Chapter 4

Analysis of Separation
Processes

In this chapter we will use the various tools ChemSep provides to analyze the specified prob-
lem: for example parametric studies to compare experimental data with simulations or thermo-
dynamic model predictions with measured VLE data. Or plotting stream properties as function
of temperature, pressure, or heat content as well as the rating of the column simulated using
vendor tools. These analysis tools are only available when either the components and models
have been defined or the problem has been solved before.

4.1 Plot Data File

Here we will explain how you can plot any data, for example experimental data that was pub-
lished in a journal article or a book. As an example we will use data on Sulzer BX packing
which was published in Chemical Engineering Progress, January 1998 (p.60). This paper was
written by by Mike Lockett and the data originated from the Fractionation Research Institute
FRI. The article showed "measured” HETP’s as a function of the packing F-factor at four dif-
ferent pressures. In particular, we use a scan for Lockett’s plot of HETP’s for the o/p-Xylene
system at 1 atmosphere, Figure 1a. We could read the values from this graph by hand but to get
a little more precise numbers we use the tool "Scanlt” to obtain the datapoints. Scanlt (available
for free) lets you pick the origin and two axis end points of the Figure to determine the scale
of the scan. After this you can select each point with the mouse and Scanlt will mark it and
compute the x,y values of the original datapoint.

With the ”Copy data” button we can copy the data to the clipboard. We open a Notepad text
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Figure 4.1: Using Scanlt to obtain the data points in the Figure.

editing window and paste the data in there. We also add some descriptions in this file:
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# fullref= Chemical Engineering Progress, January 1998, p. 60, Fig.
# author= Michael J. Lockett

# title= Easily predict structured-packing HETP

# url= http://www.aiche.org/CEP/Issues/1998-01/
# fileref= cep/cepl998-01p60.pdf

# subref= figla

# type= structured

# vendor= Sulzer

# name= BX

# system= xylenes

# pressure= 96 [kPa]

# location= FRI
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diameter= 1.22 [m]

bedheight= 3 [m]

xbot_ave= 0.3

data_y= ave.HETP [m]

data_x= F-factor [(Pa.s) 0.5]
data_type= experiments

copyleft= Harry Kooijman, ChemSep.org

H= FH= = K W

this basically gives a complete reference to the article. If possible, we refer to the publishers
URL of the paper. Note that this is not always possible, as in this case, as CEP does not have
an electronic versions of their older publications. In this case we make a link in the same way
as it works for the current publication of the journal. Important to realize is that any datalines
starting with a "#” is not a data line. All these entries are providing meta information about
the data that follows. Does the ata represent experimental values or model predictions? What
was measured as a function of what, in what units? What chemical system was used, at what
pressure, and in how large a column? What was the (average) molefraction in the bottom of the
column of the more volatile compound? We can add a title and a label with:

# plottitle=Sulzer BX o/p-Xylene 730 Torr @ FRI (1.22m ID) CEPjanl998p60figla
# plotstage=Vertical
# plotcommands=set label "ChemSep" at 3,0.3 right

The title gives packing type, test system and pressure, column ID, and reference. The label is
just an example of text which is right alligned. There is also another ways of making labels, as
we will see later. We can now also define the X- and Y-axis with

x1l-title=F-factor
x1l-start=0
x1l-end=3
x1l-ticint=1
x1l-stics=4
x1-log=0ff
yl-title=Average HETP (m)
yl-start=0
yl-end=0.3
yl-ticint=0.05
yl-stics=4
yl-log=0ff

HH= o S o = FH S e 3 S

Note that ChemSep can draw 4 axii, and that the default x- and y-axis are x1 and y1. This is the
notation used by GNUplot, the tool ChemSep uses to make its plots. To make define the color
and style of the datapoints we can use:
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label= exp.
x—axis=1
y-axis=1
x-units=
y-units=
color=1
style=1
thick=1
point=6

H FH H K W = FH R

flipp=0

which defines the datapoints as red filled circles labeled as “experimental” points. Next we
paste the content of the buffer with the data collected by Scanlt:

0.242 0.145
0.306 0.0955
0.345 0.1
0.385 0.115
0.398 0.168
0.444 0.126
0.512 0.126
0.581 0.155
0.659 0.158
0.707 0.155
0.765 0.15
0.825 0.172
0.97 0.178
0.989 0.163
1.12 0.219
1.15 0.173
1.26 0.176
1.3 0.176
1.45 0.199
1.45 0.229
1.45 0.183
1.52 0.175
1.55 0.188
1.78 0.191
1.87 0.206
2.03 0.216
2.13 0.219
2.22 0.222
2.41 0.194
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We save this as a text file with a descriptive name, for example cep1998janp60Figla.txt, where
the name uses the abbreviated journal name, followed by the volume number, a small ”’p” for
page, and then the page number. This usually generates an unique name. When the journal
does not use volume numbers but year and month instead, we use those, with the month as
three small letters. For conferences we use an abreviated conference name, year, and a session
number or a page number of the proceedings.

The resulting text file can directly be plotted with ChemSep using the ”Plot data file” menu-item
under Analysis. The plot has the same axii as it was originally published with as well as labels
in the plot. When multiple experimental data sets are shown in one graph it is better to separate
them into separate files and call them for example figla, figlb, figlc etc. This will allow them to
be used separately in model comparison studies as we will see below. You can always combine
them into one figure by adding another text file, for example as “figl”, by appended the files
into that file. Make sure you give each set a different label and color/point-type so that they
remain distinguable! Our example will look like Figure 4.2.

Sulzer BX o/p-Xylene 730 Torr @ FRI (1.22m |D) CEPjan1998p60fig1a
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Figure 4.2: Showing the distillation test data with the “Plot data file”.
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4.2 Parametric Study

The Sulzer BX packing data as plotted with the Plot Data File option above can be compared
with with predictions of mass transfer coefficient (MTC) correlations in ChemSep. Lockett also
made such a comparison with the mass transfer model of Bravo, Rocha, and Fair (Hydrocarbon
Processing, January 1985, p. 91). Here we discuss how to do the same using the ChemSep
Analysis - Parametric Study option. To make this comparison you need to setup a simulation
of the distillation tests in ChemSep for the system in question. We like to use the same filename
as the dataset and add to it the model name (abbreviation), for example for the BRF85 model
cepl1998janp60Figla_BRF85.sep. The easiest way to get this done is by searching our online
database for a simulation (sep) file with the same distillation test mixture (and pressure) and
adapt it for the right packing, bed height, and MTC model.

e o
DledBE e
o Tille o nslysis | " Pressures | 7 HeslersCanlers o Desion |+ Total Reflus |
f Companents Internals Desigr
~¢" Operation
T (F‘;p::ies | . Insert | Remove | System factor |1 Import design
ermodynanic:
«f Physical properti -
«f Reactions Section = ‘
-~ Specifications Calurnn interhals Structured Packing
o Bnalysis First stags 2
+f Pressures loststane |F§
‘/ Heaters/Coolers Section height (m] 3.2
f Design Mass transfer coefficient | Bravo-Rocha-Fair 1995
& Total reflux Liquid phase resistance | Included
= Pesults “apour flow model Plug flov
Tables Liquid flows model Flug flovs
Pressure diop Stichlmair-Bravo-F air 1983
Graphs
MeCabe-T hisle Ertrainment Nare
FUG Holdup Drfault
Uriits Design method Fraction of flond
gul\f options Section 1: Column internals
‘aths
(= Libramny Column diameter [m] ~
Stage height [m] 0.05 =
Save StucturedT vpe Sulzer B 55
Specific_surface_area [mz| 492
Reset Structured woid fraction 1) 0.9 [v]
3 —— JE S S
s Cc3 C:\temp'_waork\_paper_packings\structured\sulzer\BX\opX_730Torr_BX_BRF&5.sep

Figure 4.3: Setting up the o/p-xylene simulation with the BRF’85 MTC model.

It is important to realize that "an HETP” is not measured as such but that it is computed by
simulating the distillation tests with an equilibrium stage simulator while matching measured
bottoms and tops compositions. To get a good match one stage is to be taken to have a fractional
stage efficiency (between 0 and 1). The HETP is then resulting from the bed height divided by
the number of stages in the simulation (of course, excluding condenser and reboiler. If the
vapor velocity in the bed changes it is important to use the location with the highest flows for
computing the F-factor. When we have a converged simulation and verified it is correct we need
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to simulate it at various flow rates using Analysis - Parametric Study option in ChemSep. We
vary the reflux flow to the column to simulate the tests at different vapor loadings. You might
need to play a little with the liquid reflux rates to obtain the right range for the test data. Note
that we chose to plot the average HETP, by using AHETP1. This computes an average HETP
over the whole bed of section number 1. We plotted it as function of the F-factor on stage 35,
which resides in the middle of our bed.
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Figure 4.4: Using Parametric Study to simulate the column at different vapor loadings
(and hence F factors) and calculating the average HETP.

Then plot the data points again with the “Plot data file” menu item and switch on the "Graph
settings”. This will allow you to add a data-set wth the ”Add set” button. Here we plot the
second and third column in the Parametric Study, by using the identifiers PS2 and PS3, on axii
x1 and y1 for the 6 points generated in the Parametric Study (adapt this if you use a different
number and indices for the variables).

When we now click the ”Display” button we obtain the experimental HETP and the model
predicted HETP in one graph. We see that there is quite a good agreement with Lockett’s
publicated model predictions for the BRF’85 model. Deviations stem from using the average
HETP, different physical properties and the use of a full nonequilibrium model. It is important
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Figure 4.5: Use “graph settings” to add the BRF’85 prediction next to the experimental
data.

that we use a sufficient number of stages to integrate the packed bed and the correct flow models
are chosen in the simulation, of course.

To compare varous MTC models we need to be able to also compute the standard deviations
in this plot. It would also be nice if we can visualize the model deviations. We can! Simply
click the ”Calc Dev’s” button and these deviations will be computed for all data points. Note
that the range of the parametric study must be large enough for this to work. ChemSep uses
rational inter- and extra-polation to compute the model HETP’s for each data point. The overall
standard deviation in HETP and relative HETP is also added as label to the graph. This is all
written to a new data file which includes the deviations as individual line pieces, and ChemSep
asks you to specify a new name for this file. Typicaly we append a digit for the text file, for
example: Structured/Sulzer/BX/cep1998janp60Figlal.txt. When you inspect this file you see
also that ChemSep appends a label with the deviation and the relative error:

# string 0 0.3 s=0.024 r=0.143 b=+0.012

This allows you to further add other labels to the graph. The label may contain spaces but
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Figure 4.6: The BRF’85 prediction with the FRI experimental data for Sulzer BX
packing with o/p-Xyelene at 1 atm shows a good agreement.

special characters might not print properly.

We are now ready to compare the results for different models and select the best MTC model
for this packing (and distillation system). We welcome anybody to contribute to our online
database of distillation tests. We try to cover all industrially relevant packings. Obviously, this
only works if the vendor makes its test data available or someone publishes measured distillation
tests on the packings.

4.3 Column Rating

ChemSep can perform a simple column tray rating to determine tray and overall column cost es-
timates (using tray correlations from Economopoulous, 198x, and cost correlations by Douglas,
1988). This preliminary rating can then be used to initialize software of industrial column inter-
nals vendors, for example SulCol by Sulzer Chemtech, that do more detailed column internals
rating using the vendors own (proprietary) capacity correlations.
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Figure 4.7: The BRF’85 model shows a relative standard deviation of 14 per cent or
24mm on an HETP that increases from 120mm at low vapor loadings to 200mm at
high vapor loadings. Note that the bias is positive (+12mm), meaning that the BRF’85
model is 7 per cent optimistic in its prediction of the HETP!.
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Figure 4.8: Column rating.

Note that in Figure 4.8 the column is split into two sections automatically by ChemSep, as the
feed to the column is used to automatically split up the column in a rectification and a stripping
section, that due to their different internal traffic have different diameters. You can insert or
remove any section, in cause this automatic division is not sufficient.
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4.4 Stream Curves

Stream curves are often used to perform sizing of heat exchangers for condensers, reboilers, and
heaters/coolers for feeds and product streams. To size these exchangers it is very important to
determine the temperature and physical properties (especially densities, viscosities, and thermal
conductivities) as function of the heat content of the stream flowing through the exchanger.

4.5 Phase Diagrams

In ChemSep it is quick and easy to analyse the VLE of a mixture at hand. It is even possible to
make comparisons with measured VLE data. We’ll use binary VLE data on Acetone and Ben-
zene measured 25 degrees Celcius as an example. It was published by A. Tasic, B. Djordjevic,
D. Grozdanic, N. Afgan, D. Malic, in Chem. Eng. Sci. (1978), 33, pp. 189-197. Many binary
VLE data sets published in literature are collected in the thermodynamic libraries. The most
well known of these libraries is the DECHEMA data series of which there is also an online
version, called Detherm. This library includes the data of the Dortmund Daten Bank (DDB).

We will start with a new file in ChemSep and enter the VLE Data in the comments section of the
sep file. You can find the VLE data in our set of binary vle (bvle) files using the library indices
of acetone, 1051, and that of benzene, 501. The data file is then called "bvle_1051_501_t25.txt”.
The order of the components is set to increasing normal boiling points. Since acetone boils at
a lower temperature than benzene it comes first. The component indices are separated with an
underscore since the uses of spaces in file names makes the use of commandline tools difficult.
As a last part of the file we add an indicator for the conditions at which the measurements were
taken, here at constant temperature of 25 C. We can use copy-paste for entering the data as text
in the comments field:

# file=bvle_1051_501_t25.txt

# ref=ces33pl89

# title=P-xy data for acetone (1051) / benzene (501) at 25 C in
# fullref=A.Tasic, B.Djordjevic, D.Grozdanic, N.Afgan, D.Malic,
pxy

95.05 0 0

116.65 0.082 0.248

137.2 0.185 0.416

156.3 0.307 0.55

169.3 0.401 0.632

182.1 0.505 0.703

191.2 0.59 0.755

203.2 0.704 0.824

213.4 0.8055 0.882
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220.95 0.8955 0.936
222.35 0.909 0.944
225.05 0.932 0.958
230.4 11

Note that we separated the data here by tabs. ChemSep’s import option for binary VLE data also
allows spaces, comma’s, or semicolons as separators. Important is that there is a line describing
the type of data in each column. When data is only available in graphical form you can use the
tool Scanlt to obtain the datapoints. Scanlt lets you pick the origin and two axis end points to
determine the scale of the scan. After this you can select each point with the mouse and Scanlt
will mark it and compute the X,y values of the original datapoint. With the "Copy data” button
you can copy the data to the clipboard and from there to a sep file or a text file. Be sure to always
include the complete reference to the original article besides a descriptive title. If possible, we
refer to the publishers URL of the publication. We use specific set of journal abbreviations and
refer to the volume and first page of the publication, in this case “ces33p189”. The title and
reference are put on lines that start with a ”#” to indicate the line does not contain data. By
including lines with the file name, short and full reference, and title, it is easier to automatically
scan a lot of files for specific information. It takes a little effort to do this systematically for
each file but the pay-back is huge when many of these small files are compiled into free online
resources. If you send us your files without references they are of little use to us as we can not
make them available to others.

When we want to compare the VLE data to predicted values by thermodynamic models we
need to define the components as well as make a model selection and provide the interaction
parameters for the models. Select "Components” in the tree of the input navigator on the left
hand side. This will open a pane where we can select the compounds. ChemSep shows the
compounds in the default component library (a "PCD” file) and you can select any of these by
double-clicking a compound. Typing a (part of a ) name in the ”find” box will narrow down the
list of components to only those with the particular string in the name (clicking the “advanced”
checkbox allows for more sophisticated searched). We add the components in the order of their
boiling point, first acetone and then benzene:

Next we click on the “properties” in the input navigation tree to select the thermodynamic
models. To describe Vapor-Liquid equilibria ChemSep uses K-values, which define the ratio of
the vapor to the liquid compositions (K=y/x). For ideal mixtures the K value equals the ratio of
the component vapor pressure to that of the system. For nonideal systems such as the system at
hand, this is insufficient, and an activity coefficient is needed to describe the non-ideality of the
liquid mixture fugacity. The resulting model for the K-values is called the DECHEMA model,
since it is also used in the DECHEMA data book series. As activity model we will first select
a predictive model, UNIFAC, which will require no further input. As vapor pressure model we
select the Antoine model.

To display our calculations in the same units of measure, select units” in the navigator. Our
experimental data was in degrees Celcius and torr (mm Hg). Since torr is not part of the standard
list of pressure units you must type it in the edit box. ChemSep allows you to do so and thus
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Figure 4.9: Entering VLE data in a new file.

compose all kinds of personal units of measure. ChemSep knows most chemical engineering
units and all the prefices to scale them.

Now save the file under a descriptive name, for example “bvle_1051_501_t25.sep”. Then go to
Analysis - Phase diagrams - Binary menu option. This opens a window to generate our pxy
diagram. Select the type of diagram (pxy) and phase equilibrium (VLE) as well the condition
(temperature = 25C) and click on calculate to generate the phase diagram:

Now we want to make a comparison of the model predictions with the experimental data. For
this we must load the data either from a file or from the comments section. For both you must
click the file open” icon next to data. In our case we must select the ’read from comments

field” file type and select to open any file. This loads the following information onto the data
line (all in one line):

pPXy;
p=95.05,x=0,y=0;
p=116.65,x=0.082,y=0.248;
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Figure 4.10: VLE model predictions.

p=137.2,%x=0.185,y=0.416;
p=156.3,x=0.307,y=0.55;
p=169.3,x=0.401,y=0.632;
p=182.1,x=0.505,y=0.703;
p=191.2,x=0.59,y=0.755;
p=203.2,x=0.704,y=0.824;
p=213.4,x=0.8055,y=0.882;
p=220.95,x=0.8955,y=0.936;
p=222.35,x=0.909,y=0.944;
p=225.05,x=0.932,y=0.958;
p=230.4,x=1,y=1;

We see the data is processed: the pxy identifier is repeated and then used for identifying each
data item, separated by comma’s. The data points themselves are separated by semicolons.
Note that the original data did not have units, so no conversions are done. The diagram now has

the points shown as entered:
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Figure 4.11: Comparing experimental data with UNIFAC/Antoine model predictions.

To quantify the deviations between the model and the experimental points we can compute
the standard deviations by clicking the “Data Dev.” button. This computes for each point the
pressure q and vapor fraction z that is in equilibrium with the measured liquid composition x
and the specified temperature 25 C. ChemSep adds these to the data line:

pxy;
p=95.05,x=0,y=0;
p=116.
p=137.
p=156.
p=169.
p=182.
p=191.
p=203.
p=213.

3,%x=0.
3,x=0.
1,x=0.
2,x=0.
2,%x=0.
4,x=0.

65,%=0.082,y=0.248,9q=116.8901,2=0.231314;
2,%x=0.185,y=0.416,9=137.7293,2=0.414939;
307,y=0.55,9=158.3805, z=0.557008;
401,y=0.632,9=171.8393,2z=0.636984;
505,y=0.703,9q=184.7208,z=0.708714;
59,y=0.755,9=193.9699, z=0.759586;
704,vy=0.824,9q=204.9321,2z=0.822478;
8055,y=0.882,q=213.554,2z=0.877809;
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p=220.95,x=0.8955,y=0.936,g=220.3915,2z=0.930066;
p=222.35,x=0.909,y=0.944,9=221.3489,2z=0.938402;
p=225.05,x=0.932,y=0.958,9=222.9353,2z=0.95301;
p=230.4,x=1,y=1;

It also computes the relative standard deviations (only for the binary points) and adds them to the
title of the diagram. Here we see that the UNIFAC+Antoine models predict vapor compositions
(sy) with 0.72% and the pressure (sp) with 1.01%. This is actually very good. Actually most of
the deviation in the pxy diagram is caused by the Antoine model not capable of predicting the
exact pure component bubble pressures.

M Binary Phase Diagram : E r.9)
Component 1 |Acetnne j
Acetone + Benzene @ T=25 [aC)] sp=00072 ¢p=0.0101
Component 2 Benzene -
240

Diagram Type Py -

Temperature 25 {aC) 220

Mumber of points 'T Copy Clear

Caloubte | Pt | [ Batabev. | 200+

Title |Acelone +Benzene & T=26 [aC] sy 180 4

Data | :p=35.05 x=01 y=01;p="116. 65, x=0.

Dot v| Magerta  ~| &= H x| p [h:lrgu |

T avis |T

T Min/Mae/Inty. | [ \ 140 -

P axis |D [tarr)

pMin/Max/inty. [B4.6631E  [240.209 |20 120
Wiy awis |H Acetone
# MinManiinty. |0 [1 0.2 100 —

Lines Calar Line ‘ Style | Paint

Eubble Marmal | Salid None T T T T
Dew Red MNarmal | Salid Naong an 0.z 04 o0& iR .0
Impart plot = ] ##cstone

Close

Figure 4.12: Calculating standard deviations in y and p.

Once you are happy with the way your VLE diagrams looks like use the Plot button to generate
a GNUplot diagram. From GNUplot you can bring the plot into any other windows program
supporting MS meta-graphics, such as Word and powerpoint, by pressing Alt-Space in GNUplot
and selecting Options - Copy to Clipboard.

Though the fit of the predictive UNIFAC model looks very good, we see that close to pure
acetone the dew and bubble point lines start to curve at a decreasing slope, indicating that we
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Acetone + Benzene @ T=25.0000 (aC) sy=0.0072 sp=0.0101
240

220

200 4

180 ]

p (torr)

160

140

120

100 ],

x Acetone

Figure 4.13: VLE diagram in GNUplot.

are close to an azeotrope. Actually, the data does not seem to have this tendency. When we
go back to the thermodynamic model selections and select the UNIQUAC model and load the
parameters from the library,

we will obtain a fit that is less good - deviations in pressure increase by more than a factor two
- but the curvature of the dew and bubble point lines is correct:

Thus, lower relative deviations of pressure and mole fractions aren’t necessarily indicative for a
qualitative better description of the binary VLE. This is due to the errors in the pure component
vapour pressures. Errors over half of the concentration range are introduced when a pure com-
ponent bubble point temperature is off by just one or two degrees! We leave it to the reader as
an exercise to select different models for the vapor pressure to see how the predictions can vary.
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Acetone + Benzene @ T=25 C UNIQUAC sy=0.0134 sp=0.0247
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Figure 4.14: UNIQUAC fit of the VLE data.

4.6 Residue Curve Maps

In ternary or multi-component mixtures, the distillation path in the column can be analysed by
means of ternary Residue Curve Maps (RCM).

4.7 Property Diagrams

Just as ChemSep allows an easy and quick way of plotting VLE diagrams, it also allows you to
do the same with any physical property. Here we will show how to plot binary diffusivities as
they would occur in a distillation column.
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