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designated on the surface and contains a certain number of equally spaced points
consisting of component compositions. For example, property table PT-10
represents the 10th contour line on the surface (counting from the pure component
end) and contains 10 equally spaced points giving information about the overall
composition along that line. As discussed in the section on Ternary systems in
chapter 2, a 3-component, 2-phase system has 3 degrees of freedom. Drawing an
isothermal pressure-composition phase diagram implies that two additional variables
must be fixed in order to calculate the dew-point or bubble-point pressure. These
two variables are the compositions of any two components. Therefore, after the
ternary. inp file has been created, the TS program invokes ASPEN PLUS to
execute the input file ternary. inp by issuing the command aspen
ternary.inp tttt. This informs ASPEN PLUS to label all of its intermediate
files with the name tttt before the extensions so that the clean-up procedures at
the end of the execution can be carried out easily.

The command TS —\;v scriptfile can be used only if an input file
ternary. inp is present. The -w option causes the TS program to skip the
MAKE_ INP subprogram and go straight to the execution of the input file
ternary.inp. With this option, the information in the input file can easily be
modified. The modification includes specifying any numerical values for constant-
composition lines or using a different equation of state to predict the phase
behavior, such as the Redlich-Kwong-Soave equation. This information cannot be

specified in the script file.
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After the input file is created, ASPEN PLUS reads the necessary information
from the input file, and most importantly, it reads every composition point in each of
the property tables (PT). Then it evaluates the corresponding bubble-point or dew-
point pressure values and tabulates them in the ASPEN PLUS-format report file
named ternary.rep. There are a total of L such tables with the ternary mixture
compositions and the corresponding pressure values tabulated. The TS program
also creates a data file named highlow.dat, which stores only two numbers.
When pressure-composition values are being evaluated for an isothermal prism,
highlow.dat stores the maximum and minimum pressure values. Conversely,
when temperature-composition values are being evaluated for the isobaric prism,
highlow.dat stores the maximum and minimum temperature values. These are
used to locate the maximum and minimum points in the prism for size normalization.

The compositions and the corresponding pressure values in the
ternary.rep file are later extracted and retabulated in a data file called
ternary.dat. Inthe ternary.dat file, the first, second, and third columns
tabulate mole fractions of components A, B, C, respectively, and the fourth column
tabulates the corresponding pressure values (or temperature values for an isobaric
prism). Next, the TS program invokes the MAKE_TRI_COOR subprogram to read the
tabulated composition and pressure data points from ternary.dat and translate
them to the prism coordinate system (shown in Figure 5.9) in accord with the

following transformation equations,
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X = X—ZB + % (5.5)
i
zZ = XB-cos(g) (5.6)
0.9-0.1
y = 0.1 PP (P-Pi) (5.7a)
0.9-0.1
or y =01+ T T (T-Tyn) (5.7b)

max ~ 'min

- <

Figure 5.9 Schematic representation of the coordinate transformation,
Cartesian (left) to equilateral triangular prism.

The mole fractions of components B and C are X, and X_.. The mole fraction
of component A (x,) is not included in any of the transformation equations. In
ternary systems, knowing the compositions of any two components gives the

composition of the third (ie. x, = 1 - x; - x;). Equations (5.7a) and (5.7b) are the
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normalization equations used to calculate the height in the prism. The maximum
and minimum pressure (or temperature) is set at a height of 0.1 and 0.9 in the prism.
For an isothermal pressure-composition prism, equation (5.7a) will be used. If the
TS program performs isobaric temperature-composition calculations, equation (5.7b)
will be used. The valuesof P,__, P orT,, T . arerecorded in the data file

max’ max?

highlow.dat. P or T comes from the tabulated pressure or temperature values in
the fourth column of the data file ternary.dat.

The TS program then creates a geometric-format file ternary.geo to store
the x, y, z coordinates calculated from the transformation equations. The data
stored in the geometric-format file can be displayed using MOVIE.BYU graphical
software. There are three important sections in such a file. Table 5.2 shows a
sample geometric-format data file which was used with MOVIE.BYU software to
draw the square shown in Figure 5.10 consisting of two triangular elements. The
numerical values in the left column of Table 5.2 indicate the line numbers in the

sample data file for reference but should not be included in the actual geometric file.

4(0,1,0) 3(1,1,0)

1(0,0,0) 2 (1,0,0)

Figure 5.10 Square with two triangular elements drawn with MOVIE.BYU.
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Table 5.2 Sample geometric-format data file.

1 4 2 6
1 2
0.000000E+00 0.000000E+00 0.000000E+00 1.000000E+00 0.000000E+00 0.000000E+00
1.000000E+00 1.000000E+00 0.000000E+00 0.000000E+00 1.000000E+00 0.000000E+00
1 2 -3 1 3 -4

G WN =

The first section (lines 1 and 2) shows structural information about the
square. On line 1 the first number indicates that the square has only one “group.”
The second number indicates that there are four points (nodes) on the square. The
third and fourth numbers show, respectively, that the square has two elements and
a total of six nodes on the two elements. Obviously, a single triangle has three
nodes and two have six. The information on line 2 tells MOVIE.BYU that the square
is constructed from element 1 (the lower right triangle) to element 2. It is important
to note that each number on line 1 and line 2 occupies a length of eight spaces and
must be right-justified. In other words, the final numerical character should end in
the eighth space.

The second section (lines 3 and 4) shows the X, y, z coordinates of the
vertices of the square. Each line consists of two coordinate points written in
scientific format. The third section (line 5) shows the node connectivity of the
square. Unlike an iv file, the first coordinate in a geometric-format file starts at 1.
Therefore, as indicated on line 5, the first triangular element is constructed by
connecting the first, second, and third points. Using a minus sign before the 3 tells

MOVIE.BYU to terminate the element by connecting the third point back to the
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starting point. Similarly, the second triangular element is constructed by connecting
the first, third, and fourth points. The node connection is ended by connecting the

fourth point back to the first point.

Thermodynamic surface triangulation

After the surface structure information and the calculated x, y and z
coordinates have been written to the ternary. geo file, the TS program invokes
the MAKE_CONNECT subprogram to triangulate the surface according to the L value
on line 15 in the script file. The triangulation algorithm was developed from a model
consisting of five constant-composition lines connected by sixteen triangles as

shown in Figure 5.11.

1" 12 13 14 15

Figure 5.11 Model ternary phase surface with 5 constant-composition lines
and 16 triangular elements.
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The numerical values shown on each node are the indices of the coordinates.
Note that the first index is placed on the first constant-composition line. The
triangular elements are connected in a counterclockwise manner according to the
connectivity shown in Table 5.3. There are two sets of connectivities, one for the
upright triangles (123, 245, etc.) and the other for the inverted triangles (325, etc.).

The negative values tell the program to end the element by connecting the
negative node to the starting node. The trend can be observed easily from the
connectivity algorithm in Table 5.3. In connecting the upright triangles, the first
column shows the coordinate indices beginning with 1 and running to the final index
point on the (L-1)* constant-composition line. The indices in the second column are
equal to the indices in the first column plus the current line number of the first
column index. The indices in the third column are one greater than the indices in
the second column multiplied by minus one. To find out on which constant-
composition line (LINE) a given index (I) lies, the following inequalities may be
applied.

Table 5.3 Connectivities for triangulating the
surface shown in Figure 5.11.

Upright Triangles Inverted Triangles
1 2 -3 32 -5
2 4 5 54 -8
3 5 -6 6 5 -9
4 7 -8 8 7 12
5 8 -9 9 8 -13
6 9 -10 10 9 -14
7 11 12
8 12 -13
9 13 -14
10 14 -15
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(LINE-1)-LINE <T< LINE-(LINE+1)

: < = (5.8)
LINEZ-LINE-2I<0 and LINEZ+LINE-2120  (5.9)

LINE <+ V1+81 “12*81 (5.10a)

and LINE » V148 “2”81 (5.10b)

I is the index number designated for the node of a small triangle, and LINE is an
integer-variable constant-composition line number to be determined. Figure 5.12
shows the mathematical algorithm for calculating constant-composition line numbers
(LINE) as implemented by FORTRAN code in the TS program. The “WRITE”
statement tabulates the triangulations as they appear under “Upright Triangles” in
Table 5.3.

Only equation (5.10b) is used in this procedure. The TS program evaluates
the right-hand term of inequality (5.10b) by substituting an index number (1). The

resulting value is stored in the variable CHECK. Then the program iterates, starting

OPEN(UNIT=12, FILE="ternary.con’, STATUS="UNKNOWN")

DO 100 1 =1, L*(L-1)/2
CHECK = (SQRT(1+8."REAL(1))-1.)/2.
DO 200J =1, 101
iIF (CHECK .LE. J) THEN

LINE =J
GOTO 300
ENDIF
200 CONTINUE
300 WRITE(12,'(318)’) I, I+LINE, -(1+LINE+1)

160 CONTINUE

Figure 5.12 FORTRAN code for triangulating upright triangles.
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from one and increasing until it finds a number greater than or equal to CHECK.
That number is assigned to the variable LINE. A series of connectivity indices for
upright triangles, I, T+LINE, and -(I+LINE+1), is then tabulated in a file named
ternary.con.

The connectivity scheme for handling the inverted triangles is harder to
follow. The numerical values in the first column are generated by the equation
I+LINE+1, where I ranges from 1 to L*(L-1)/2-L+1. The range of 1 is gotten by
observation and there is no specific analysis that describes it. The numerical values
in the second and third columns are produced by I+LINE and -(2*(T+LINE+1)-1,
respectively. The FORTRAN code for connecting the inverted triangles is shown in
Figure 5.13.

The FORTRAN code shown in Figure 5.13 is similar to that used for
triangulating the upright triangles shown in Figure 5.12 except for the range of I and

the triangulation equations. The connectivity indices of the inverted triangles are

DO 400 T = 1, L*(L-1)/2-L+1
CHECK = (SQRT(1+8.*REAL(T))-1.)/2.
DO 500 J = 1, 101
IF (CHECK .LE. J) THEN

LINE = J
GOTO 600
ENDIF
500 CONTINUE
600 WRITE(12,/(318)') T+LINE+1, T+LINE, -(2*(T+LINE+1)-1)

400 CONTINUE

CLOSE (12)

Figure 5.13 FORTRAN code for triangulating inverted triangles.
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appended to those of the upright triangles in the file ternary.con. The TS
program finishes writing the geometric file ternary . geo by appending the
connectivity indices from the file ternary. con to the x, y and z coordinates in the
geometric file ternary.geo. Atthe end of the execution, TS cleans the directory
by deleting some temporary files generated by ASPEN PLUS. It also renames the
geometric file ternary.geo to bsurf. geo for a bubble-point calculation or to
dsurf.geo for a dew-point calculation. Whether bubble- or dew-point calculations
are performed is controlled in the script file on line 11 as shown in Table 5.1.

The geometric files bsurf.geo and dsurf.geo can be visualized through
MOVIE.BYU graphical software. To get the best graphics display, use DECstation
pv0415.vincent.iastate.edu because it has a 24-bit color screen, whereas
other DECstations in the department have only 8-bit color screens. At the command
prompt, type add movie to attach the MOVIE.BYU software locker. Then type
movX24 and three windows will appear on the computer screen. From the menu
window, click on read geo file and type the name of the geometry file in the
subsequent pop-up window. The three-dimensional object will appear on the
computer screen in wireframe format. Shading, coloring, lighting, viewing position,
and other graphical features can be manipulated in the menu window.

Since OPEN INVENTOR gave better graphics rendering for this work than
MOVIE.BYU, all three-dimensional objects in this thesis are displayed through
OPEN INVENTOR. A program called GEOTOIV was created to convert geometric

files to iv files. As with the TS program, GEOTOIV was compiled on an alpha
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workstation and is executable on alpha workstations only. At the command prompt,
type GEOTOIV geofile, where geofile is the name of the geometric file without
the . geo extension. The GEOTOIV program reads the geometric file and translates
the information to an iv file having the same file name but with the extension
replaced by .iv. Table 5.4 shows a sample iv file used to construct a bubble-point
surface. Note that the first column shows the line number in the iv file but should
not be included in the actual file itself.

The iv file for constructing ternary diagrams is similar to the iv file for binary
diagrams as shown in Table 4.2. Table 5.4 uses the ShapeHints node on lines 5
and 6 to connect the indices in a counterclockwise manner and to turn on two-sided
lighting for the rendered surfaces. Otherwise, the surfaces will be bright on one side
and dark on the other. Since the iv file in Table 4.2 was used to draw lines, two-
sided lighting was not required. Besides, the surface is constructed of many
triangular facets whose connectivity is specified by IndexedFaceSet node as
shown on line 23. Unlike the index numbering in MOVIE.BYU, OPEN INVENTOR
starts thé first coordinate with index zero. The color of the bubble-point surface is
set to red and the color of the dew-point surface is set to green. This setting will be
true for all drawings.

Since OPEN INVENTOR can only be executed on a Silicon Graphics
workstation, iv files have to be transferred from an alpha workstation to an SGI
workstation so that they can be displayed through OPEN INVENTOR. As described

in the section “Generating images through OPEN INVENTOR software” in chapter 4,
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Table 5.4 Sample iv file for constructing bubble point surface.

#inventor V2.0 ascii
Separator {

ShapeHints {
vertexOrdering COUNTERCLOCKWISE }

Material {
diffuseColor 1.0 0.0 0.0
emissiveColor 0.2 0.0 0.0
shininess 1
transparency 0.0 }

Coordinate3 {
point [
0.00000E+00 0.83758E+00 0.00000E+00,
0.25000E-01 0.84592E+00 0.00000E+00,
0.12500E-01 0.82120E+00 0.21651E-01,

1}

IndexedFaceSet {
coordindex [
o, 1, 2, -1,
1, 3, 4, -1,
2, 4

1}

BeSEB BN R RSN NS ocsIonronico@edNOORWN <

there are two commands that can be used to display an iv file, ivview and
SceneViewer. 4However, ivview is always preferable since it reads and displays
many iv files at a time whereas ScenevViewer imports iv files one by one. To do
more complicated operations, such as copying, pasting, saving, printing, lighting,
and others, Sceneviewer will be the appropriate choice. The bsurf.iv file

represents the bubble-point surface whereas the dsurf . iv file represents the dew-
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point surface. prism.iv defines the prism geometry for the ternary bubble-point
and dew-point surfaces. The coordinates of the prism can be calculated from the
transformation equations (5.5) and (5.6) and are presented in Table 5.5. Other iv

files can also be created to add isobaric planes, tie lines, and callouts to the

drawing.
Table 5.5 The coordinates of the prism.
Lower Triangular X,yandz Upper Triangular x,yandz
Plane coordinates Plane coordinates
A (0.0, 0.0, 0.0) A (0.0, 1.0, 0.0)
B (0.5, 0.0, 0.866025) B (0.5, 1.0, 0.866025)
C (1.0, 0.0, 0.0) C (1.0, 1.0, 0.0)

Figure 5.14 shows the simplest possible ternary pressure-composition
diagram — for the mixture n-pentane, benzene, acetone at T=298.15 K. By “simple”,
is meant that none of the three binary sub-systems within the ternary have
azeotropes or critical points, and that the bubble-point curves are increasing (or
decreasing) monotonically (implying no liquid immiscibility). The interaction
parameters used for the binary mixtures n-pentane-benzene, n-pentane-acetone,
and benzene-acetone were 0.0174, 0.020 and 0.020, respectively.

The upper and lower surfaces represent the bubble-point and dew-point
functions, respectively. The triangular plane passing through the prism is for a
particular pressure (0.5 bar). Tie lines (not shown at this pressure) form between
the curves where the isobaric plane intersects the bubble- and dew-point surfaces.

The three white tie-lines in Fig. 5.14 are placed at a pressure of 0.3 bar.
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isobaric plane

acetone

Figure 5.14 Ternary p-xy diagram for the system benzene, acetone, n-butane
at T=298.15 K.

Figure 5.15 shows another non-azeotropic pressure-composition diagram,
this time for the ternary mixture n-pentane, nitrobenzene, i-butane at T=398.15 K.
The binary interaction parameters used for the n-pentane-nitrobenzene, n-pentane-
i-butane, and nitrobenzene-i-butane binaries were 0.10, 0.020 and 0.020,
respectively.

A wavy bubble-point surface can be seen in the prism, and it is confirmed by
the extrema in the nitrobenzene, n-pentane binary diagram in Figure 5.16. This
indicates the existence of a three-phase (vapor-liquid-liquid equilibrium) region. Two
binary pressure-composition diagrams for this system were generated using ASPEN

PLUS, and they are shown in Figures 5.16 and 5.17.
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g P, bar
10.0 gl

n-pentane ' i-butane

nitrobenzene

Figure 5.15 Isothermal pressure-composition prism for the n-pentane, nitrobenzene,
iso-butane ternary at T=398.15 K (bubble-point surface is transparent).

The wavy bubble-point curve in Figure 5.16 indicates that three-phase
equilibrium can exist at a pressure in the vicinity of 8.5 bar. Figure 5.17 shows the
exact location of the three-phase points at compositions that give equal fugacities
for the two components in the three phases. From the ASPEN data table that
accompanies this diagram, the vapor-liquid-liquid equilibrium pressure was found to
be 8.617 bar, and the compositions of the n-pentane-rich and lean liquid phases
were 0.8005 and 0.2627, respectively.

With the addition of a third component (i-butane), the vapor-liquid-liquid
equilibrium pressure and the coexisting compositions will be altered. The three-

phase locus can be calculated by using the FLASH3 block in ASPEN PLUS.
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P-xy diagram for nitrobenzene / n-pentane

12
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AN

Pressure (Bar)

extrema

I | i i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Mole-fraction nitrobenzene

Figure 5.16 P-xy diagram for nitrobenzene and n-pentane at T=398.15 K.
The wavy bubble point curve indicates immiscible liquid phases.

FLASH3 determines the phase conditions of vapor-liquid-liquid equilibrium for a
mixture. In the Flash3 .Main input form, two of the following constraints must be
specified: temperature, pressure, heat duty, and vapor fraction — except the
combination of heat duty and vapor fraction.

In this project, points on the three-phase locus were determined (essentially)

by isothermally compressing the ternary mixture’, initially at a pressure of 5 bar

3 This is done here by specifying a temperature of 398.15 K and a negative heat duty (heat out of the
process).



97

P-xy diagram for nitrobenzene / n-pentane
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Mole-fraction nitrobenzene

Figure 5.17 P-xy diagram for nitrobenzene, n-pentane at T=398.15 K.
Three phase line is at P = 8.617 bar.

(which is below the three-phase pressure) and at a composition that would result

in a three-phase split. The mixture composition and inlet pressure of 5 bar are
specified on the Stream.Main form, whereas the temperature and heat duty for the
flash (compression) process are specified on the £lash3 .Main form. Table 5.6
shows the input ternary mixture compositions for the individual flash calculations
and the corresponding heat duties (heat taken out of the system for isothermal

compression). Table 5.7 shows the vapor-liquid-liquid compositions calculated from

the FLASH3 block.
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Table 5.6 Input flash conditions for calculating the three-phase locus for the ternary
mixture n-pentane, nitrobenzene, i-butane, T = 398.15 K.

Run # n-Pentane Nitrobenzene i-butane Heat Duty
(kmol/s) (molefrac.) | (kmol/s) (mole frac.) [ (kmol/s) (mole frac.) | (kw) (kw/mol)
1 1 0.5000 1 0.5000 0 0.0000 -2300 -1150
2 1 0.4762 1 0.4762 0.1 0.0476 -3000 -1429
3 1 0.4545 1 0.4545 0.2 0.0909 -3100 -1409
4 1 0.4348 1 0.4348 0.3 0.1304 -3200 -1391
5 1 0.4167 1 0.4167 0.4 0.1667 -3500 -1458
6 1 0.4000 1 0.4000 0.5 0.2000 -4000 -1600
7 1 0.3846 1 0.3846 0.6 0.2308 -4300 -1654
8 1 0.3704 1 0.3704 0.7 0.2593 -4800 -1778
9 1 0.3571 1 0.3571 0.8 0.2857 -5300 -1893
10 1 0.3448 1 0.3448 0.9 0.3103 -6000 -2069
11 1 0.3436 1.01 0.3471 0.9 0.3092 -7371 -2533

Table 5.7 Three-phase compositions for n-pentane, nitrobenzene, i-butane,

T = 398.15K.

Run n-pentane nitrobenzene Pressure
# Liquid 1 Liquid 2 Vapor Liquid 1 Liquid 2 Vapor (bar)
1 0.8005 0.2625 0.9907 0.1995 0.7375 0.009276 8.6173
2 0.7536 0.2641 0.8905 0.2077 0.7133 0.008755 9.3182
3 0.7099 0.2655 0.8095 0.2161 0.6898 0.008341 9.9639
4 0.6689 0.2670 0.7425 0.2249 0.6670 0.008006 | 10.5616
5 0.6286 0.2689 0.6831 0.2343 0.6429 0.007713 | 11.1469
6 0.5868 0.2716 0.6282 0.2455 0.6163 0.007449 | 11.7392
7 0.5486 0.2745 0.5825 0.2570 0.5905 0.007233 | 12.2739
8 0.5075 0.2786 0.5387 0.2719 0.5608 0.007031 | 12.8270
9 0.4669 0.2846 0.4993 0.2888 0.5276 0.006852 | 13.3622
10 0.4150 0.2953 0.4602 0.3203 0.4840 0.006680 | 13.9263
11 0.3791 0.3135 0.4368 0.3463 0.4385 0.006577 | 14.2870
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Figure 5.18 shows the liquid-liquid equilibrium and vapor-liquid equilibrium tie
lines for the three-phase region as viewed from the top of the prism. Figure 5.19
shows the isothermal, pressure-composition phase diagram with the wavy bubble-
point surface cut out and replaced by the vapor-liquid-liquid equilibrium coexistence
curves and tie lines. The VLE tie lines that connect to the pentane-rich vapor phase
are visible through the transparent bubble-point surface.

Figure 5.20 shows the complete, isothermal, pressure-composition diagram
for the n-pentane, nitrobenzene, i-butane ternary system. The vertical, U-shaped
walls represent the liquid-liquid equilibrium region and are connected by four
isobaric sections containing tie lines. Starting at the lowest section, the pressure

values of the isobaric cuts are 17, 21, 26 and 31 bar.

i-butane

liquid 1
liquid 2

n-pentane nitrobenzene

Figure 5.18 LLE and VLE tie lines for the ternary mixture, T = 398.15 K.
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pentane-rich
vapor
P, bar

i-butane

nitrobenzene

Figure 5.19 Isothermal ternary phase diagram for n-pentane, nitrobenzene, i-butane
showing the VLLE coexistence curves and tie lines.

The liquid-liquid equilibrium data were calculated by the DECANTER and
SENSITIVITY blocks implemented in the ASPEN PLUS simulator. Since ASPEN
PLUS cannot carry the liquid-liquid equilibrium calculations all the way to the critical
condition, the Heidemann and Khalil method [10] was used to predict the liquid-
liquid equilibrium critical line.

DECANTER is a mathematical model implemented in ASPEN PLUS that can
perform liquid-liquid equilibrium calculations for a mixture. Conditions such as the
temperature and pressure of the mixture can be specified on the Decanter .Main

form.
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Figure 5.20 Complete, isothermal, pressure-composition diagram for the
n-pentane, nitrobenzene, i-butane ternary mixture.

Sensitivity blocks examine the response of a simulated process to individual
variables and tabulate the results as functions of those variables. From the Forms
pull-down menu, select Model Analysis Tools and Sensitivity sub-menus. The
Sensitivity Object Manager form will appear. Click on Create to create a
new sensitivity block, or click on Input to change the information for an existing
block. Sensitivity blocks consist of three sections: The Sensitivity. Define

form is used to define the flowsheet variables that are to be tabulated on the
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Sensitivity.Tabulate form. The variable names should be valid FORTRAN
variable names. After each field is filled, press Enter on the keyboard and ASPEN
PLUS will move the cursor to the next input field automatically. On the
Sensitivity.Vary form, define the key (independent) variables for the flowsheet
and specify ranges of their values for examining the response of the results. Finally,
on the Sensitivity.Tabulate form, specify the variables for which results will
be tabulated.

For determining the lowest section of liquid-liquid equilibrium tie lines, specify
the temperature and pressure to be 398.15 K and 17 bar on the Decanter.Main
form. On the Sensitivity.Define form, define variables for the mole fractions
of n-pentane and nitrobenzene in both liquid phases and specify those variables on
the Sensitivity.Tabulate form to obtain the results. There are two procedures
for setting the values of independent variables on the Sensitivity.vVary form.
For the region distant from the critical point (where liquid-liquid equilibrium
calculations are easier), set the molar flow rates of n-pentane and nitrobenzene
each to be 1 kmol/sec and vary the molar flow rate of i-butane from 0 to 1 kmol/sec.
This varies the bulk composition from equimolar pentane/nitrobenzene to equimolar
in the ternary.

The results tabulated on the Sensitivity.Results form show that there
is liquid-liquid separation until the molar flow rate of i-butane equals 0.8 kmol/sec.

This concentration region is close to the LLE critical point. To continue, since the
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critical point is located slightly toward the nitrobenzene-rich side, increase the flow
rate of nitrobenzene to approximately 1.2 kmol/sec. Then adjust the flow rate of
i-butane from 0.7 to 0.8 kmol/sec, with an increment of 0.001 to locate the last
possible LLE points before ASPEN fails. The results tabulated on the
Sensitivity.Results form show that there is a discontinuity in numerical values
when the flow rate of i-butane reaches 0.771 kmol/sec. Therefore, the LLE points
calculated with this flow rate are the last data used before the critical point. The
liguid-liquid equilibrium tie lines for the higher pressures are evaluated in the same
way, and the LLE walls are constructed by simply connecting the various isobaric
LLE data points.

The liquid-liquid critical locus can be determined by the Heidemann and Khalil
method [10]. The CR program introduced in chapter 2 in the section called
“Generating critical data points” was used to find the vapor-liquid critical locus for a
mixture. In this work, A modified program called CRLL was created to find the liquid-
liquid critical locus. The CRLL program is currently saved on DECstation
pv0415.vincent.iastate.edu in the local drive /local/dcoy/Trace/Code/.
The only difference between the CR and CRLL programs is that the initial guesses
for temperature and volume for CRLL are smaller than those used in CR. By
experiment it was found that the initial guess on temperature for the CRLL program
should be the mole-fraction-weighted average of the critical temperatures of the
pure components. The initial guess on volume should be twice the value b, which is

defined for the Peng-Robinson equation of state in equation (3.2).
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(5.1)
(5.2)

Here n is the total number of components in the system. The initial guesses on the

temperature and volume used in the CRLL program are 2/3 and 1/2, respectively, of

those used in the CR program.

To execute CRLL, a propenty file for the ternary mixture must be prepared.

Table 5.8 shows the format of the property file as written for the n-pentane,

nitrobenzene, i-butane ternary mixture. Note that the numerical values in the first

column are used for reference and should not be included in the actual propenty file.

This property file is similar to the one prepared for the binary mixture as

discussed in Table 4.1. The only difference is that the ternary-mixture file has three

Table 5.8 CRLL input file format for the n-pentane, nitrobenzene, i-butane

0.02 {B..LP2-3}

ternary.
1 3 { number of components }
2 |Component 1: n-pentane
3 ]33.65d0 {Pc (bar) }
4 1469.6d0 {Tc (K)}
5 10.2486d0 { Acentric factor }
6 |Component 2: Nitrobenzene
7 }44.0d0 { Pc (bar) }
8 [719.0d0 {Tc (K)
9 |0.4480d0 { Acentric factor }
10 0.1 {B.LP1-2}
11 |Component 3: i-Butane
12 |36.40d0 { Pc (bar) }
13 (408.10d0 {Tc(K)}
14 0.177d0 { Acentric factor }
15 ]0.02 {B.AP1-3}
16
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binary interaction parameters corresponding to the three binary sub-mixtures. The
binary interaction parameter for components 1 and 2 is placed after the propetrties of
component 2 and appeatrs on line 10. The binary interaction parameter for
components 1 and 3 is placed after the properties of component 3, and the
parameter for components 2 and 3 is located at the end of the file.

After the property file has been prepared, type CRLL profile atthe
command prompt. “profile” is the name of the property file with the extension
.pro. The CRLL program first reads the information in the property file and then
prompts for a first estimate of the mole fractions of components A and B at the
critical point (the first base point) and also a composition increment &x for
establishing a circular search path around this base point. CRLL then returns the
temperature, pressure, and volume of the LLE critical point having this estimated
composition. The calculated temperature (T, ,) will, in general, be quite different
from the temperature of the isothermal prism. This is then followed by a series of
similar calculations at composition points along the circular path having a radius 6x
about the base point. That point along the path giving the temperature (T ,) closest
to the prism temperature is chosen for a new base point, and a new search is begun
using a composition radius of the same size as before.

This process is continued until one such search finds an exact match — a
composition whose critical temperature is exactly that of the isothermal prism. The

associated critical pressure is then noted and the complete coordinates of the point

(Pgy Xacr Xger @and To=T

prism

) are stored.
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The final base point in the search is then perturbed to form a new first
estimate for another series of “circular searches” for determining another set of
exact critical coordinates. After about 10 such determinations the accumulated sets
of critical coordinates are ordered and placed in a file for transfer to the graphics
program. The connection of these (essentially random) points into a curve produces
the LLE critical “line” for the isothermal prism. Figure 5.21 shows a typical series of
base points and circular search paths to find LLE critical points corresponding to the

prism temperature. An enlarged drawing is shown in Figure 5.22.

B

first search gives T,
~ and a new base point.
subsequent base points
giving T 5, T¢ 4 €tc.

T
3 Tc.4.

A / \ C
first estimated . .
final composition for

base point giving T , whichT... =T
Cs5 ™~

isothermal prism

Figure 5.21 Schematic diagram showing a series of base points and circular
search paths to find LLE critical points (exaggerated scale).
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Figure 5.22 Magnified drawing of a particular base point and its circular
search path.

The termary phase diagrams shown thus far were rather simple, since none of
the binary sub-mixtures had azeotropes. Figure 5.23 shows two views of the
isothermal pressure-composition prism for the acetonitrile, benzene, ethanol ternary
mixture at T=333.15 K. The interaction parameters used for the acetonitrile-
benzene, acetonitrile-ethanol, and benzene-ethanol binaries were 0.074, 0.065, and
0.09, respectively.

This diagram has pressure-maximum azeotropes for each of the three binary
sub-mixtures and a pressure-maximum azeotrope for the full temary. The
composition and pressure at which the ternary azeotrope occurs can be located by
using an optimization method implemented in the ASPEN PLUS process simulator.
From the Forms pull-down menu, select Model Analysis Tools and
Optimization sub-menus —the Optimization Object Manager form will

then appear. Click on Create to create a new optimization block or click on Input
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Ternary azeotrope at P = 0.763 bar

N0.46
benzene acetonitrile

/
ethanol

Figure 5.23 Two views of the isothermal p-xy diagram for the acetonitrile,
benzene, ethanol ternary, T =333.15 K.
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to change the information in the current block. There are three sections to an
optimization block: the Optimization.Define form is used to define the
flowsheet variables that will be optimized on the Optimization.Objective form.
The Optimization.Vary form is used to specify the independent variables and
ranges that will be used to optimize the quantities specified on the
Optimization.Objective form. For example, in this work set the temperature
and vapor fraction to be 342.15 K and 0.001, respectively, on the Flash2 .Main
form®. Define the pressure variable for the liquid outlet stream from the Flash2
block on the Optimization.Define form, and maximize the pressure on the
Optimization.Objective form. Finally, define the molar flow rates for the three
components and set them to vary from 0 to 1 kmol/sec. The results shown on the
Stream-Sum.Main form indicate that the temary, pressure-maximum azeotrope
occurs at cbmpositions of acetonitrile and benzene equal to 0.1534 and 0.4292,
respectively, and at a pressure of 0.763 bar.

Figure 5.24 shows tWo views of another isothermal pressure-composition
diagram, this time the ethylbenzene, acetic acid, pyridine ternary at T=373.15 K.
The interaction parameters used for the ethylbenzene-acetic acid, ethylbenzene-
pyridine, and acetic acid-pyridine binaries were 0.05, 0.015, and -0.23, respectively.

This phase diagram has a pressure-maximum azeotrope for the

ethylbenzene-acetic acid binary and a pressure-minimum azeotrope for the acetic

“The purpose of setting the vapor fraction to 0.001 is to generate a tiny amount of vapor in the Flash2
block so that the mole fractions of the three components in the vapor stream as well as in the liquid
can be examined at the azeotropic point.
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ternary saddle azeotrope -
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N 0.56

pyridine _ acetic acid
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Figure 5.24 P-xy diagram for the ethylbenzene, acetic acid, pyridine
ternary at T=373.15 K (two views).
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acid-pyridine binary. It also has a ternary saddle azeotrope located in the middle of
the prism. The composition of the saddle azeotrope is harder to locate than for the
all-pressure-maximum case shown previously. A saddle azeotrope cannot be found
by maximizing or minimizing the bubble-point or dew-point pressure. One must
minimize the pressure difference between the bubble- and dew-point surfaces.
First, a flowsheet has to be set up as shown in Figure 5.25. Set the flash
temperature to 373.15 K for both flash blocks on the Flash2 .Main form and set
the vapor fraction for the upper and lower blocks to be 0.999 and 0.001,
respectively. Then define the dew-point pressure for stream 2 and the bubble-point

pressure for stream 5 on the Optimization.Define form and minimize the

| 2 ——
a FLASH2
L3 —
=> 1 \+ B2
B [ =
F2
FLASHZ
] 5 >

Figure 5.25 Flowsheet for locating the composition of a saddle
azeotrope.
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pressure difference on the Optimization.Objective form. Finally, on the
Optimization.Vary form, vary the molar flow rate of ethylbenzene from 0.4 to
0.7 kmol/sec, acetic acid from 0.2 to 0.5 kmol/sec, and pyridine from 0.1 to 0.4
kmol/sec. The results shown on the Stream-Sum.Main form indicate that the
saddle azeotrope occurs at compositions of ethylbenzene and acetic acid equal to
approximately 0.5520 and 0.2146 and at a pressure of 0.4641 bar. Using the
Optimization.vVary form, the flowrate of each component was varied over a
range greater than zero because the difference between bubble- and dew-point

pressures at each pure-component vertex is also zero.
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CHAPTER 6. MAKING OF THREE-DIMENSIONAL QUATERNARY DIAGRAMS

After working to make three-dimensional ternary phase diagrams, the next
challenging project was constructing three-dimensional quaternary diagrams.
Predicting the phase behavior for a quatermnary fluid system involves solving a five-
dimensional problem. The possible independent variables are temperature,
pressure, and three compositions, thus making it an even more complicated system.
The basic idea is to fix temperature and pressure and represent the four
composition variables in a unit-length tetrahedron as shown in Figure 6.1. The

Cartesian coordinates of the vertices A, B, C, D are shown in Table 6.1.

- N

D Vertex A is in the foreground

Y

Figure 6.1 Two views of a unit-length tetrahedron for representing quaternary
systems.
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Table 6.1 Coordinates of the vertices of the tetrahedron.

Vertex Coordinate (x, v, z)
A (0.0, 0.0, 0.0)
B (0.5, 0.866, 0.0)
C (1.0, 0.0, 0.0)
D (0.5, 0.433, 0.75)

In the example shown here, the components are arranged such that component A is
always the least volatile, component B is more volatile than component A but less
than component C, and component D is always the most volatile. Each triangular
face shows the phase-equilibrium curves translated from an isothermal, isobaric
section through one of the four temary sub-mixtures.” Each edge of the tetrahedron
shows the phase-equilibrium points from one of the six component binaries. Points
inside the tetrahedron represent the composition of the complete quaternary
mixture. The spatial coordinates in the tetrahedron can be calculated from the
following transformation equations (according to Figure 6.2) based on the known

mixture composition, X;, X., X;.

=X Xp 6.1

X= o+ X+ (6.1)
n

V= (6 + 2)-cos(y) (6.2)

z = xD-cosz(—TSE) (6.3)

' The ternary sub-mixtures of the ABCD quaternary are ABC, ABD, ACD, and BCD.
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Figure 6.2 Schematic representation of a quaternary coordinate
Transformation: Cartesian to equilateral tetrahedron.

There are several ways that phase-equilibrium composition points can be
determined for a quatemnary. In this work, the composition points are solved by first
fixing the temperature and two of the component compositions. Then ASPEN PLUS
varies the third composition until it finds the desired (fixed) pressure. Since the
structure of the quatemnary phase diagram is complicated and does not follow a
unique pattern, making these diagrams automatically is not possible at this point.
Much manual work is still required. In the remainder of this chapter we will focus on
the procedures for calculating the phase-equilibrium points and constructing the
tetrahedral diagrams for two specific systems.

The first quaternary system consists of benzene(A), acetone(B),
n-pentane(C), and n-butane(D). These four components form one of the simplest

possible quaternary mixtures. In other words, none of the six binary sub-mixtures
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forms an azeotrope, and there is no liquid immiscibility. It was decided to select a
simple quaternary at the beginning because the three-dimensional quaternary
system is quite complicated. The Peng-Robinson binary interaction parameters used

for the binary mixtures within the quatemary are listed in Table 6.2.

Table 6.2 Binary interaction parameters used for the quaternary system.

Binary pair Interaction parameter
benzene(A)-acetone(B) 0.020"
benzene(A)-n-pentane(C) 0.0174
benzene(A)-n-butane(D) 0.020"
acetone(B)-n-pentane(C) 0.020"
acetone(B)-n-butane(D) 0.020"
n-pentane(C)-n-butane(D) 0.0174

* obtained from ASPEN PLUS
+ obtained by estimation

There are four steps to constructing a three-dimensional quaternary diagram:
(1) Determine the isothermal, isobaric, coexisting binary compositions for the edges
of the tetrahedron. (2) Determine the isothermal, isobaric, temary bubble- and dew-
point curves for the triangular faces. (3) Calculate meshes of quaternary bubble-
and dew-point compositions. (4) Use these data to form geometry files for
displaying the graphics through OPEN INVENTOR. Quatemary bubble-point and
dew-point surfaces are constructed separately, but the procedures are the same in
ASPEN PLUS except on the Flash2 .Main form, where we specify the vapor

fraction to be zero for bubble-point calculations and 1 for dew-point calculations.
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To determine the isothermal, isobaric, coexisting binary pairs, a mathematical
routine in ASPEN PLUS called Design-Spec was used. Design-Spec is a
feedback control block that allows iteration of the manipulated variable until ASPEN
PLUS finds a solution within a tolerance of the value specified for the target variable.
Design-Spec uses the secant method for its convergence algorithm, and the
convergence information can be found on the Conv-Options. Secant form
obtained from the Forms pull-down menu, then from the Convergence and Conv-
Options sub-menus. On the Conv-Options. Secant form, the maximum
number of iterations, target tolerance, and step size for the calculation can be
specified. There are two sections in Design-Spec: the Design-Spec.Define
form is used to define the target variables in the flowsheet. On this form, enter a
variable name in the Varname field, then press Enter and ASPEN PLUS will bring
the cursor to the next input field automatically. The Design-Spec. Specvary form
is used to specify the value of the target variable, the convergence tolerance, the
manipulated variable, and its range. All of these specifications will overwrite the
information in the original flowsheet, and the final results will be displayed on the
Stream-Sum.Main form.

Since the procedures for calculating all binary points are the same, only one
example will be presented here. The schematic procedure is shown in Figure 6.3.
To calculate the bubble-point composition for benzene and n-butane at T=298.15 K
and P=0.5 bar, specify the mole fraction of benzene and n-butane each to be 0.5

and the other components in the quaternary to be zero in the inlet stream on the
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Vapor outlet stream
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Figure 6.3 Schematic diagram for flash calculation using Design-Spec.

Stream.Main form. Then specify temperature and vapor fraction to be 298.15 K
and zero, respectively, on the Flash2 .Main form. Create two Design-Specs - in
one define the pressure in the liquid outlet stream from the £1ash2 block as the
target variable on the Design-Spec.Define form. Next, on the Design-

Spec . SpecVary form, manipulate the molar flow rate of benzene from 0 to

1 kmol/sec and set the target pressure to be 0.5 bar. In the other besign-Spec,
define the total flow rate in the inlet stream as the target variable on the Design-
Spec.Define form. On the Design-Spec.SpecVary form, manipulate the molar
flow rate of n-butane from 0 to 1 kmol/sec and set the target inlet molar flow rate to

be 1 kmol/sec. After execution, the final results can be found on the Stream-
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Sum.Main form; the bubble-point composition of benzene is found to be 0.9037. To
calculate the corresponding dew-point composition of benzene (for the same VLE
state), replace 0 by 1 in the vapor fraction input field on the Flash2.Main form.
The dew-point composition is then found to be 0.2468. These results can be
verified from the benzene/n-butane binary diagram as produced from the Analysis
pull-down menu, then from the Binary and P-xy sub-menus. Similar procedures
can be applied to calculate the remaining coexisting binary points. The results are

shown in Table 6.3.

Table 6.3 Coexisting compositions for binary sub-mixtures.
T=298.15 K, P=0.5 bar.

Mixture Coexisting pairs

benzene(A)-acetone(B) Not found (all liquid)
benzene(A)-n-pentane(C) x(benzene) = 0.4259, y(benzene) = 0.1454
benzene(A)-n-butane(D) x(benzene) = 0.9037, y(benzene) = 0.2468
acetone(B)-n-pentane(C) x(acetone) = 0.6683, y(acetone) = 0.4306
acetone(B)-n-butane(D) x(acetone) = 0.9424, y(acetone) = 0.5613
n-pentane(C)-n-butane(D) Not found (all vapor)

By transferring these binary coexisting pairs to the edges of the tetrahedron
(using the transformation equations shown in (6.1), (6.2) and (6.3)), an outline
structure of the complete quaternary phase diagram can be constructed, first by
connecting the binary bubble-points and then the binary dew-points. This is done in
Figure 6.4 and shown in two orientations. Viewed from the top in Figure 6.4(b), the

outline structure of the bubble-point surface alone appears in Figure 6.5.
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Figure 6.4 Outline structure of the bubble- and dew-point surfaces in the phase
diagram for a simple quatemary mixture (two orientations).
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Figure 6.5 Outline structure of the bubble-point surface in Figure 6.4(b)
as viewed from the top of the tetrahedron.
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The idea of solving for phase-equilibrium composition points is to start from
the point where X,=0 and X_=0, then move across the constant-B-composition line
from left to right by increasing the value of X.. When the point where X,=0 is
reached, increase the value of X, and restart X, from 0, doing the same iterations
each time and continuing until X,=0.9424. The composition of component D will be
calculated along the constant-B-composition lines. The number of composition
points that will be calculated depends upon the curvature of the surface. Since each
iteration must stop at the end of a particular constant-B-composition line, the
intersections between the constant-B lines and the lines where X,=0 (or X,=0 for the
upper triangle) have to be calculated beforehand so that the iterations know where
to stop.

To calculate the mole fraction of n-pentane (X.) at the intersection of the
constant-B (acetone) lines and the line X,=0 (in the ABC face of the tetrahedron),
both sensitivity blocks and Design-Spec must be utilized together. First, set
the mole fraction of n-butane (D) to zero and the other components equal in mole
fraction in the inlet stream on the Stream.Main form. Then set the temperature
and vapor fraction to be 298.15 K and zero, respectively, on the Flash2.Main
form. Again, create two Design-Specs. In one of the Design-Specs, define the
pressure in the liquid outlet stream from the £1ash2 block as the target variable on
the Design-Spec.Define form. Next, on the Design-Spec. Specvary form,
manipulate the flow rate of n-pentane (C) from 0 to 1 kmol/sec and set the target

pressure to be 0.5 bar. In the other Design-Spec, define the total flow rate in the
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inlet stream as the target variable (Design-Spec.Define form), and manipulate
the flow rate of benzene (A) from 0 to 1 kmol/sec and set the target inlet flow rate to
be 1 kmol/sec (Design-Spec. SpecVary form). This ensures that the final flow
rate of each component will be based on a total flow of 1 kmol/sec. In other words,
the final results will be tabulated essentially in mole fractions.

Finally, on the Sensitivity.Define form, define the molar flow rate for
each component and the pressure in the liquid outlet stream so that these results
will be tabulated on the Sensitivity.Tabulate form for verification. Vary the
molar flow rate of acetone (B) from 0 to 0.6683 kmol/sec with 0.1 kmol/sec
increments’. This increment is based principally on the curvature of the surface.
For a more highly curved surface, a smaller increment is required, which will make
the calculation process take longer.

To calculate the mole fractions of n-pentane (X;) on the intersections along
the line where X,=0 (in the BCD face), the procedures are about the same as above.
Only a few details need to be changed. On the Stream.Main form for the inlet
stream, set the mole fraction of benzene to be zero. Then, in one of the Design-
Specs — the Design-Spec. SpecVary form that manipulated the flow rate of
benzene previously — replace it by n-butane. Finally, on the Sensitivity.vary
form, vary the molar flow rate of acetone from 0.0.6683 to 0.9424 kmol/sec’ with 0.1

kmol/sec increments (from 0.7 to 0.9 kmol/sec).

? X,=0.6683 passes through the intersection of the lines for X,=0 and X,=0 (See Figure 6.5).

* Shown in Table 6.3, the composition of the acetone (B), n-butane (D) binary (X.=0 and X,=0).
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Table 6.4 Ternary compositions calculated on the lines where X_,=0 and X,=0.

Benzene (X,) Acetone (X.) n-Pentane (X.) n-Butane (X,)
0.42593 0.0 0.57407 0.0
0.36847 0.1 0.53153 0.0
0.30796 0.2 0.49204 0.0
X,=0 0.24509 0.3 0.45491 0.0
(ABC face) 0.18035 0.4 0.41965 0.0
0.11411 0.5 0.38589 0.0
0.04662 0.6 0.35338 0.0
X,=0,X,=0 0.0 0.66826 0.33244 0.0
0.0 0.7 0.29453 0.00549
X,=0 0.0 0.8 0.17568 0.02432
(BCD face) 0.0 0.9 0.05342 0.04658
0.0 0.94242 0.0 0.05758

The mixture compositions calculated for the intersections of constant-B (acetone)
lines and the lines where X, =0 and X,=0 are listed in Table 6.4 for T=298.15 K and
P=0.5 bar.

In the next step, each iteration loop will be set up in ASPEN PLUS to fix the
value of the mole fraction of component B (acetone), increment X, (n-pentane)
along the constant-B-compdsition line, and solve for the corresponding bubble-point
compositions of component D (n-butane). Therefore, the number of loops set up
depends on the number of constant-B lines drawn across the bubble-point surface.
At this stage, each loop must be set up manually since no simple way has been
formulated yet to program a double loop that will vary X, and X, and calculate all of
the composition points on the bubble-point surface automatically.

The set-up procedures for calculating the compositions of component D are

similar to those for calculating the ternary compositions as discussed previously.
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The four components are set equal in mole fraction in the inlet stream on the
Stream.Main form. Then the temperature and vapor fraction are set to be
298.15 K and zero, respectively, on the Flash2 .Main form. Next, create two
Design-Specs; in one, manipulate the flow rate of n-butane from 0 to 1 kmol/sec
so that the £1ash?2 block is operating under a fixed pressure of 0.5 bar. In the other
Design-Spec, manipulate the flow rate of benzene from 0 to 1 kmol/sec so that the
total flow rate in the input stream is fixed at 1 kmol/sec. Again, define the molar flow
rate for each of the components and the pressure in the outlet stream on the
Sensitivity.Define form so that the final results will be tabulated on the
Sensitivity.Tabulate form.

Manipulate two variables (the molar flow rates of acetone (B) and n-pentane
(C)) on the Sensitivity.Vary form to determine the composition of n-butane (D).
First, fix the flow rate of acetone (B) at zero for the lowest constant-B-composition
line in Figure 6.5. Then vary the flow rate of n-pentane (C) from 0 to
0.57407 kmols/sec, which gives the composition of the intersection between the
zero B-composition line and the line where X,=0. Finally, set the total number of
points to be calculated on the constant-B line in the Npiont field. To calculate the
composition of component D on the next higher B-composition line, change the
molar flow rate of acetone on the Sensitivity.vary form to the value
corresponding to that line. Then vary the flow rate of n-pentane from 0 to 0.531583,
the molar flow at the intersection with the line where X,=0. A list of these values is

given in Table 6.4.
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Figure 6.6 Outline structure of the dew-point surface in Figure 6.4(b).

To construct the dew-point surface, first examine its outline structure as
shown above, viewed from the top in Figure 6.4(b).

The outline structure of the dew-point surface is similar to that of the bubble-
point surface shown in Figure 6.5. Therefore, the procedures to calculate the
composition of component D (n-butane) along the constant-B-composition lines are
the same as discussed above. The only difference is that the vapor fraction is
changed to 1 in the £1lash2.Main form.

The calculated quatemary data points are then transferred to an xess
spreadsheet for data reorganization. This includes transforming the data points to
the tetrahedron coordinate system using transformation equations (6.1), (6.2), and
(6.3) and arranging the data points so that they can be copied and pasted directly

into the iv files through mouse action.
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Triangulation of the quaternary surface

The triangulation algorithm for making quaternary phase surfaces is different
than the one discussed in chapter 5 for making ternary diagrams. Since there are
so many possible patterns in the structure of VLE surfaces in quaternary phase
diagrams, it is difficult to automate the triangulation process. Therefore, manual
work is still required to triangulate the bubble- and dew-point surfaces for four-
component systems.

First, examine the outline structure of the bubble-point surface shown in
Figure 6.5. It is divided into two parts for triangulation, the lower quadrilateral
bounded by the lines where X =0, X,=0, X,=0 and X,=0.6683, and the upper triangle
bounded by the lines X =0, X,=0.6683 and X,=0. In the lower quadrilateral, the data
points are arranged in a “square” matrix. In other words, the numbers of data points
across the constant-B-composition lines are the same. Therefore, a simple
INVENTOR routine called guadMesh node is used for triangulation instead of the
more complex IndexedFaceSet node. QuadMesh node constructs the
quadrilateral according to the coordinates located on the surface and then
triangulates that surface. There are three parameters to support QuadMesh node:
startIndex indicates the first index to be chosen - by default it is O;
verticesPerRow indicates the number of data points across the constant-B
composition lines, and verticesPerColumn indicates the number of constant-B

lines.
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For the upper triangle, IndexedFaceSet node will be used for triangulation.
Therefore, the number of data points calculated along the constant-B-composition
lines in this section must be planned carefully so that it can be triangulated easily.
The details of using IndexedFaceSet node can be referred to in Table 5.4 and in
the accompanying discussion. Since the outline structure of the dew-point surface
is similar to that of the bubble-point surface, the procedures for triangulation are
exactly the same. The complete VLE phase diagram for the benzene, acetone,
n-pentane, n-butane quaternary is shown in Figure 6.7.

Next we explore a more complicated quaternary diagram in contrast to the

simple quaternary example discussed above. A system has been chosen which

n-butane (D)

Dew-point surface
Tie lines

acetone /S

n-pentane
(©)

Bubble-point surface
benzene (A)

Figure 6.7 Quaternary phase diagram for benzene, acetone, n-pentane,
n-butane at T=298.15 K and P=0.5 bar.
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consists of the four components acetonitrile(A), benzene(B), ethanol(C) and
acetone(D) at T=333.15 K. The ternary sub-mixture acetonitrile, benzene and
ethanol forms a maximum pressure ternary azeotrope, and each of the binaries
within the temary forms a maximum pressure binary azeotrope. The fourth
component, acetone, forms simple binary phase diagrams with acetonitrile,
benzene, and ethanol. The interaction parameters used for the six binary sub-

mixtures within the quaternary are listed in Table 6.5.

Table 6.5 Interaction parameters used for the binary pairs.

Binary sub-mixture Binary interaction parameter
(obtained by estimation)
acetonitrile(A)-benzene(B) 0.074
acetonitrile(A)-ethanol(C) 0.065
acetonitrile(A)-acetone(D) 0.017
benzene(B)-ethanol(C) 0.090
benzene(B)-acetone(D) 0.030
ethanol(C)-acetone(D) 0.024

The system pressure is fixed at P=0.6 bar for each of the following examples.
Similar to the procedure for constructing the earlier quaternary diagram, there are
also four steps for constructing the acetonitrile, benzene, ethanol, acetone diagram:
(1) Examine the outline structure of the bubble-point and dew-point surfaces by
evaluating all of the binary equilibrium compositions at the fixed temperature and
pressure. (2) Evaluate the temary composition points so that the quaternary
calculation loops know where to stop. (3) Evaluate the quaternary composition

points from the Design-Spec and Sensitivity blocks in the ASPEN PLUS
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process simulator. (4) Export these data points to an xess spreadsheet for data
reorganization.

It is more difficult to evaluate the binary equilibrium compositions for a
quaternary system consisting of azeotropic binaries than for a quaternary consisting
of simple binary phase behavior. Since the ternary mixture acetonitrile(A),
benzene(B), ethanol(C) contains three binary-mixture azeotropes at pressures
above the common pressure (0.6 bar), there will be two coexisting pairs along each
of the AB, AC and BC edges and one coexisting pair along each of the AD, BD and
CD edges in the tetrahedron shown in Figure 6.8. Therefore, there are a total of
nine binary bubble points and nine binary dew points on the edges of the
tetrahedron.

The procedures for evaluating the binary pairs in this case are similar to the
procedures used to evaluate the binary pairs in the previous quaternary system.
Again, specify the system temperature (T=333.15 K) and the vapor fraction on the
Flash2.Main form. For bubble-point calculations, set the vapor fraction to be
zero - for dew points the vapor fraction is 1. Then, for the two components that will
not be evaluated, set their mole fractions to be zero in the inlet stream on the
Stream.Main form. To evaluate the acetonitrile-benzene binary pairs, set the mole
fractions of acetonitrile and benzene each to be 0.5, and set the mole fractions of
ethanol and acetone to be zero on the Stream.Main form. Next, create two
Design-Specs; use one Design-Spec to manipulate the molar flow rate of one of

the components and to fix the value of the pressure at 0.6 bar. Use the other
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Design-Spec to manipulate the molar flow rate of the other component so as to fix
the total inlet flow at 1 kmol/sec. The ranges chosen for the manipulated molar flow-
rate variables are different. To evaluate the binary bubble points on lines AD, BD
and CD, the range can be set from 0 to 1 kmol/sec, since there is only one solution
on each of these lines. However, when it comes to the binary bubble points on lines
AB, AC and BC, restrictions must be applied, since there are two solutions on each
of these lines. For example, if the binary bubble point is located on line AB at the
A-rich end, the molar flow rates of components A and B have to be set roughly from
0.5 to 1 kmol/sec and from 0 to 0.5 kmol/sec, respectively, depending on the
location of the binary states. This rule will stay the same for calculating the other
binary coexisting points. The results of the calculations are listed in Table 6.6. By
locating these binary coexisting points on the edges of the tetrahedron using the
transformation equations (6.1), (6.2) and (6.3), the outline structure of the bubble-
point and dew-point surfaces can be approximated by connecting like phases as

shown in Figure 6.8.

Table 6.6 Coexisting points for binary sub-mixtures at T=333.15 K, P=0.6 bar.

acetonitrile(A)-benzene(B) | x(acetonitrile) = 0.7853, y(acetonitrile) = 0.6359
acetonitrile(A)-benzene(B) | x(acetonitrile) = 0.1243, y(acetonitrile) = 0.2153
acetonitrile(A)-ethanol(C) | x(acetonitrile) = 0.7365, y(acetonitrile) = 0.6002
acetonitrile(A)-ethanol{(C) | x{(acetonitrile) = 0.1432, y(acetonitrile) = 0.2621
benzene(B)-ethanol(C) x(benzene) =0.9353, y(benzene) =0.8279
benzene(B)-ethanol(C) x(benzene) =0.049, vy(benzene) =0.2031
acetonitrile(A)-acetone(D) | x(acetonitrile) = 0.8408, y(acetonitrile) = 0.6517
benzene(B)-acetone(D) x(benzene) =0.9322, y(acetone) =0.8235
ethanol(C)-acetone(D) x(ethanol) =0.9313, y(ethanol) =0.7791
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acetone (D)

inner loops: dew-point
outer loops: bubble-point

acetonitrile (A) stop

Figure 6.8 Outline structure of the quaternary bubble-point and dew-point
surfaces using straight-line approximations in the ternary faces.

We see that there are pairs of triangular bubble-point and dew-point surfaces
near each of the acetonitrile, benzene, and ethanol vertices. This is common for a
quaternary phase diagram consisting of azetropic binary sub-mixtures.

Next, depending on where the calculation loops end, it is necessary to
evaluate the real temary composition points on the triangular faces of the
tetrahedron. For example, consider the bubble-point surface located near the
benzene vertex (shown in Figure 6.8 and enlarged in Figure 6.9). The loop for

calculating quaternary bubble-point compositions near the benzene vertex was
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B-D binary

constant-D-
composition line

<« B-C binary

Xp=0

A-B binary (calculation loop starts here)

Figure 6.9 Enlargement of bubble-point surface near the benzene vertex
in Figure 6.8.

performed from left (acetonitrile-benzene-acetone triangular face) to right (benzene-
ethanol-acetone triangular face), starting along the constant-D (acetone)
composition line X,=0 and ending at the benzene-acetone binary bubble point.

The temary bubble-point compositions on the benzene-ethanol-acetone face
connecting the benzene-acetone and benzene-ethanol binaries were evaluated so
that the calculation loop knows where to stop along each of the constant-acetone
composition lines. Table 6.7 shows a list of the parameter settings that were used
on the Stream.Main form, Sensitivity blocks, and Design-Specs for
evaluating the termary bubble-point compositions along the sides of each triangular
bubble-point section. Table 6.8 shows the calculated results from the ASPEN PLUS

simulator.
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Table 6.7 ASPEN PLUS parameter settings for evaluating ternary bubble-point
compositions for a specific triangular section.

Bubble-point surface
near the acetonitrile

Bubble-point surface
near the benzene

Bubble-point surface
near the ethanol vertex

vertex vertex
Face of the tetrahedron | Acetonitrile-ethanol- Benzene-ethanol- Benzene-ethano!-
on which ternary acetone acetone acetone
compositions are
evaluated
Inlet stream Set Xg=0 SetX,=0 SetX,=0

Stream.Main form

The rest: equal molar

The rest: equal molar

The rest: equal molar

Sensitivity.Vary
form

Range(XD): 0->0.1592

Range(XD}): 0->0.0679

Range(XD): 0->0.0687

AXD = 0.04 AXD =0.018 AXD =0.018
Design-spec. Set XA: 0>1 Set XB: 0.5>1 Set XB: 00.3
SpecVary form #1 Fix P = 0.6 bar Fix P = 0.6 bar Fix P = 0.6 bar
Design-spec. Set XC: 01 Set XC: 00.5 Set XC: 0.72>1

SpecVary form #2

Fix inlet flow rate = 1

Fix inlet flow rate = 1

Fix inlet flow rate = 1

A= Acetonitrile,

B= Benzene,

C= Ethanol,

D= Acetone

Table 6.8 Ternary bubble-point compositions for the parameters specified

in Table 6.7.

Face of the tetrahedron X, Xg Xe X,
Acetonitrile-ethanol-acetone 0.73672 0.0 0.26328 0.0
(surface near vertex A) 0.77518 0.0 0.19282 0.032

0.80129 0.0 0.13471 0.064
0.81936 0.0 0.08464 0.096
0.83216 0.0 0.03984 0.128
0.84084 0.0 0.0 0.15916
Benzene-ethanol-acetone 0.0 0.93526 0.06474 0.0
(surface near vertex B) 0.0 0.93507 0.04693 0.018
0.0 0.93444 0.02959 0.036
0.0 0.93330 0.01270 0.054
0.0 0.93223 0.0 0.06787
Benzene-ethanol-acetone 0.0 0.04919 0.95081 0.0
(surface near vertex C) 0.0 0.03581 0.94619 0.018
0.0 0.02280 0.94120 0.036
0.0 0.01015 0.93585 0.054
0.0 0.0 0.93127 0.06873
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After the ternary bubble-point compositions have been determined for each of
the triangular sections (which give the termination points for the final quaternary
calculations), several iteration loops must be set up to evaluate the quaternary
compositions on the three bubble-point sections in the tetrahedron. The procedures
are similar to the ones used to evaluate the quaternary composition points in the
earlier phase diagram. The idea is to fix one mole fraction, vary the second by
discrete increments, and then iterate the third composition until the fixed bubble-
point pressure for the system is found. For example, to evaluate the quaternary
composition points for the triangular section located near the acetonitrile vertex, start
from the binary bubble point where X, (acetone) and X, (ethanol) are zero (marked
“start” in Figure 6.8) and go across the constant-D (acetone) composition line,
terminating the calculation loop at the acetonitrile-ethanol-acetone face (marked
“stop”) with a certain number of points at fixed X, spacing. Next, increase the mole
fraction of D (acetone) by a small amount and repeat by going along the new
constant-composition line ih the same manner. The calculation loops will eventually
terminate at the vertex of the bubble-point surface (marked “end”). To evaluate the
remaining two bubble-point surfaces at the benzene-rich and ethanol-rich vertices,
similar procedures are applied. The scheme to evaluate the quaternary dew-point
compositions are very similar to those for the bubble-point compositions, except that
the vapor fraction is specified to be 1 on the Flash2.Main form.

The triangulation procedures involve mostly manual work. The number of

nodes on the surface is determined by the curvature of the bubble-point and dew-
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point functions. This triangulation algorithm will not work for constructing all kinds of
quaternary phase diagrams. In this work, however, the zero index always started at
the first bubble-point or dew-point state evaluated.

The VLE phase diagram for the acetonitrile, benzene, ethanol, acetone

quaternary is shown in Figure 6.10.

acetone (D)

Inner surfaces: dew-point
Outer surfaces: bubble-point

benzene

(B)

o View from the bottom
acetonitrile (A) vertex D is away from the viewer

Figure 6.10 Phase diagram for the acetonitrile, benzene, ethanol, acetone
quaternary, T=333.15 K, P=0.6 bar.

Next, the pressure of the quaternary system is raised to 0.6377 bar, and the
structure of the phase diagram is re-examined. The pressure is chosen to be
0.6377 bar because that is the azeotropic pressure of the acetonitrile-ethanol binary
at 333.15K. As a consequence, the triangular bubble-point and dew-point surfaces
near the acetonitrile and ethanol vertices will contact along the binary line in the

tetrahedron. Figure 6.11 shows the complete quaternary phase diagram
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constructed at T=333.15 K and P=0.6377 bar. The procedure for constructing this

drawing was exactly the same as that used to construct the phase diagram shown in
Figure 6.10. If the pressure continues to rise, the joined bubble-point and dew-point
surfaces will detach from the acetonitrile-ethanol binary line, separate, and form two

distinct quadrilateral surfaces.

acetone (D)

benzene

(B)

View from the bottom

acetonitrile (A) azeotope vertex D is away from the viewer

Figure 6.11 Phase diagram for acetone, benzene, ethanol and acetonitrile,
T=333.15 K, P=0.6377 bar.
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS

Two FORTRAN programs called TS and GEOTOIV have been developed to
automate the construction of three-dimensional ternary phase diagrams. To
execute the TS program, a script file must be prepared containing all of the
important settings for the drawing. These settings include the kind of surface to be
drawn (bubble point or dew point), the temperature for pressure-composition
diagrams, the pressure for temperature-composition diagrams, the number of
constant-composition lines, and others. The TS program invokes the ASPEN PLUS
chemical process simulator and uses the Peng-Robinson equation of state to
generate geometric-format, phase-equilibrium data files which are interpretable by
MOVIE.BYU graphical software. However, MOVIE.BYU generates only static
graphics.. Therefore, the GEOTOIV program provides a way of converting
geometric-format files to iv-format files which are interpretable by OPEN
INVENTOR. This altematelsoftware generates dynamic graphics and provides
great flexibility for interaction with the screen display. The user can rotate, translate,
and enlarge the graphics easily with mouse action to study the detailed structure of
a particular drawing.

Since the procedures for making three-dimensional quaternary phase
diagrams are very complicated, it is not yet possible to automate these procedures
completely through computer programming. Therefore, a large amount of manual

work is still required. From generating and compiling the phase-equilibrium data to
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translating those data into an OPEN INVENTOR graphical format, an entire day may
be required to construct a quaternary diagram, depending on its complexity. An
even more sophisticated program might be created, both to automate making the
diagram and also to simulate quaternary phase behavior through real-time motion
(e.g., the continuous variation of the diagram for a series of different temperatures
while the pressure is held fixed). | recommend organizing the structure of
quaternary phase diagrams into categories and creating associated programs to
automate the procedures for making each type of drawing, for example, quaternary
systems that contain no azeotropes, one azeotrope, and up to six azeotropes
among their six binary sub-mixtures.

The Peng-Robinson equation of state was used throughout this project to
predict the phase behavior of vapor-liquid and liquid-liquid mixtures in the
equilibrium state. It has been found that the Peng-Robinson equation produces
fairly accurate results for non-polar and mildly polar hydrocarbon mixtures. Other
equations of state, (such as the Redlich-Kwong-Soave equation, which is
comparable to the Peng-Robinson) are also capable of predicting phase behavior
for non-polar or mildly polar mixtures (e.g., light hydrocarbons and light gases —
carbon dioxide, hydrogen, etc.) in the high-temperature and moderate pressure
regions. | recommend that these alternate equations also be used for visualization

purposes and their results compared with those presented in the thesis.
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APPENDIX

The following lists all of the software used to create this thesis:

1) Microsoft Word 97 — For text and equations.

2) Microsoft Draw 97 — For graphics editing on thesis pages, such as callouts,
lines, and arrows (implemented in Microsoft Word 97).

3) Adobe Photoshop 4.0 — For individual graphics editing, such as callouts, lines,
graphics format, and resolution control.

3) Showcase — Used on the Silicon Graphics workstation to convert images of
three-dimensional diagrams to encapsulated postscript files. They
are then convented to GIF format by using Adobe Photoshop 4.0
to control the graphics resolution. All images in this thesis are in

GIF format.

4) Snapshot — Used on the Silicon Graphics workstation to convert images of
diagrams that have transparent surfaces to RGB files.
Encapsulated postscript files cannot show the transparency
property. The command ‘tops’ is then used to convert RGB files to
postscript files. They are then converted again to GIF files by Adobe

Photoshop 4.0 to control the graphics resolution.
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