Slagging Lurgi Coal Gasification process.

The computer modelling effort took CONOCO's design for
a commercial scale coal gasification facility as the basis
(CONOCO, 1980). This facility, shown schematically in Figure
1, is designed to generate pipeline quality substitute natural
gas from coal. Briefly, the process gasifies coal with steam
and oxygen, generated by cryogenic air separation. The gas-
ificatioh takes place at high pressure in a moving bed slagging
gasifier using Lurgi technology. Crude synthesis gas is re-
covered from the top of the gasifier, while the ash is with-
drawn in a molten slag form from the bottom. The synthesis
gas 1s subsequently directed to the Rectisol unit for purifi-
cation. Here, light oils and sulfur compounds are removed
from the gas and recovered. Following purification, the gases
are allowed to undergo water-gas shift and methanation reac-
tions simultaneously. Carbon dioxide produced in the shift
reaction must then be washed out with hot carbonate solution
to improve the BTU quality of the substitute natural gas. The
final gas treatment involves compression and drying.

1
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The Rectisol process itself features refrigerated meth-
anol as the solvent into which the acid gases in the synthesis
gas are absorbed. The process is comprised of an absorption
section followed by a series of regeneration processes in which
the rich solvent is purified and the absorbed compounds recov-
ered. The diagram in Figure 2 illustrates the particular
Rectisol design proposed for the CONOCO coal gasification
facility. |

The Rectisol computer model described in this report
provides a stream-by-stream heat and material balance for the
process. In addition, the model predicts the composition of
the outlet streams for a given set of operating conditions.
Therefore, the model can be used to assess the effect of var-
ious process variables on the composition of the desulfurized
gas and acid gas products. The model also predicts the purity
of the regenerated methanol solvent for specific regeneration
operating conditions. Separate models of the absorbers and
distillation columns yield a rigorous tray-to-tray analysis
of each column. Overall, the Rectisol simulation represents
a flexible tool which may be applied in future design and sen-
sitivity studies and in trouble-shooting after process start-
up.

The input to the simulation is based on the process flow-
sheet and feed streams from the CONOCO commercial design.
Since Rectisol is a proprietary process licensed by Lurgi Min-
eraloltechnik GmbH, the CONOCO design did not provide any in-
formation on the actual process operating conditions. For

this reason, development of the computer model entailed a
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fair amount of design work to establish reasonable process
operating conditions.

The following chapters describe the development of the
Rectisol model. The work initially involved a literature
search to locate published process data regarding Rectisol.
Subsequently, considerable effort was devoted to developing
a good thermodynamic model of the system to provide adequate
physical properties predictions. The actual computer'model—
ling work required testing of several ASPEN models which were
still in the development stage. Further, it was necessary to
perform sensitivity studies on the design variables in order
to establish suitable operating conditions. It was orig-
inally intended to use the final Rectisol model to examine
the sensitivity of the process to various design variables.
However, lack of computer funds curtailed the project once

the model was developed.



IT. ACID GAS ABSORPTION PROCESSES

This section discusses the general features of acid gas
absorption processes in order to provide some background for
the detailed description of the Rectisol process. In addition,
the discussion serves to present the basic design variables
which must be considered in designing a process to remove acid

gases.

General Features of Acid Gas Absorption Processes

Removal of acid gases, primarily carbon dioxide and hydro-
gen sulfide, is important for many industrial plants producing
a gaseous intermediate or final product. In the production
of substitute natural gas by coal gasification, hydrogen is
generated together with a substantial quantity of carbon dioxide.
Since carbon dioxide has no heating value, it must be separated
out of the final pipeline gas to raise the overall BTU value.
The separation may occur at several points in the process.
Removal prior to shift conversion of the carbon monoxide and
water to hydrogen and carbon dioxide favors the equilibrium
hydrogen concentration. However, since carbon dioxide is pro-
duced in this reaction, further treating to remove carbon di-
oxide may be required. All sulfur bearing compounds, on the
other hand, must be removed before methanation to avoid poison-
ing the methanation catalyst.

Rectisol is just one example of the many acid gas absorp-
tion processes. In general, these processes feature an ab-
sorption section in which the acid gases are absorbed into a

liquid solvent, and a regeneration section where the acid gases



are recovered to yield a lean solvent of sufficient purity
for recycle. In addition, the processes usually include a
final wash to recover solvent carried over with the acid gas
stream. The details of each section are discussed below,
highlighting the major factors affecting each section.

Absorption

Acid gases are removed from the sour gas by absorption
into a liquid solvent. The gas stream is contacted with the
solvent in an absorber column where it flows counter-current
to the downflowing liquid. The column itself may contain pack-
ing or trays, as dictated by the economics of the specific
design. Plate columns generally operate at lower efficiency.
Thus, a packed column design, which requires less height, may
be preferable when a large concentration of acid gas is to be
absorbed (Kohl and Riesenfeld, 1979).

Mcst absorbers operate at low temperature where equilib-
rium favors absorption. However, the fact that the absorption
rate increases with an increase in temperature justifies oper-
ating some absorption processes at elevated temperature.

Regeneration

The solvent regeneration section serves two functions:
namely, to recover the absorbed acid gases from the solvent,
and to reduce the gas concentration in the solvent to a low
level prior to its recycle to the absorber. A recycled sol-
vent of higher purity will absorb a greater quantity of gas
per pass, thereby reducing the solvent recirculation rate.

The tradeoff must therefore be considered between regeneration

costs and the costs associated with a higher recycle rate, such



as larger equipment and higher pumping requirements. Further,
the purity of the treated gas is limited by the degree of re-
generation. The gas will approach equilibrium with the fresh-
ly regenerated solvent which it contacts in the final stage

of the absorber (Hochgesand, 1970).

There are three primary methods of regeneration. The
choice is determined by the nature of the solvent and the de-
sired purity. Flash desorption represents the cheapeét method
where the pressure of the solvent is let down in several stages.
The final stage is usually atmospheric. However, a vacuum
flash may be employed to remove the dissolved gases further.
If flash desorption is not adequate, the gases may be stripped
from the solvent following a single flash. Heat must be sup-
plied to the stripper to provide the heat of desorption and
to vaporize the stripping medium (often steam). This heat
is frequently supplied in the form of steam through the strip-
per reboiler. As such, the regeneration step can be a sig—v
nificant energy consumer.

Hot regeneration provides the most complete regeneration
and consequently leads to the highest purity for the feed gas.
Gas solubility tends to decrease with increased temperature.
This effect is augmented by heating the solvent to its boil-
ing point so that solvent vapors provide some stripping action.
In this case, heat is required to raise the system to the sol-
vent boiling point, to supply the heat of desorption and fur-
ther to supply the heat of vaporization for the solvent vapors.
Although some of this heat may be obtained through heat ex-

change of the hot overhead gases and hot regenerated solvent



with the incoming solvent, heat exchanger losses make external
heating necessary (Hochgesand, 1970).

Solvent Selection

A variety of solvents are employed to absorb acid gases.
Despite the varied chemical nature of these solvents, all
should exhibit certain characteristics to render them suit-
able as solvents. Foremost, the solvent must have a high sol-
vency for the acid gas constituents at reasonable opefating
conditions. In addition, the absorption process must be rever-
sible so that the solvent will release the gas components with
relative ease to yield both gas and solvent of high purity..
It is highly undesirable for the solvent to form an irreversi-
ble compound with any of the feed gas constituents since this
may lead to appreciable solvent losses. The solvent should
also have low volatility to prevent excessive solvent losses
in the gas stream by vaporization. Other desirable character-
istics include low viscosity for minimal pumping costs, good
heat transfer properties and low heat capacity to minimize
heating requirements, sfability, and low corrosivity. Finally,
low cost and availability are obviously desirable (Nonhebel,
1972).

The acid gas componénts may be absorbed into the solvent
by physically dissolving or by reacting chemically with an
active solvent component. The absorption process involves
transfer of the acid gases from the gas phase, through the
gas~liquid interface, into the liquid phase. In the case of
a chemical solvent, the absorbed gases then react reversibly

to form compounds. Chemical and physical solvents have
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several distinguishing characteristics which account for the
different absorption mechanisms. As the diagram in Figure 3
shows, the equilibrium loading of a physical solvent increases
in direct proportion to partial pressure, provided Henry's
Law applies. In contrast, the loading of a chemical solvent
rises rapidly at low gas partial pressure, but then reaches
a point of saturation beyond which little absorption occurs.
This distinction makes chemical solvents the best choice for
purifying gas streams at low gas partial pressures, and phys-
ical solvents the choice for purifying high pressure concen-
trated streams. The same behaviour dictates the method of
regeneration. Physical solvents are easily regenerated by
flash desorption, although stripping or hot regeneration may
be used for greater purity. However, a saturated chemical
solvent subjected to a pressure reduction will release only
a fraction of the total absorbed gas. Some form of reboiling
is required to effect adequate regeneration (Hochgesand, 1970).
In a chemical absorption system, chemical reactions in-
crease the liquid film coefficient, thereby raising the over-
all absorption rate (Kohl, Riesenfeld, 1970). Since chemical
absorption is more rapid than physical absorption, chemical
systems require fewer trays and thus smaller towers.

Heat Integration

Solvent regeneration usually takes place at higher temp-
erature than absorption. As a result, most acid gas absorption
processes are highly heat integrated. Often the rich solvent
may be preheated and the lean solvent cooled by heat exchange.

The absorption process is exothermic so that the solvent
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Figure 3

COMPARISON OF EQUILIBRIUM LOADING
OF CHEMICAL AND PHYSICAL SOLVENTS

)
Chemical
Solvent
Physical
P Solvent
ads
Gas
Partial
Pressure
Pdes
AC . — Equilibrium
chem Loading
Acphys

Reference: Hochgesand, 1970
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temperature is raised within the absorber. This means that
additional cooling beyond heat exchange is necessary.

Solvent Recovery

To minimize the solvent losses from the system, the gas
streams may be washed with water or other suitable wash sol-
utions to recover the vaporized solvent leaving the absorption

or regeneration sections.

Advantages of the Rectisol Process

The Rectisol process employs refrigerated methanol as a
physical solvent to absorb both hydrogen sulfide and carbon
dioxide. According to the literature, the absorption process
is carried out at low temperatures, generally between O?F and
-75°F. At this temperature level, both hydrogen sulfide and
carbon dioxide are highly soluble in the methanol, although
the solubility of hydrogen sulfide exceeds that of carbon di-
oxide by a factor of 5-6 (Hochgesand, 1970). Methanol has a
high vapor pressure compared to most solvents. Thus, the low
temperature is also desirable to reduce the methanol losses
due to vaporization.

Rectisol has several attractions supporting its applic-
ation in the CONOCO design. Firstly, Rectisol is ideal for
high pressure processes since the equilibrium loading of a
physical solvent is directly proportional to pressure. In the
CONOCO design, the synthesis gas comes directly from the gas-
ifier and is therefore at high pressure. Further, since Rect-
isol favors absorption of hydrogen sulfide over carbon dioxide,
the hydrogen sulfide may be totally removed with only a frac-

tion of the carbon dioxide. Such selective removal is important
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for two reasons. Firstly, if the sulfur compounds are recov-
ered with a low concentration of carbon dioxide, the gas
stream may be handled directly in a sulfur recovery unit,
such as a Claus Plant, without overloading the sulfur plant
or without recourse to further separation. Secondly, since
carbon dioxide removal prior to shift conversion and methan-
ation is not necessary, utilities would be needlessly consumed
in removing a high proportion of the carbon dioxide at.this
stage (Hochgesand, 1970). However, as mentioned earlier, it
may be attractive to remove a fraction of the carbon dioxide
on account of the equilibrium considerations associated with

the subsequent water-gas shift reaction.

Rectisol Process Description

This section discusses the specific design of the Rect-
isol process developed as part of the CONOCO Slagging Lurgi
Coal Gasification commercial design. Figure 4 shows a simpli-
fied block flow diagram of the process, indicating the major
process sections. A copy of the Rectisol process flowsheet,
taken from the CONOCO commercial design report, is displayed
in Figures 5 and 6. The details of each section are outlined
briefly below.

In the Rectisol unit, the synthesis gas produced in the
gasification section is treated to remove the undesirable
sulfur compounds and to recover any light oils in the gas.
Purified gas is then directed to the joint shift/methanation
section. The removed sulfur compounds proceed to the sulfur

recovery unit.
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The feed gas is first cooled to absorption conditions by
heat exchange with the purified gas and by supplemental refrig-
eration. The cooled gas then proceeds to the absorption sec-
tion where the sulfur compounds, naphtha, hydrogen cyanide and
water are physically absorbed with refrigerated methanol. The
absorption process occurs at high presiure and low temperature
in two stages; in the prewash section, all the naphtha, water
and hydrogen cyanide are removed with some of the acid gas,
while in the main wash section, the remaining sulfur compounds
and a portion of the carbon dioxide are absorbed.

The ensuing process steps are devoted to solvent regen-
eration in which acid gases are recovered from the methanol
to yield a lean solvent of sufficient purity for recirculation.
In the first step, the rich solvent streams from the prewash
and main wash absoprtion sections are separately flash regen-
erated. The pressure of the solvent is reduced causing a frac-
tion of the acid gases to desorb.

The liquidlfrom the prewash flash regenerator is sent to
the naphtha extractor to recover the absorbed naphtha. Here
a liquid-liquid separation is attained on adding the water
rich bottoms from the water wash column. The high purity
naphtha layer is decanted and sent to storage. The remaining
methanol-water-naphtha liquid is fed to the azeotrope column.
This column produces an overhead composed of naphtha, carbon
dioxide, hydrogen sulfide and methanol. A mixture of methanol
and water is recovered in the bottoms which is subsequently

separated in the methanol-water column.
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The hot regenerator serves to strip the main wash solvent
of the gases that were not desorbed during flash regeneration.
The methanol overhead from the methanol-water column is also
fed to this unit where the methanol wvapors, in conjunction
with those generated in the reboiler, act as the stripping
medium. The acid gases are recovered in the overhead and com-
bined with the gases from flash regeneration, the azeotrope
column and the naphtha extractor. This total gas stréam is
finally water washed to recover any vaporized methanol prior
to being sent to the sulfur plant.

A portion of the regenerated methanol from the hot regen-
eration column bottoms is used as reflux for the methanol-
water column. The remaining methanol is cooled by heat ex-
change with the naphtha extractor feed and the hot regeneration
column feed. After further refrigeration, the regenerated

methanol is recirculated to the absorption section.
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ITI. DEVELOPMENT OF PHYSICAL PROPERTIES MODEL

Accurate representation of the phase equilibria was es-
sential to the simulation work in view of the lack of process
data. Moreover, the physical properties estimation was esp-
ecially important since the hydrogen sulfide-carbon dioxide-
nitrogen-hydrogen-methanol-water-aromatics system is highly
non-ideal. The presence of methanol and water, which are
significantly polar, and hydrogen, nitrogen, carbon monoxide
and methane, which are supercritical, render this system hard
to describe. Therefore, considerable effort was devoted to
developing a good thermodynamic model.

In order to simplify the system, all the sulfur compounds
are treated as hydrogen sulfide, and the C2' C3' 04 compounds
are lumped into the methane component throughout this work.
The naphtha in the feed is represented as benzene since coal-
derived iiquids are generally aromatic. These simplifications
reduce the system to the following nine components: HZ’ co, N2,
OH.

COZ' CH@’ HZS’ H,0, CéHév and CH

2 3

Selection of the Thermodynamic Model

| There are two approaches to modelling the phase behaviour
of a mixture. The conventional method invokes a liquid act-
ivity coefficient model to represent the liquid and an equation-

of-state for the vapor. Thus, the system is described according

to:
A
_ ol
b;viPp = ¥3%; %5
where ; = vapor fugacity coefficient
PT = total pressure
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Xi = liquid activity coefficient

fgl= liquid reference fugacity

y;#X; = vapor, liquid mole fractions

The alternative approach uses a single equation-of-state to
describe both the vapor and liquid phases. Noncondensable
components in the mixture present a problem with regard to
establishing the reference fugacity for the activity coeffi-
cient approach. Generally, the standard state fugacify is
that of the pure liquid at the system temperature and pressure.
It is meaningless, however, to consider a pure liquid state
for a supercritical component and, thus, it is necessary to
follow the unsymmetric convention. In this case, the activity
coefficient is normalized to 1.0 at infinite dilution and the
Henry's Law constant becomes the standard state fugacity. As
0'Connell (1977) points out, there are difficulties associated
with referencing to the Henry's Law constant for multicompon-
ent solvents since the constant is dependent on solvent comp-
osition. As such, the composition dependence of the standard
state fugacity should be built into the thermodynamic model.

On the other hand, equation-of-state models have generally
proved to be inadequate for predicting the non-idealities of
mixtures containing polar substances (Mathias, 1981). How-
ever, ASPEN has recently adapted the Redlich-Kwong-Soave
(RKS) equation-of-state to improve its ability to represent
systems containing highly polar compounds. Mathias (1981)
has demonstrated that this model is effective in describing
the coexisting vapor and liquid phases for systems such as

methanol-water. An alternative model applicable to polar
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systems is the Perturbed Hard Chain equation-of-state (Gmeh-
ling et al., 1979). In this case, the model handles polar
components by assuming that they dimerize. Thus, the model
must evaluate the chemical equilibrium for the dimerization
process. Such treatment proves to be a major drawback for

this equation-of-state since it augments the computational
effort substantially. In addition, as Mathias (1981) notes,
dimers are rarely observed experimentally, so that the equation
rests on a weak theoretical foundation.

Consideration of the difficulties and inaccuracies assoc-
iated with the activity coefficient model approach led to the
selection of an equation-of-state to correlate the Rectisol
system for this work. The particular equation-of-state that
was chosen was the modified version of the Redlich-Kwong-

Soave model which is described in the next section.

Modified Redlich-Kwong-Soave Equation-of-State

The basic Redlich-Kwong-Soave equation is given by

P = RT _ a
V- b V(V + b)

where 'a' and 'b' are functions of critical temperature and
pressure as follows
a = o((T)ac
_ 2,2
a,= 0.42748 R Ty
P .
ci
b = 0.08664 RT .
ci
P .
ci

To some extent, the 'a' parameter may be regarded as an attrac-

tive parameter, accounting for the intermolecular attractive
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forces. On the other hand, the 'b' parameter is a repulsive
term, representing the finite volume occupied by the component.
«(T) is used to correlate pure component vapor pressure data

and has been modified by ASPEN to the following form

0.5 _ _m0e5y _ _ . _
2= 1+ m(l - 10°7) - p(1 - T )(0.7 - 1)
Tr = reduced temperature
m = function of acentric factor
P = polar parameter

The correlation for m, taken from the work of Graboski and

Daubert (1978), is

0.48508 - 1.55191w - 0.15613 .2

m

acentric factor.,

"

where w
The ASPEN work has introduced the polar parameter, p, in the
expression for x to improve the vapor pressure predictions.
This parameter is empirical and must be determined by fitting
experimental pure component vapor pressure data.

For supercritical components, Boston and Mathias (1980)
recommend a different expression for « to extrapolate into
the supercritical region

«912 = exp(c (1 - Tg))

i}

with c 1 +0.5m +0.3p

d=c¢ -1

Mixtures are represented by the above equations using
the one~-fluid theory. This means that the parameters 'a' and
'p' become quadratic mole fraction averages with the following

form
a=%2x

Xy 3213
b_ i

i 7 %1% 3P1
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where
0.5 0 1
a.. = (a.a.) (1 - K - K T )
1 1 2ij ®ij1000
0 1
b.. = (b, + b.)(1 -K - K T )
R Pi3  Pi37T000

As these equations show, the binary interaction parameters,
Kaij and Kbij, are expressed as linear functions of the absol-
ute temperature in Kelvin. These parameters account for the
deviation of the behaviour of a binary pair from that predicted
according to the basic mixing rules. Any combination of these
four parameters, Kg, K;, Kg, K%, may be used to fit binary
vapor-liquid equilibrium (VLE) data to the modified RKS equa-

tion-of-state.,

Experimental Phase Equilibrium Data

The physical properties model requires only binary inter-
action parameters in order to describe a multicomponent system.
In the absence of multicomponent vapor-liquid equilibrium data,
values for these parameters may be established by fitting bi-
nary phase equilibrium data alone. Prausnitz (1980) indicates
that his experience has been good in employing only binary
expérimental data to predict multicomponent equilibria, pro-
vided that the system is well removed from the critical for
each component. He cautions that, in cases where the critical
conditions are exceeded, multicomponent predictions may be
unreliable even if the binaries are fit well. Unfortunately,
published multicomponent data are not available for the spe-
cific Rectisol system. This deficiency made it necessary to
rely on experimental binary equilbrium data to a great extent.

As the work proceeded towards determining the parameters for
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the modified RKS model, the results of a recent study at North
Carolina State University became available, presenting quater-
nary data for the hydrogen sulfide-carbon dioxide-nitrogen-
methanol system (Rousseau et al., 1981). These data initially
served as a comparison for the multicomponent equilibria pre-
dicted by the preliminary physical properties model. Subse-
quently, the quaternary data were used to improve the binary
parameter estimates, leading ultimately to an improvement in

- the model predictions.

In order to maintain the data fitting effort at a manage-
able level, it was initially decided to ignore the interactions
between two gas components. Justification for this simpli-
fication lay in the fact that the non-idealities of the liquid
phase were expected to dominate over the vapor phase non-ideal-
ities, as Prausnitz notes (1980). This decision reduced the
data fitting to the 21 possible interactions of the gas com-
ponents with methanol, benzene and water and the interactions
between methanol, benzene and water themselves.

The temperatures in the Rectisol process span a broad
range, varying from —75°F in the absorption section to as high
as 250°F during solvent regeneration. To minimize the degree
of extrapolation, the parameter estimation work called for
data covering as wide a temperature range as possible. A
literature search revealed experimental phase equilibria for
each of the binary pairs. Although this information did not
provide complete temperature coverage, the data adequately
spanned the temperatures where a given interaction was most

relevant. For instance, gas-liquid non-idealities are most
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important at the lower end of the temperature rangé where ab-
sorption takes place. On the other hand, the high temperature
processes mostly involve the separation of benzene, methanol
and water.

In cases where more than one data set were located for
a binary pair, only the most recent was selected for the model
development unless these data appeared to be generally_incon-

sistent with previous data.

Development of Modified Redlich-Kwong-Soave Model Parameters

Fitting the modified RKS model to binary experimental
data involved adjustment of a combination of the four inter-

g, K;, Kg, K%, as discussed previously.

action parameters, K
The best estimates for the combination of parameters were
generated for each set of binary data using the ASPEN Data
Regression System (DRS). DRS employs the maximum-likelihood
principle in reducing experimental data. This analysis recog-
nizes that experimental data contain random measurement errors
which it takes into consideration, assuming that the errors

are randomly distributed about zero with a normal distribution.
The standard deviation associated with a particular measure-
ment is supplied by the user. The system creates an objective

function comprised of sum-of-squares terms for each observed

variable, for example:

N 0 84,2 0 &+2 o) e 2 0 e 2
(Py-Py)" (T3-T9)" (xq3-%15)" (3y5-935)
5t 1 5t P
i=1 O"P S crx c
i i i Y1

in which the superscript 'o' stands for the value adjusted

according to the thermodynamic model, while 'e' refers to the
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experimental value. The terms are summed over all data points.
In DRS, the Britt-Luecke (1973) generalized least-squares al-
gorithm computes estimates for the model parameters such that
the objective function is minimized. At the same time, the
parameters must satisfy the equilibrium constraint that the
fugacities of all equilibrium phases are equal.

Prausnitz (1980) presents an informative discussion of
the methods of estimating parameters. Many of his recommend-
ations were adopted for this work. For instance, the follow-
ing values were used for the standard deviation of the measured
variables, as Prausnitz suggests: temperature - 0.05°C, pres-
sure -~ 1 mmHg, liquid mole fraction - 0.001, vapor mole frac-
tion - 0.003.

The data regression work demonstrated that, in most cases,
two parameters adequately correlate the equilibrium data. How-
ever, in the final set of interaction parameters, additional
parameters are included for some pairs if these improve the
fit significantiy. One notable example is the benzene-watef
system for which all four parameters are essential to modelling
the observed liquid immiscibility. It should be noted that,
in order for the 'a' and 'b' parameters in the fundamental RKS

equation to retain their theoretical significance, the term

0 1

(1 - Ka a

- K T ) and the analogous term for the 'b' para-
ij ij 1000
meter must have a positive value. Unfortunately, in the case
of benzene and water, large parameter values are necessary to
represent the equilibrium, rendering the above terms negative.

While this anomaly causes no computational difficulty, it does

mean that the model must be considered to be purely empirical
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as far as benzene and water are concerned. As such, there
may be some concern about using the equation-of state to ex-
trapolate information. However, the benzene-water experimental
data adequately cover the temperature range of importance in
the Rectisol process. Further, a comparison with experimental
data demonstrates that the model provides a good prediction
of the liquid-liquid equilibrium for the methanol-benzene-
water system. This comparison is illustrated in the follow—
ing chapter.
It has been suggested that highly non-ideal mixtures,
such as the benzene-water mixture, may be better represented
using the recently proposed mixing rules based on the local-
composition concept (Boston, 1981; Whiting, Prausnitz, 1981).
Further work in this area lay beyond the scope of this project.
In general, good agreement was obtained between the ex-
perimental binary data and the thermodynamic model predictions.
The maximum error in the liquid composition for a set of bi-
nary data was, on the whole, less than 6 percent. For a given
binary pair, the binary parameters exhibit a high degree of
correlation which indicates that the parameters are not uniquely
determined. In other words, the experimental data may be rep-
resented by several alternate parameter combinations with

little loss of accuracy.

Evaluation of the Preliminary Thermodynamic Model

The preliminary thermodynamic model of the Rectisol
system was comprised of the modified RKS equation-of-state

with interaction parameters generated by regression of binary
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data, as just described. This model neglected any gas-gas
interactions, considering them to obey the simple mixing rules
without correction. To assess the validity of the model, the
predicted equilibria for the hydrogen sulfide-carbon dioxide-
nitrogen—methahol subsystem were checked against the data pre-
sented by the North Carolina State University team (Rousseau
et al., 1981). Bubble point calculations using the experimental
liquid composition and temperature permitted a comparison of
the predicted bubble point pressure and vapor composition with
the actual data. Unfortunately, the model did not prove to
represent the data adequately, overpredicting the bubble point
pressure by as much as 30 percent and overestimating the nitro-
gen in the vapor at the expense of the carbon dioxide. In an
effort to ameliorate the situation, parameters modelling the
gas-gas interactions (carbon dioxide-nitrogen, hydrogen sul-
fide-carbon dioxide, hydrogen sulfide-nitrogen) were regressed
from binary data and included in the model. The resulting
improvement in the model predictions was not considered suf-
ficient. Further, the predicted Henry's Law constants for
nitrogen in mixed methanol-carbon dioxide and methanol-hydrogen
sulfide solvents exhibited unexpected behaviour. The experi-
mental data appeared to be consistent with the approximate
relationship that

o B N, i
with X; = solvent mole fraction on solute free basis

1 4
Nz,mix = 2; X; In H (Prausnitz, 1980)
However, rather than displaying linearity on a logarithmic basis
according to the above expression, the predicted Henry's Law

constants increased initially with a small increase in the
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amount of dissolved carbon dioxide or hydrogen sulfide. The
constants appeared to reach a maximum before decreasing to the
Henry's Law constant for nitrogen in pure carbon dioxide or
hydrogen sulfide. Figure 7 illustrates the variation of the
Henry's Law constant with solvent composition. The plot in-
cludes three curves. The upper two demonstrate the improve-
ment in the behaviour of the constant on inclusion of the gas-
gas interactions. The lower results from utilizing the quaternary
data in estimating the parametersAfor the physical proper-
ties model, which is discussed in detail in the following
section. The abnormal solubility behaviour is in part re-
sponsible for the deviations between the predicted and experi-
mental compositions. In the model, a small amount of dissolved
gas in the methanol results in an unexpectedly high Henry's
constant and consequently a lower solubility for nitrogen.
Therefore, the vapor mole fraction of nitrogen is overpredicted.
From an analysis of the experimental data and the model
predictions, it was concluded that the vapor interactions
between carbon dioxide and nitrogen are strong and conceal
any non-idealities in the liquid. This fact makes the system
hard to analyze. It did not appear possible to isolate the
vapor and liquid behaviour from binary data using a single
equation-of-state. The apparant success of Rousseau et al.
(1981) in modelling the quaternary system may be attributed
to the fact that they adopted the activity coefficient ap-
proach. <This means that they employed a separate equation
for each phase. In their model, the vapor is represented by

the RKS equation-of-state with interaction coefficients set
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to the standard vapor values available from separate vapor
phase studies. Having established the vapor behaviour in
this manner, the liquid behaviour could be considered indep-
endently.

In working with the modified RKS equation, it appeared
that the 'a' parameter, the attractive term in the basic
equation, could be treated as the vapor term, while the re-
pulsive 'b' term could be considered as representing the lig-
uid. This observation suggested that the vapor interactions
could be isolated from those in the liquid by fixing the in-
teraction parameter for the 'a' term to the standard RKS wvapor
value reported in the literature. The remaining non-idealities
due to the liquid phase could then be reflected in the 'b'
parameter. It should be noted that this approach is only
suitable .for subcritical components since the modified RKS
equation only reduces to the original RKS equation at condi-
tions below the critical.

For the fiﬁal model. it was decided to use the quater-
nary experimental data in the data regression runs to gener-
ate improved parameter estimates for the interactions between
carbon dioxide, hydrogen sulfide and nitrogen. So that the
DRS runs would converge, several parameters were fixed before
the final DRS run rather than fitting all the gas-gas inter-
actions with the quafernary data. Hydrogen sulfide-nitrogen
gas interactions appeared less significant, so the original
parameters developed from binary data were used. The effect
of the vapor interactions for the hydrogen sulfide-carbon di-

oxide pair, which are both subcritical, was modelled with the



32

standard RKS wvalue for Kg (Graboski and Daubert, 1978). Data
regression of the quaternary data then established parameter
estimates for Kg and K%

for hydrogen sulfide-carbon dioxide. The resultant

for carbon dioxide-nitrogen and the
liquid Kg
model predictions agree substantially better with the experi-
mental data as the comparison in Table 1 shows. The bubble
point pressure predictions still appear to deviate from the
data, especially at the higher pressure levels, however.

Table 2 displays the final parameter estimates, indicating
the literature source of the data. This table shows that the
final set includes values for several additional gas pairs
which were readily available from previous work (Mathias, 1981).

The parameter set is stored in a user library under RKAKIJ,

to be called directly by the simulation program.

Enthalpy Calculations

In order to guarentee reliable enthalpy predictions from
the modified RKS model, enthalpy data should be included in
the data regression runs to determine interactions parameters.
However, such data were not available for the Rectisol system.
Under these circumstances, the Lee-Kesler equation-of-state
was favored over the modified RKS equation-of-state for enthal-
py calculations. The former correlation has a good reputation
for predicting reasonable mixture enthalpies based on the pure

component properties.
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IV. SIMULATION OF THE RECTISOL PROCESS

Basis for the Process Simulation

The proprietary nature of the Rectisol process restricts
the amount of process data disclosed in the literature. The
information presented in the CONOCO Commercial Design Report
consists solely of the feed and product compositions and a
process flowsheet. While the process flowsheet shows detail
of the sequence of operations and the destination of all in-
termediate streams, no specifics are provided for the process
operating conditions. On account of the lack of actual oper-
ating conditions, it was impossible to develop a simulation
that would match the CONOCO design. Therefore, this work
adopted the approach of developing a viable Rectisol design
based on the CONOCO design flowsheet and feed composition.
The feed gas composition, pressure and temperature displayed
in Table 3 were taken for the process model.

The literature search located typical absorption temp- -
erature and pressure ranges only. Detailed simulation of the
other process units using ASPEN established the remaining
operating conditions necessary to achieve the desired separ-
ation,

To minimize the computer time and cost associated with
simulating a complex cyclic process such as Rectisol, a sim-
plified process model was assembled. In this simulation, a
series of simple unit operations such as mixers, splitters,
flashes, heaters and pumps represent the Rectisol process.

Rigorous simulation of the staged separation units is performed
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Table 3

COMPOSITION OF FEED GAS TO RECTISOL PROCESS

Component 1bmol/hr
Hydrogen 1909.7
Carbon Monoxide 4052.9
Carbon Dioxide 299.1
Methane 471.1
Ethane 18.9
Ethylene 2.2
Propane b.7
Propylene 2,2
Butane 1.8
Butylene 1.6
Nitrogen 41.7
Hydrogen Sulfide 131.0
Carbonyl Sulfide 8.0
Carbon Disulfide 0.1
Thiophene 0.4
Hydrogen Cyanide trace
Naphtha 23.1
Water 13.8
Total 6982.3
Temperature, OF 95

Pressure, psia L27
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on a stand-alone basis, external to the overall flowsheet.
The results of such rigorous simulations established the splits
to be used in the simplified model, where the units are modelled
by separator blocks. A block flow diagram of the overall
flowsheet simulation is shown in Figure 8, indicating the
correspondence between the model and the actual design flow-
sheet. Appendix A contains the computer input and output for
the simplified Rectisol model.

The development and design philosophy employed in each
of the major process sections is discussed in detail below.

Absorption Section

The hydrogen sulfide absorber consists of two separate
sections; a prewash section, which removes all the water and
naphtha from the synthesis gas, and a main wash section, where
the bulk of the hydrogen sulfide absorption occurs. Each
section was simulated independently using RADFRAC, which is
ASPEN's rigorous model for multistage vapor-liquid fraction-
ation. The results of these simulations were used to set the
degree of absorption in the overall flowsheet simulation in
which two mixers and two separators (PREWASH1, PREWASH2, H2S-
ABS1, H2SABS2) model the absorption section.

In designing the absorbers, the designer must establish
the number of trays, the temperature of the entering gases
and solvent, and the operating pressure. For a given degree
of absorption, these parameters then dictate the required
solvent rate. Hochgesand (1970) indicates that for the Rect-
isol process the methanol circulation rate greatly affects the

process economics, since it influences the size of all process
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equipment, pumping costs, regeneration costs etc.. The design
of the absorption section, therefore, sought to minimize the
methanol. solvent rate. Since high pressure favors physical
absorption, the absorbers are designed to operate at the maxi-
mum pressure compatible with the other units. This pressure

of 421 psia is the pressure of the gasifier overhead less an
allowance of 6 psi for the pressure drop through the heat ex-
change train. According to Hochgesand (1970), economics rarely
justify compressing the feed gas further. With the same con-
sideration in mind, the absorbers are designed to operate at
low temperature with the recirculating methanol cooled to -75%F
and the feed gas cooled to —30°F. Sasol report such temper-
ature levels for their Rectisol operation, which appear to be
typical (Hoogendoorn, 1957). Further, although this study

did not examine the detailed heat exchange between the feed
and desulfurized gas, a heat balance shows that the feed may

be cooled by heat exchange to -BOOF without supplemental
refrigeration.

Absorption columns may contain packing or trays, although
there is some evidence in the literature to suggest that trayed
columns are more common for Rectisol (Maddox, 1977; Herbert,
1956). In the current design, the absorbers are designed as
trayed columns. The pressure drop through the column is based
on the rule-of-thumb of 0.15 psi pressure drop per stage
(Treybal, 1968).

The design for the prewash absorber features six theoreti-
cal trays and a solvent rate set at 25 percent greater than

the theoretical rate required to absorb all the naphtha. This
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follows the recommendation of Kohl and Riesenfeld (1979).
Given the objective of the prewash absorber to recover the
naphtha with as little hydrogen sulfide as possible, the meth-
anol rate is restricted to the minimum that ensures complete
naphtha absorption. 1In order to improve the performance of
the RADFRAC model for the prewash absorber, the feed is pre-
flashed so that any liquid may bypass the absorber. This
preflash simulates what would actually occur in the bottom
of the absorber.

The gas from the prewash absorber proceeds to the main
wash section where all the hydrogen sulfide and part of the
carbon dioxide are removed. The methanol solvent rate to the
main wash section was determined so that the degree of carbon
dioxide removal agreed with the information presented in the
CONOCO Commercial Design Report, while achieving complete
removal of hydrogen sulfide. However, the basis for the ab-
sorber feed composition did not account for the small amount
of recycled hydrocarbon gas. .This means that the predicted
carbon dioxide gas removal in the overall simulation is not
in complete agreement with the CONOCO commercial design.

It is unusual for an absorber to contain less than six
or more than ten theoretical trays (Perry and Chilton, 1973).
A sensitivity study to the number of trays in the main wash
absorber indicated that an increase from six to ten trays re-
sults in a reductions of only 2 percent in the required meth-
anol rate. Figure 9 shows a plot of carbon dioxide in the
outlet gas versus solvent rate and number of trays. The rel-

ative insensitivity of the required amount of solvent to the
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tower size justified designing the main wash absorber with
six trays.

The output from simulating both the prewash and main wash
absorbers rigorously is included in Appendix B. In the final
simulation, the main wash and prewash absorbers operate with
3100 1lbmol/hr and 330 1lbmol/hr of circulating methanol respec-
tively.

Flash Regeneration Section

In the flash regeneration section, a fraction of the ab-
sorbed gases are recovered from the rich solvent by a reduction
in pressure. The pressure of downstream processes dictate the
final flash pressure. In this simulation, the prewash flash
regenerator flashes the prewash solvent to 30 psia, allowing
sufficient pressure head to feed the water wash column with-
out further compression. Similarly, the main flash regenerator
is designed to flash the main wash solvent to 30 psia in two
stages, with an intermediate pressure of 75 psia. Since the
vapor from the first flash is recycled to the absorption sec-
tion, the intermediate pressure must minimize the amount of
hydrogen sulfide and carbon dioxide desorbed while recovering
as much of the desired hydrocarbon gases as possible. An
intermediate pressure of 75 psia represents an appropriate
compromise. The three flashes are simulated as two-phase
adiabatic flashes (PRWSFLSH, FLSHRG1, FLSHRG2).

Naphtha Extractor

In the naphtha extractor, the methanol-water-naphtha-gas
stream is allowed to separate into two liquid phases to permit

removal of the naphtha-rich phase from the system. The feed
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consists primarily of the bottoms from the prewash flash re-
generator to which a water-rich stream is added to effect the
liquid-liquid separation. The water source is the bottoms
from the water wash column. In order to ensure that the
naphtha extractor operates without any of the water icing,
the prewash flash bottoms is preheated to 50°F. The design
pressure is 30 psia, 5 psi higher than the water wash column
to which any vapors are directed. At these conditions, the
physical properties model predicts a phase separation into
two ligquid phases which are in reasonable agreement with lig-
uid-liquid experimental data for the methanol-benzene-water
ternary. The plot in Figure 10 illustrates the comparison
between the predicted separation at 38°F and experimental
data at ?7°F. Unfortunately, published data were not located
at the actual separation temperature.

In the overall model, the naphtha extractor is represented
by a feed mixer (NEXMIX) followed by a three-phase adiabatic
flash at 30 psia (NEXSEP). |

Azeotrope Column

The objective of the azeotrope column lies in removing
the residual naphtha and dissolved gases from the methanol-
water mixture. Preliminary simulation of the column using
RADFRAC suggested that a good separation is possible in this
column, yielding an uncontaminated methanol-water stream.
This simulation indicated that all the gas components and
naphtha are distilled in the overhead along with a small
portion of the methanol, while all the water and remaining

methanol are recovered in the bottoms. As the name of the



AV

.,zow_,.w S RRIRRERD X»«%ﬁ% W K X A XA AN KA O
ouszusg %»m%%%m«»«m%% Mwmo 0%"”"0»4»4»%”«»%%@»5 »«»«0» %»0»«» »“M»%o X >00 e 5 fw S5 <¢%¢W¢M «%«MWM«M«MW«M”M% «mmw&m”mﬂ&m% zon0m

Y T

(AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA AVAP=RAVAY VAV, .
N e ey s A ey e e
R e e
40, X 40M»NOMOM0- ‘0‘0‘ 40404%0‘0"0"’40‘4 \VA) 0“‘0‘4“0‘0‘4%000‘04’ VAVA 0‘%«“0 ‘04 440’ 44‘4"0‘0 %0’4‘% 00’0“0“0“@.’00%000WM«M”»”’“Q
X %Mwwwwwmwmw%mww»ow.mmm%mw%mwww»mm%www»w«%&.w,.»ﬁw.w.wwmm.“mwwww%w&sf. O
i, m%%%%«.ﬁ»wﬁ&aﬁ%.ﬁ»w%, R R BRSO
RO ﬁﬁ%msww%wwwwx%v@«w« R SRR AR
s S S R e
R B s
O oy
FRES ORI X500 %««x%ﬁf ww&%&.»a e e e
OO er//,w/»d y ; XHAHKAN X X : YAVATAYAVAVARAVAVAAVAY,

.wﬁe&»”ww«mw%wyﬁ QRS LSy
AR R .%..«w«\ R
AR N QU .M”wwo” ﬁm«”ww.«mwwwﬂﬁwww S0

D )

. .@w «.&vww%mw%‘ A woud

< %Mwn SERAK 04%%%«%%&0%%%«%»«_«&% .:oswmmmﬂso,ﬂﬁ s.mmwmm )
R o R I
O

9% 5
e e T 1
i e S S 165 ae
“Wm.wm%m.»mwwwwwwwmwmmwyw. S8 adotonus 11T%anTes — O —

0 NG aowww

NGO a“m“ﬁﬁ.‘

KNG a.,. RUSRERL

NS .
R
»wmw

o
NI
L
0>P

NN/ 00”0/% 'N«Q
NN
RGO

A AVAVAVAY, \VAVAVAVAVAVAVAVAVAVAVAVAVAV VAV
R R SRR A L)
VAVAVAATAYA ATA 006 VA N¢o< TAVAYAVAVAY; X lww%o»%% XK 0»0 v, 00& <M¢ &»« d 44 e
AVAVAVAVAVAVAVAVAVA~ A" AVAVAVAVAVAVAVAVAVAVASES \WA "o\ AVAVAVAVAVAVAVAN AVAVAVAVAVAVAVA b\\b Y
R «.a.w.wwwwawﬂ%%ﬁ« KRRERSGRy  edoTeaus £a1TIantos
e O A I e -
QIR ANAK ><>¢»¢b¢>¢ X 0M0>0 5 S XK »ﬂ»%»»u«m XX d.8€ 1e suoryoTpead
X O . .

\VAVAVAVAVAVAVAVAVAVAV ﬁ»dwq/iof OO Ve =
0 00 0>0< AVAY sV AVAY »0 NN 04»4,4 AV AVAVAY A VAV

JAVAVAVAVAVAVAVAY \V4 <>40 TAVAV2 * VAVAVAVAVAN TAVAVAVA: Y4 1.5 TAVAVAVAVAVAVAY

\VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA v - cAVAVAP ot <<<0w44 apou O
I LR IR X S KIIRRHHI Topou NEdSVY
AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAN AVAN 0 4

QORI FHRK KN
""‘»‘ M N»N»N«‘»N«N«“N N¢40<0 ’4}4"»"‘”"0‘0"""4b""‘»"‘ HMM

KRR ORRIIIIHIINONK
0’4’4 1’4’1’1’4’4‘4« 00 «0 P(P#*»P 4’0‘0 N NN\ 0 \VAN
T e A AN Y A A VAT AVATAVAYAVAYAYAY
\VAVAV/ 4’0’4’4 4’0}0 0 O /\ P<’¢ 0’0’0”0 0 0> P»‘“N«N
\/ 00 04)4040 biﬁi)ﬁﬁﬁ“% NN/ N/NININ/N/ 1’0 0’4)’0’1’4
JAVAN 40 INCNINININININININ NN 04 \VAV4 0)4 0><><>1 \N/\/
NN NINININININININ NINININININININININININT
10‘ 4>4>4>4>404 0404 04)4 /N\N/N/\/ 4’0’0 \/\/
AN 0404»404¢ VAVAVAN ﬁﬁﬁN INININ 040000)0)4) 0 \V
R KRN
««w«.«u«m«u«m«m«h "N%%«w«»w»wm%% 4 3L VM~ AN HZN 39~ TON VH.IL 5N
»«%ﬁ%« XX AA Y04 WVYHVIA XYYNMAL
>4>0 \VAVA 00)0 \V4 0 >0>¢>4 0)0 \/
\VAVAVAVAVAVAVAS = AVAVAVAVAVAVAY
\VAVAVAVAVAVAN NNNNNN Jull
Nty 0T &It
R IEERY
ONCNINN ﬂibﬂbﬂb N\
\VAV <»<> AV <0<><
%» YAVAVA 1’00 /N

SN
VAVA 400
\/\ o 0

S

b5
5
K
]
4
Z

Touryl o)



Le

column suggests, the overhead may be expected to contain ben-
zene and methanol in their azeotropic compositions (61.4 mole %
methanol at 128.8°F). Further simulation of the column with
RADFRAC demonstrated that in the overhead methanol and ben-
zene may indeed reach their azeotropic composition on a meth-
anol plus benzene basis.

Development of a feasible design for the azeotrope col-
umn involved setting the distillate rate, the reflux ratio,
the number of theoretical trays, and the feed entry point.
Seeing that the split between the overhead and the bottoms
was well defined in the preliminary study, the distillate
rate could be established purely by material balance consider-
ations. The behaviour of the column proved to be highly sen-
sitive to the reflux ratio. The amount of material in the
rectifying section of the column depends directly on the reflux
ratio. Since such a large percentage of the feed (94 mole
percent) ultimately appears in the bottoms product, a high
reflux ratio is'necessary to ensure adequate vapor flow thrdugh—
out the column. In the final design, a reflux ratio of 2.0
leads to satisfactory operation. While this ratio appears to
be substantially higher than the minimum reflux ratio, diffi-
culties were encountered in obtaining a converged RADFRAC
solution at lower reflux ratios.

A revealing method of interpreting tray-to-tray output
uses the idealized McCabe-Thiele techniques (Russell, 1981).
This tool provides valuable insights despite the non-ideality
of the particular system. If methanol and benzene are iden-

tified as the two components which require Separation. and
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all the compositions are normalized on a methanol plus ben-
zene basis, a McCabe-Thiele x-y diagram may be prepared. Fig-
ure 11 displays such a diagram for the upper portion of the
azeotrope column, where compositions are plotted on a loga-
rithmic scale for clarity. The equilibrium compositions were
taken directly’from the RADFRAC output. This type of plot
identified pinch points, the minimum reflux ratio, and indic-
ated the optimum feed location during the column design. In
the final design, the feed enters at the third stage. Figure
11 suggests that a slight improvement in the column efficiency
may be realized with the feed located at the second stage.

The diagram also shows that the physical properties model pre-
dicts an azeotrope composition close to that reported. Since
the overhead lies at this composition, it can be seen that
increasing the number of trays would not improve the separa-
tion,

The feed quality plays a significant role in the column
design, as well. Given the fixed distillate rate of 45 lbmol/hr
a simplified material balance analysis, assuming constant molar
overflow, predicts the maximum percentage of vapor permitted
in the feed for the column to operate as desired. For in-
stance, with a reflux ratio of 2.0, the feed must be greater
than 82 percent liquid in order to meet the desired distillate
rate. Higher degree of vaporization results in insufficient
vapor in the stripping section. In the actual process flow-
sheet, the azeotrope column feed is preheated by heat exchange
with the waste water from the methanol-water column. The final

temperature of the waste water was taken to be 118°F. as
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indicated on the CONOCO flowsheet, for this simulation. This
heat exchange results in an all liquid azeotrope column feed
at a temperature of 96°F.

The rigorous simulation of the azeotrope column is shown
in Appendix C. This simulation required 40 outside loop iter-
ations to achieve a converged solution. The difficulty in
converging is a consequence of the non-ideality of the system
in which the outside loop variables for RADFRAC, nameiy K-
values and enthalpy, are highly composition dependent.

Me thanol-Water Column

The methanol-water stream from the azeotrope column bot-
toms is separated in the methanol-water column. In this sim-
ulation, the column is designed to yield a 99 percent pure
methanol distillate. A RADFRAC model was used to develop
the column design, and to examine the sensitivity to various
design parameters. In addition, a McCabe-Thiele diagram pro-
vided initial estimates of the number of stages required to
effect the desired separation at a given reflux ratio. This
same diagram showed that the minimum reflux ratio occurs at
a value of approximately 0.9.

Perry (1973) indicates that setting the reflux ratio 30
percent higher than the minimum reflux ratio generally mini-
mizes the combined operating and fixed costs. This general
rule was followed in chosing a reflux ratio of 1.2 for the
column design. At such a reflux ratio, the desired methanol-
water separation requires 25 theoretical trays. The final
design introduces‘the feed on the nineteenth stage from the
top which is the optimal stage according to the McCabe-Thiele

technique.
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In the RADFRAC model of the column, a total condenser
is included on the overhead. In the actual flowsheet, however,
the overhead vapors proceed directly to the hot regeneration
column to act as reflux. Since the methanol overhead and the
hot regeneration column bottoms differ very little in comp-l
osition, the hot regeneration column is, in essence, acting
as the total condenser.

Detailed output from the RADFRAC simulation is located
in Appendix D. In the overall flowsheet, the column is
represented by a mixer and separator block (MWMIX, MWSEP)
with the reflux rate calculated by the Fortran paragraph
REFLUX.

Hot Regeneration Column

The purpose of the hot regeneration column is to strip
the main wash solvent completely of the acid gases remaining
after flash desorption. Methanol from the methanol-water col-
umn is also fed to this column. The methanol vapors, combined
with those generated in the reboiler, strip the acid gases
from the solvent.

The column is designed with 10 theoretical stages with
the main wash solvent and methanol distillate feeds located
on the third and sixth stages from the top, respectively,

The column was simulated with RADFRAC at reflux ratios ranging
from 0.5 to 2.0. These simulations indicated that it is poss-
ible to strip essentially all the acid gases from the methanol
at reflux ratios of 1.0 or greater. At the same time, the
overhead vapor contains less than 0.07 mole percent methanol

vapor. Increasing the reflux ratio from 1.0 to 2.0 does not
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improve the separation significantly. However, at a reflux
ratio of 0.5, the separation is inadequate, resulting in approx-
imately 13 mole percent methanol in the overhead. The overhead
column temperature varies greatly with the reflux ratio. At
ratios exceeding 1.0, the overhead contains practically no
methanol and must be cooled to -40°F or less in order to
condense sufficient material for reflux. The temperature is
low enough so that the acid gases require no further refrig-
eration prior to the water wash column. On the other hand,
at low reflux ratios, the overhead may contain a significant
percentage of methanol vapor and, therefore, the column can
be refluxed by condensing the methanol. For instance, at a
0.5 reflux ratio, methanol accounts for 98 percent of the
condensate which is condensed at 97°F. Under these circum-
stances, a significant amount of the methanol is lost with
the acid gases. Some of this may be subsequently recovered
in the water wash column. Thus, the design of the hot regen-
eration column must consider the trade-off between a high
condenser duty requiring refrigeration on one hand, and in-
creased methanol losses on the other. Such a trade-off lay
beyond the scope of this work. For the purpose of this sim-
ulation, a reflux ratio of 1.0 was selected where the methanol
losses are negligible.

The detailed RADFRAC simulation of this column established
the splits for the separator (HTRGSEP) representing the column
in the overall flowsheet. The RADFRAC model is included in

Appendix E,
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Water Wash Column

Methanol vapor is recovered from the combined acid gas
streams in the water wash column. The water-rich stream from
this unit is sent to the naphtha extractor to effect the lig-
uid-liquid separation. The rate of water addition was deter-
mined from experimental data so that the subsequent liquid-
liquid separation in the naphtha extractor would yield a meth-
anol-water phase containing less than 1 mole percent benzene .
The results from simulating this column as a four stage ab-
sorber with RADFRAC (see Appendix F) demonstrate that such a
water rate is sufficient to ensure no methanol carryover with
the acid gas. In the simplified flowsheet, the water wash
column is modelled with a separator block (H20WSH) which sep-
arates the feed according to the distribution predicted by
the rigorous model.

Heat Exchangers

The naphtha extractor feed/regenerated methanol, azeotrppe
feed/waste water, and hot regenerator feed/regenerated methanol
heat exchangers are each modelled using two heaters. The heat
duty calculated in one heater is passed to the second heater,
which represents the other side of the exchanger, as an input
stream. The split in duty between the two regenerated methanol
coolers is determined so that the naphtha extractor feed (pre-
wash flash bottoms) is preheated to 50°F to ensure oﬁeration
of the naphtha extractor without any icing.

The absorber feed gas cooling train is handled by a series
of heaters. The simulation does not model the detailed heat

exchange with the purified gas. An enthalpy balance, however,
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indicates that the heat removed from the feed gas in cooling
the gas to -30°F is sufficient to heat the purified gas to
67°F. The CONOCO Design Basis shows that the purified gas is
heated to 77°F after heat exchange. Thus, the absorber feed
temperature may be achieved through heat exchange with the
purified gas without any supplemental refrigeration.

Methanol Make-up

A methanol make-up stream contributes to steady dperation
of the hydrogen sulfide absorbers by maintaining the methanol
circulation at the design rate. The make-up stream replaces
any methanol lost from the recycle stream. In the simulation,
a Fortran paragraph (MAKEUP) calculates the required make-up

rate.

Flowsheet Convergence

To facilitate the convergence of the overall flowsheet
which contains several recycle loops, the regenerated meth-
anol recycle stream is broken. More specifically, the meth-
anol solvent to the absorption section (RGMETC) is treated
as a feed stream, while the regenerated methanol from the hot
regeneration column (RGMETC2) is considered as a product stream.
This simplification is possible since the stream composition
is well defined and the stream rate is maintained at the de-
sign rate by the methanol make-up stream. Such treatmeﬁt
permits the flowsheet to be divided into two subsystems which
can be converged separately.

The flowsheet is converged with an ASPEN generated tear

stream set using the Wegstein convergence method. Three
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material streams and two heat streams must be converged to

converge the entire flowsheet.
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V. RECTISOL PROCESS SIMULATION RESULTS

The process simulation provides a stream-by-stream heat
and material balance which is shown in the simulation output
in Appendix A.

The predicted composition of the desulfurized gas is com-
pared with the composition from the CONOCO Design Basis in
Table 4, The comparison shows that the ASPEN model predicts
a higher yield of each gas constituent. This discrepancy
stems from the fact that the methanol circulation rate was
established based on the fresh feed gas composition which ne-
glected the recycled hydrocarbon gas, as was mentioned earlier.
Therefore, the degree of absorption predicted by the ASPEN
model is lower than that accomplished by the CONOCO design.

To improve the agreement between the simulation and the design,
the methanol circulation rate in the simulation could be in-
creased.‘

The acid gas and the desulfurized gas are related by
material balance since virtually all the gases are recovered
in these two streams. Therefore, the lower degree of absorp-
tion shown by the ASPEN model leads to a lower acid gas re-
covery as compared to the CONOCO design. Table 5 presents
the acid gas composition for both the design and the simula-
tion.

The composition of the regenerated methanol calculated
by the rigorous simulation of the hot regeneration column is
shown in Table 6. The model predicts that it is possible to
regenerate the methanol to 99.8 percent purity, contaminated

only by 0.2 percent water and 2 ppm hydrogen sulfide.
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Table 4
DESULFURIZED GAS COMPOSITION

Component ASPEN Model CONOCO Design
1lbmol/hr lbmol/hr
Hydrogen 1909.4 1907.7
Carbon Monoxide 4048.7 4037.4
Carbon Dioxide 173.4 159.2
Methane - Butane 499,6 485.9
Hydrogen Sulfide 0.0 0.0
Nitrogen 41.6 b1.6
Water 0.0 - 0.0
Methanol 0.1 0.0
Table 5
- ACID GAS COMPOSITION
Component ASPEN Model CONOCO Design
1bmol/hr 1bmol/hr
Hydrogen 0.3 2.0
Carbon Monoxide 4,2 15.5
Carbon Dioxide 125,6 139.9
Methane - Butane 2.9 16.6
Nitrogen 0.0 0.1
Hydrogen Sulfide & Carbonyl
Sulfide 134,9 138.7
Water 8.0 5.6
Naphtha 1.8 0.0
Methanol 0.0 0.0
Table 6
REGENERATED METHANOL
Component ASPEN Model
lbmol/hr
Hydrogen Sulfide 0.13
Water 8.84

Methanol 3817.90
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Table 7 shows the heating and cooling duties calculated
by the process simulation. The heat balance predicts that
the refrigeration duty to cool the recirculating methanol is
10.86 MMBtu/hr. The total predicted cooling duty, including
both refrigeration and cooling water duty, is 16.80 MMBtu/hr.
This is lower than the duty quoted for the CONOCO design.

The deviation may be attributed to the differences in_the de-
sign basis for the simulation and the actual CONOCO design.
In order for the simulation to match the degree of carbon di-
oxide absorption in the CONOCO design, a higher methanol circ-
ulation rate or a lower absorption feed gas temperature is
required. Both of these design changes would raise the re-
frigeration duty. As Table 7 demonstrates, the calculated
heating duty is significantly higher than that for the CONOCO
design. The heating duty represents the steam heat required
to reboil the azeotrope column, the methanol-water column and
the hot regeneration column. As such, the heating duty is

highly sensitive to the specific column design.
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Table 7

COOLING AND HEATING DUTIES
FOR THE RECTISOL PROCESS

ASPEN Model CONOCQ Design

MMBtu/hr MMBtu/hr

Refrigeration and

Cooling Water Duty

Solvent Refrigeration 10.86 -
Hot Regeneration Column Condenser 4.31 -
Azeotrope Column Condenser 1.63 -

16.80 18.76

Steam Heating Duty

Azeotrope Column Reboiler L,22 -
Methanol-Water Column Reboiler 10.75 -
Hot Regeneration Column Reboiler 10.10 -

25,07 11.96
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VI. CONCLUSION

The process model described in this report represents a
viable Rectisol process, based on the CONOCO design. The
model demonstrates that the synthesis gas may be desulfurized
and the methanol solvent may be regenerated with reasonable
operating conditions.

It is difficult to assess the validity of the computer
model in view of the lack of published process data. One
point of comparison lies in the predicted compositions for
the desulfurized gas and acid gas. The current basis for the
methanol circulation rate, which is not consistent with the
CONOCO basis, renders this comparison meaningless. Unfortu-
nately, this project was concluded, due to lack of computer
funds, before a valid comparison could be made at an increased
methanol circulation rate. However, a minor adjustment of
the main wash solvent rate to approximately 3400 lbmol/hr
from the current 3100 lbmol/hr is expected to bring the model
predictions in line with the design basis.

The Rectisol computer model was developed as a flexible
tool which may be applied in future design work or sensitivity
studies. The effect of a design modification to one of the
ma jor process units may be examined using the rigorous stand-
alone model. The results of this simulation may then be trans-
ferred to the overall simulation to assess the impact of the
change on the process as a whole. 1In addition, the model may
be employed to consider the trade-offs between such variables
as the absorption temperature, the degree of regeneration,

and the methanol circulation rate. An enhancement of the
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Rectisol model by linking it to the ASPEN Cost Estimation
Subsystem and Economic Evaluation Subsystem would permit these

design changes to be evaluated from an economic standpoint.
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APPENDIX C

Azeotrope Column
Simulation



‘SP=0 “T=YY SL O=AQY SI3dS-10D

I 0D/SF 0¥/0 S} ZV1/0 + GHAOT/} + QGHAOA S1ONAOYd
€ Q3342v sa3a3l4d

‘0SS Gi/9% } 03dS-d

L=TYVATIO L=1YVAIO SVIQ

Or="10XVA S O=TTOMEBNIWD Gi Wvivd

Jd4avy 03zv o019

0¥ 00 LV3IH SWv3dl1S-43a

0°0 TN/O°0 PHO/0°0 02/0°0 TH
/6G8Y "9EE HOEHO/¥Y¥60°S 9HOD/TI¥v 6LE OTH/9EOB vT STH/GLIL L TOD MOT4-370W
"06=S3¥d "96=dW3l 03I34ZV WVINLS

0¥ 0O Zv1 GHAGY GHAOA=1NO g334Zv=NI 03zv X0018
133HSMOTS

EAVAY * L¥ISNI
EFXNTIH XWIH/EL XWAH XWAH ¥1dOSAS V13Sd0 SNOILdO-d0odd
Y1 dOSAS /IVE0TD V13SdO S3I1¥3d40¥d
IvE01D $1dOSAS S3IL¥3doyd:

OVHO HOEHD/9H9D 9H9D
/OCH OZH/STH STH/TN TN/YHD PYHD/T0D TOD/0D 0D/TH TH SININOJIWOD
‘09=3IWIL-XVW TOYLNOD-NNY

T=S31143d40dd T3IAIT1-DSW
AYOLSIH
ON3 SLINN-NI
+NWNI0D 3d0¥103ZV , NOILJI¥DIS3Q
+NNNT0D 3d0¥L03IZV - INV1d NOILVII4ISYD V0D DLiW

* NOILVZIY¥N4INS3IA SVH 10SILD3Y, 3ILIL



¢o-aelsel - [ 3
¢o-avesst ” 4 3
¢0-ai LO6I [ }
¢0-atisie” [ }
¢0-a9csse” [ }
¢0-aseee6e” [ ]
¢0-av90se” [ }
¢0-0S9veE " [4 }

¢0-08099¢ * 4 3
t0-06iTES” [1 |
C0-08vveE9” [4 }

¢0-aSLOoIL” [4 3

¢0-aceees” 14 }
¢0-0eeSv6” 4 }
10-aLOY L 4 }

10-aoovect * [ }

t0-QASPeEY) - [4 3
10-386091} ° [4 2
10-00c98!} - [4 }
10-azeeoe” 4 }
10-alegee” [ ]
10-0aS1G66T” [ 4

l0o-aisize” 4 t
1O-Qarot iy (4 t
10-091 149" € i

ELGEG’ S }

9¢
°14
ve
EC
(44
(X4
oc
6!
8t
L
9l
St
vi
el
cl
3

ot

< W0 © ~

N ™

* % kK

& ko

ok ok

LR

kK

& ok ok

* ok ok

* kK

ok ok

* % %

* kK

ok ko

* %k

>k K

* ok Xk

* kK

LR J

ok K

* kK

LR R ]

ko

ok %

* kK

d001
doon
d007
d001
d007
d007
d001
d001
d001
400
d007
d001
d007
d0o7
d007
d001
d007
d007
d001
4007
d007
d0o7
d001
d001
d007

d007

3gIsino
q1sino
aairsino
3aIsino
3Q1S1Nn0
jaIsino
jqaIsino
iqgIsino
3Q1s1n0
3QISino
agisino
3aisino
3aIrsino
3gIsino
3Q1S1Nn0
3aIs1no
3qIsino
aqIsino
3QIsino
3qISiN0
3a1sino
3qg1stLno
3qgisino
34I1SLNn0O
3qIsSino

aqisino

* % %k

* ok ok

* ¥ K

* kK

&k ¥k

* % ¥

* ok

ok ok K

ok ok

* Kk %k

* K x

* %k ok

LR R 3

Xk ok ok

* ok K

* kK

> ¥k

* % %k

LE 2

* kK

ok

LA

* Ok K

Kok

> WK

* % %

ot'¢c /90°1 = INIL o¥d4avy :71300W I1€07AN :3DVIUILNI €07aN :3NILNOY 03Zv Y2078 SON ONIYIINI
o = 0 0-a86eC"’ = A 90+QLVYE” = d L°80¢€ =1 ¢ = IVIYIN T = 3004
G3XIW Wv3yLsans

co°z ‘68°0 = 3INIL 03Zv %2078 do Q334ZV WV3YLS L3INI 304 NOILVINDIVO AdIVHINI IVILIINI

66"} /L8°0 = 3INIL Q3431N3 3ONINDIS NOILVINDIVY

NOILVZIYN4TINSIA SVO 10SILD38 ¥04 NOILNDIXI SNIDIE NILSY



£o-ai*o
ST 90uUBILTO} ©doudFIoAu0d dooT 8pTSINQ
¢ TLON

K ok ok ke ok ok o e ok ok ok ko ok ko ok ok ok o ok o ok ok ok o Ok ok sk sk ke ko ok ok ok R ok K ok Kk

*  NOILND3IX3 SAN3 WVUOD0Udd NOILVINWIS NIJLSY

*

a0k o ok ok ok ok oKk ok ok ok ok sk ok ke ok kK ok ok ok e ok K ok ok ok ko ok ke ok ok ok ok ok K ok ok ok ok

0o (o] 8¢ SONINYVYM
} (o] (o] SHOHY I
o} (o] 0 SAOYYI JFYIA3S
(o] (o] (o} SY0HY3 TYNIWY3IL
NOILVINWIS WILSAS Al¥3doyd
AVOISAHd
ek SHOHYI 40 AHVWWNNS  wxx
£€6° LI VAd o1} = INIL Q31VYINID 130d3Y
NIVHO 00718 1S0D NI SXD0718 ON
NIVHO Y2078 SOon 40 aN3
NIVHO X20718 3JON3IDAIANCGD NI SMO018 ON
vo- Ll /0S°Gt = JWIL Q3¥3IN3 ¥31IyM LH0d3N
EO" LI /6¥° S} = JNIL a3137dW0D 3FON3IND3IS NOILVINDIVI
*SNOILVY3LI 4007 30ISINO O NI A3IDAIANOD 1ON Dyiavy
EO0GN :1300W 03zv :X0078 €07aN :3INILNOY O00CE998 JOHYT  x=
£0-0QSEPYSH ° 4 } [e] 4 *xx d00T 3AISLNO **x
€0-Q9€9L} [4 3 6€ *xx d00T IAISINO ==x*
€0-QTeBOT” [ 3 8t *x% d007 IQISLINOD *»*»x
£0-0EBI VYT " [4 } LE *x%x d00T JAISLNO *x*=*
EO0-QlOE6T” 4 3 o€ »xx d00T JAQISLNO **x
£0-QSGLEE " z L se xx+ d007T FAISLINC *=*=
€0-QESGEE’ 14 3 ve *xx d00T JAISLNO * %=
€0-av9vsSy - [ 8 £e *xx d00T 3QISLNO **x
€0-0956+S° [4 3 A **x%x d00 JAISLINO **xx
€£0-009429° [4 3 1€ wxx 4007 JAISLINO **=
€0-0880YL" 4 3 ot **%x dO0T JAISINOD *xx
€0-QTois8 " [ 3 6T %% dODV 3AISLINO **=
¢0-QGLeOol [4 ‘ 8¢ *x% d007 307 TLN0 **xx
;
c0-Qoi9ti - [4 } Lc *¥% d00™ JQISLNO **x



bttt ettt ttQ334ZY 2V GHADT QHAOA
R R RPN Al
TTTTTTTUN3ANOD SSVID WV3NAS 40 NOILJINOS3Q
“TT1V3IH SSYTID WV3IYLS 40 NOILMIYIS3a

< < SO NO

Ceeee e L N0 T 103 WY INLS
Tttt Q3ZV H(0¥4AaVY) DILVNOILOVYHA
...... cee e T U N0T103S ¥0018 S-0-N

T ttrrrreeesesecesiiiiiiiiiee...ig136 NOILAO

T e T NN OANOD

¢ TUUtTTTTTTITTTUTCTCYOUNOILOSZS S3IL¥3d0oY¥d IVOISAH

booTTITI Tt T T 3ONYIVE L3IHSMO4 1IVHIAD

bt et rt Tttt T 30N3N03S TYNOI LY INGWOD

b TTTTTITTTI8M0078 A8 ALIAILO3INNOD L3I3HSMOTA

b7t T CSKWY3YUAS A8 ALIATLO3NNOD L3IFHSMOTS

bt T NN 11038 133HSMO T 4

SIN3INOD 40 378VL
NOILVYZIdN4INS3a SVO 10SIL1D3Y
11 39vd 18/€c/6 :31va 14 ERS ENEL.] ANO NOISYIA N3IJSY
3

)



90-08060C9 " 80+060€£0C8 " - 80+060€E0T8 ° - ( ¥H/NL8)AdIVHLINI

60-4aesyTii " - C 9€68!4 T 9€681 ( dH/87)SSYNW

Gt -a180CSI - EVS LY.L EVS LYL (¥H/10W871) 310W
JONVIVE VIO0L

80-acsevit " - 98V "9EE 98V "9tE HOEHD

LO-A8IVLLY " - orve0°S§ ovv60°S 9H9D

60-av8eETH) " - vy 6LE vy 6LE OCH

LO-QA8BI IEB) - 9€08°vT 9€08 " ¢+T SCTH

(o (o} (o 4]

o (o} o YHO

LO-avieECe” o6LIL ) Oo6LIL | c0d

(o o o 00

(o (o} 0 CH
(¥H/0WET) SININODWOD TVNOILNIANOD

4410 3IATLVIIY ino NI

o JONVIVE ADYINI ANV SSVIN  *xx
A0NVIVE 133HSMOT4 T1IVH3IA0

03Zvx*
SYM @3sn 3O0N3INO3S

3JON3N03AS TVYNOILVINDWOD

04 00 Zv1 AGHAOY GHAOA Q3342Zv 03zv
Si13ino S13INI piolomt:]

S®0078 A8 ALIAILD3INNOD 13I3IHSMOTS

03zv --=- a33idzv - 03zv oy
---- o3zv 02 -—-- 03zv v
--=- 03zv aHAOT .- 03zv QHAOA
134 304N0S WV331s 1s3a 30dN0S Wv3yLs

SWY3IYLS AB ALIAILO3INNGO 133HSMOTS
NOI1D3S L3I3HSMOT4
NOILVZI¥N4INS3a SvO 10S1103d
3ovd i8/€c/6 :31va v Isvin3y INO NOISY¥3IA NIJSV

;
.’



4

39vd

18/€2/6

aI 31n0d dW QYOMA3IN dW
4l 13S NOILdO
$$378vl 13S NOILdO OL A3

S13S NOI1ldO

OvHD ONISSIW 0 HOEHD
9H9D ONISSIW o) 9H9D
OZH ONISSIKW o} OCH
STH ONISSIW 0 STH
C¢N ONISSIW o} cN
PHO ONISSINW o YHO
¢0d ONISSIW o} [40})
00 ONISSINW o} 02
CH ONISSINW o} ZH
SVITV ¥0 3IWVYN VINWY04 3dAL al
SININOdWOD

NOILO3S S3I1143d0¥d TVIISAHI
NOILVZIdN4INSIa SvO 10S1103Y
‘3Lva v 3sv3aay INO NOISY¥3IA N3IdSV
\

/



10OSH S

LOSA SA

zoss ss

z0S9 )

TOSH SH

ZOSIHd SIHd

LOXWSH XWSH

COXWSA XWSA

LOXWSS XWSS

TOXWSD  XWSD

ZOXWSH XWSH

TOXWS IHd XWSTHd

10191S 9IS

O ™

LOAX AN

10NN INW

}OANW ANW

1OTA A

OOAA AA

001S 1s

OOAS AS

0019 19

00AD AD

00H ™

00AH AH

0071IHd 1IHd

LOXWIDIS XWIDIS LOXWIDIS XW191S OOAIHd AIHd
1OXW10 W10 LOXW1a Wi LOXWIDIS XWIDIS
ZOXWAQ XWAQ TOXWAQ XNAQ 1OXW1a Xwia
LOXWIN XN LOXNIN XD LOXWAG XWAQ
ZOXWAN XWAN ZOXWAN XWAM LOXWIN X1
ZOXWINK XWINW ZOXWINW XWNINW }OXWAN XWAN
TOXNANW XWANW ZOXWANW XWANK LOXWINW XWINW
vEXNIA XWIA ¥ 1 XWIA XWIA FOXWANK XWANW
1 XWAA XWAA 1 XWAA XNAA LOXWIA XWIA
PIXWIS - XWIS 1 XN1S XW1S OOXWAA XWAA
¥ XWAS XWAS ¥ 1 XWAS XHAS 00XW1S XW1S
¥ XW1D XW1D I XW1D XW19 OOXWAS XWAS
¥4 XWAD XWAD ¥} XWAD XNAD OOXW19 XW19
vEXNIH XWH EIXWIH XWH OOXWAD XWAD
¥+ XWAH XWAH €1 XWAH XWAH QOXWH XHH
¥ XWIIHd XW11Hd YIXWIIHd®  XW1IHd OOXWAH XWAH
4 XNATHd YWATHd Y1 XWATHA YXWATHd OOXW1IHd XW1IHd
¥1 dOSAS v13Sd0 0d0SAS

(G3NNIINOD) S13S NOILJO
NOILD3S S311¥3d0¥d TVIISAHd
NOILlVZ13n4INS30 SV 10S1103
Iovd 8/€z/6 :3iva 4 3svai3y IND NOISUY3IA NIHSY

)

g



90-Q08060C9° 80+Q60€0C8 ° - 80+060€0C8 " - (  dH/N18)AdIVHING

60-0EGVvTH) " - ¢ °9€£68I ¢ 9E681 ( UH/871)SSVKW

S1-0480¢C64 - EVS LYL . EPS LYL (¥H/0W87) 310w
JONVIVE TvLi0l

80-Qcsehii © - 98¢ " 9€E 98¢v "9¢€E HOEHD

LO-aBiyLLL " - ovv60°S orve0°s 9H9D

60-ayBETI " - vy 6LE Iy 6LE OZH

LO-Q8iLiEBl 9€08 " veC 9€08 " $CT STH

0 (o4 o N

[0 o (o YHO

LO-avieece” o6LIL"} O6LIL" | ¢0d

(o (o} (o 02

(00 (o (o0 tH
(¥H/I0WET) SININOJWOD TVYNOILNIANOD

‘4410 3IAILVIY ino NI

*xx  JONVIVE ADY3INI ANV SSYW wxx

oo ok ke ok K K ok ok K sk ok i ok ok ok kK ok i ok ok ok ok ok ks K K koo ok ok R R ok ok ok ok ok o oK ik sk sk ok kK K K o ok ok ok ok ok ok ok

*€0-0T*0 ST 8duBIST03 odoudlasauod dooT * N
apTSIn *€o- ‘0 O 98I9AU0D UUNTO * G3IDYIANDD LON NWN10D *
PESIN0 €0-051°0 03 P oD * SNOILVINOIVD %2078 NI ¥OdY3 *

! HLON * *

kKK ok ok o o oK kK o ok o K sk ok ok ok ok ok i ok ok o sk ok i koK i O K ok sk ok ok ok o ok ok R M ok i ok e ok sk ok o oK K oK oK oK ok ok o ok K

V13Sd0 13S NOILdO A1¥3d0¥d

St 39viS (o] ]
} J9vis 0o
St 39VIS Zv1

] 3IOVIS QHAOT

3 JOViS GHAOA - S137in0

€ E L) R Q3342v - S13NI
03zv  :(0d¥40VY¥) OILVNOILOVYHS

NOILD3S 0078 S-0-Nn
NOILVZI¥N4INS3A SvO 10SILD3Y
v 3ovd 18/€z/6 :3iva v Isv33y INO NOISY¥3A N3dSVY

3
J



S

39vd

000005
0000 "9t

0000°Sv
00000°¢C
000SL°0

$0-000001 "0
0000 "0
0000E " |
0000S " +
00066 "0
00005 °0

0°0

90-000000" |
0000cC "0

00000} "0
000080°0
0000s "0
0000Ss "0
0000S0°0

¥0-000004 "0

0000010°0

90-000001} "0

90-000000° }
0000€ "0

000001070
60-00000€ "0
€£€0-000004 "0
(e13

18/€c/6

+3iva

S

ISd ‘'S3¥d 39vV1S J3dS-d

ok S37I140dd kK

3lvd 3JiviIIILSIa
OIlvd XN143d
3L1VITI4SIA V104 / 31VITILSIA YOdVA

dH/0W8

> kK $03dS-1702 * Kk ok

J01OV4 3ITBVIAUVA GILVINDINVRH

JFONVY3ITI0L 3ONIDIYIANOD 4007 3IT10Q0IN

§ =X L1V SWvdVd T7300W 3T1dWIS TV3IAINON 304 XVW
0=X L1V SWV3Vd T300W 37dWIS TVIQINON ¥0d4 XVW
SWYdVd 7300W 37dWIS TVIAINON 304 dW ONILIWIT
d0071 3QISNI NI NI3LSHD3IM Q3IANNOE 304 XVWO
d007 3GISNI NI NI3LSH3IM GIANNOS Y04 NIWO
JONVYITOL IONIOHIANOD HSVI4 Q334

97V ANOD D3dS 3IONVWH04¥3d d0d4 € d01OVd

9V ANOD 23dS 3IONVWY04¥3d 304 | d0LOV4
JONVY3IT0L 3d0IS NIILSOIM G3IANNO8

d007 3QISLN0 NI NIJLSHIM a3IANNOE 404 XVWO
d007 3QISLN0 NI NI31SHIM Q3IANNOY d04 NIWO
JONVHIT0L 31vGdN ¥ILIWVIVE 3d01S TIAOW INdWIS
3ISVO IVIAINON 304 0L 1v8 SSVA dWOD

3SVO TV3AINON ¥03 40LOV4 Tv8 SSVW dW0D
JONVYHIT0L ANOD 3ONVIVE SSVW LNINOJWOO
3ivadn NVIBOOVN H0d4 d¥3 SWH d007T IAISNI
¥01Jvd NOILDNA3Y¥ 10L ANOD d007 3IJISNI
JONVYE3T0L ANOD dO007 3QISNI IVILINI
JONVYITI0L ANOD d007 3IAISNI WNWINIW
JONVEIT0L 3ONIDAIANOD 4007 IAISLNOG

NOILdO TVIAINON ¥0d S3IONVIVE dWOD XVW

3000 NOILdO ONILIHOIIM aX

3000 GQOH13W NOILVYILI 4007 IAISNNI

3000 NOILdO ONILvadn 8x

3000 NOILdO QOHi3W SO3dS NODIS3a

3000 NOIL4O 3FIONVIVE AdIVHLING

HSV1d4 G334 304 SNOILVHILI WNNIXVW

Sd00T 3QISLIN0 ¥04 SATNAOW NI3LSHIM QA3IANNOS
NOILdO WHiId097V

d007 34ISLiN0 ¥3d SdO07T IAISNNI WNWIXVW
Sd007 3AISLINO WNWIXVW

SIOVLS TVOILIYO3HL 40 YIABWNAN

* kK SUILIWVYVYdD LNdNI ok

k% VIVQ LNANI  *x=»

{G3INNILNOD) 03zv :(0¥3Qvi) OILYNOILOVYA

NOILD3S A0078 S-0-N
NOILVZI¥N4TINS3A SVO T0SILO3y
v 3sv3a3y 3NO NOISY¥3A N3dSV

3\

!
Z



oge9y” €T-08C98T” OoLLES®™ OT-0scSvi”™ LT-ASTYOE” S

¥L8ES" 12-A16C6}° 9ZI19¥° 61-0G98G6° Sc-avsvse” vl
v66vS° 0C-0EGZS8” 900Gy LI-QEVOLY " €T-06S59C° €4
6V1SG° BI-OQPLYSE" 1SBPY° 91 -0S060G° 1T-06¥T64 - 4]
€916 91 -06L9V} " LEBYY" P1-0LBIGH" 6}-08BC6EL" (N
LSIGG° GI-QEBBO9" ev8vy: €41-08iPSY°  L1-090104 " (o]}
BY1GG° €1 -QTPEST” ZGBPY-  11-QCTOEL " 91-QLLSEL® 6
6€1GG° 11 ~-0Q88GO} - 198¥Y° O -QEBEOY" ©I-QTILES 8
OEISS™ OL-aiovvy” oL8YY" B80-QL9ETI® TI-ASTY6E" L
0OZISS" B80-00698I1 " 088vy"- LO-ASEVLE" O}-QLIOBT" 9
OL1GS" LO-QOL6BL" 068vY° G0-099€LL° BO-QEEVIT® -]
680GS° GO-(Q8SVEE" g8o6v¥" +O-ABLSPE" 90-0TLBS} " 14
¥69VS° EO-QTYLE} " 681G¥° TO-QGBIOL"~ vO-QE6ELL - £
TOI9L" TO-QAZBTES® GBLTT ™ TO-ALO69Y " €0-00T6O} " 4
6CVED” GOEO0Z" 10-QEBLIL® 10-098Z68° EO-OGEED066° I
HOEHD 9H9D OZH SCH 0o 39VLS
Aok K 371408d-X ok ok K
6S VLT S COL 000° 0% 6V 8T G}
te°"9LT €1°LLE viL 6V 9} "g¢e vl
Ol "9LT 98°8L6 6cy 6V Iy vee 4}
C9°SLT G9°BL6 Evi "6t To"vee (4}
80°GLT 94 "8L6 LS8 8P 89 €CT Y
GG PLE €9°LLE LLS 8BV GE"ETT (o]}
00 vLT 60°LLE 98T "8V 10°ETC 6
oV ELT 6G°9L6 000" 8% M AA4 8
16°TLE 00°9L6 PLILT LY 14k AAA L
GE“CTLE 9 GL6 6Ty LY 0o0-zee 9
troiLeT 06° VL6 eV LY 99122 S
¥E " 8ST G6°ELB X-1: B-14 Lo-ize v
6C° 9414 68°096 LLS OV 86°CIT €
00°S€i 8G9 68 98C 9P 18°¢8i 4
OGL EE 000° 06 000" 9v SE'ITH '
dH/0WET YH/0WaN 1Sd 4
MOI4-A M0O14-7 SS3dd dW3L LYES

ok S371408d LR R

*090°ITT'Y dH/nig ALNG ¥311083d
‘068°EE9 ‘4 - ¥yH/nLa ALNQ ¥ISNIANDD

886 VLT dH/10WEN MO14 YOAVA AVHL WOL108
0O0GL EE dH/10nW81 MDTd YOAVA AVYLl dOL
€S CTOL YH/T0WEN MO14 QINOIT AVdL Woii08
000006 dH/10WE MO14 QINODIT AVdL dOL
€6V 82T 4 JANLVUIAWNIL AVHL WoLlL08
8ve- izl 4 JYNLVEIdWNIL AVYLl dOL

(Q3NNILNGD) 03zZv :{0H4Qvd) OILVNGILOVHd

NOILD3S A S-0-Nn
NOILVZI¥NJIINS VO 10SI1L03Y
9 3ovd i8/ee/6  3iva v ERLEREL:] INO NOISY3IA NILSV

}

/

w o



6CYEL" 1T-ALI6LY" LLG9T" 8I-QIOY6L " vC-QeTaTH’ St

8LTLL® 61-Q¥610€E° cCcLTT ™ LI1-Q6EED09° €T-ALLOVE" vi
Lv8LL” LL-QELST) 6GtCT° Gi-0QEPO8)” $T-062T89" [543
cEGLL” 91 -AQv60cs’ 890CZ° tv1-08B68ES" 61-06Ch6Y"° (43
GG6LL" ¥ -QLESLT® SyOoCcT’ TL-AivioL”  LI-AVI6GE” LE
696LL" €1-016106° leoce li-aisv8y- GiI-Q98i9¢C° Ot
186LL" ti-aveLLe: 610CC° 60-0909¢1 - E€1-Ai9oie6l’ 6
€66LL° 60-AL¥8BSI " LO0CT" 80-A0OViIVY® LE-QALLOYE 8
S008L° 80-Q€0899° G661 90-00BEEL" 60-ALLEO}” L
8108L° 90-Q083¢8T" €86iC° S0-QG890V"° 80-Q0CLYL" 9
8108L° #$0-Q900CI 896" EO0-060¥Z)° 90-08BS69S° S
60LLL" £0-QCHLLSG' 968" <TO-QI88LE" tO-QSLECTY 14
886L9° 10-Q9t LOT" [44:2: 1 66L01L° TO-AV666C" €
16606 ° 0ogeEL)” 10-06+€09 " Gceve +0-AaS8EEL ° [4
94GE} ° 10-QT90E8 " 10-aLyO9T 9180L” 10-Q1 LGOS }
HOEHD 9H9D 0cH S¢CH [4110] 39OVIS
Ok Ok 3N1408d-A ok ok K

(G3INNILINOD) 03Zv :(D¥d40avi) OILVNOILOVYS

NOI1D3S 0078 S-0-n
NOILVZIY¥N4INS3IA SVYO T0SILO3A
L 39vd 18/€T/6 31vd v Isv3i3y INO NOISH3A N3IdSV
A}



8

39vd

18/€T/6

*31va

Q3axIn
A3XIW
N3ANOD

N3IANDD SSVID Wv3dls

NOILD3S Wv3IdLS
NOILVZI¥N4INS3IA SVH
v

1V3H
1V3H

1V3IH SSVI0 Wv3ylLs

70STI103y
Isv3ai3y

INO

*SSVID wWuisans
SWvayLsans
SSVI0 WvV3dLS

40 NOILdI¥OS3A
¢ Yllv Wv3dlLs
© SSVIO Wv3dlLs

40 NOIL1dI¥DS3a

NOISY3IA N3dSV

\



6

3ovd

LO+11TCY -LO+6EEY)

1VIH 1V3H
"03zv o3zv
oo 00

NOIL1D3S Wv3dlLS
NOILVZIYN4INSIA SVO 1051103y
r8/ec/6 :3Lva v 3asv3iay

yH/nig

:S3LNgryLLY

al

0
1V3aH
WV3YLS

INO NOISY3IA N3JSV
\

;
P

.



ol

39vd

18/€2/6

TlEE'ST L66V Ve ri19°0Ob BSYSG " LE
vi9¥°0 1EBS "} L8660 SL00°0
bL6Z CE- 00S9°8T- 6LVl 'Sb- CEOI'O
oLLEe" O 0000 0000 "+ 0°'0
62C0°0 0°'0 00 0000 ¢
90+€L60} " -90+1 LOL S " -GO+188BOL  -GO+E18BST”
0000°08 0000°08 0000 9v 0000 9
0000°96 6T6V"BTC G6BLPE ITI 6LYVE'ITH
OEPS LYL O0evyS°TOL O00GT Hi 00SL €€
658V "9LE VBBL PCE LSEIL "L 9196 ¥
14 4-To 01 0C-€110T" Ol6T'C EEOB T
ClYy 6LE SPGL LLE SLOB'O 06L8°0
9€08 " pT L} -S0TOL " +¥00° 1 166L°ET
0'0 00 0°0 0o
00 0°'0 0o 0'0
6LIL Y ¥C-06SSC° 1110°0 L90L "}
0’0 0°'0 00 00
o'o o°o o0 0°0
TYNOILNIANOD : JANLONALS
N3ANOD N3IANOD N3IANOD N3ANOD
03zv
03azv o3izv 03zv
a33dzv FA A aHAOT QHAOA
NOILD3S WVIULS
NOILVZIdN4INS3A SVvO 0SILOIY
+31va v ERAEREL.]

MW DAV

14N0/70W8T  ALISN3A
d-70W81/nL8 AJO¥LINI
ovyd

oVY4A

T0WE1/N19 AJIVHINI
1Sd S3dd

4 dW3l

dH/10WE81 IvioL
YH/10WE1 HOEHD
yH/10W8"1 9H9D
dH/0Wa1 OZH
YH/10W8 STH
¥H/T10W8 ZN
dH/10WaN PHO
YH/10Wa1 z02
dH/10WaN 092
¥H/ 1088 ZH

a3IXIWw ‘WvaAalsans

1SSV
: o1
¢ WOodd
al wWv3dis

G3342ZV ZVT GHADT GHAOA

INO NOISH3A N3dSV
3

/

v



APPENDIX D

Methanol-Water Column
Simulation
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APPENDIX E

Hot Regeneration Column
Simulation
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