ChemSep Tutorial: Simple Distillation
Harry Kooijman and Ross Taylor
In this tutorial we take you on a quick tour of ChemSep by showing you how to
input the specifications for the simulation of a simple distillation column
for a simple binary separation.
We begin by entering a name for this simulation on the title panel:

Notice the title panel now is complete (as denoted by the green check in the tree to the left). This
does not mean that you need refrain from adding any information that you wish to record in the
comments box seen in the screen shot, only that you are not required to record anything here.
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Use the next button to move to the component selection panel. A longer discussion of the many
ways to select compounds is given in a separate tutorial, Here we assume that you have either
read that tutorial or otherwise know how to select compounds. The screen shot below shows that
for this exercise we have selected benzene and toluene.

Note that as soon as the first compound was selected, the interface marked the component
selection panel as complete (and displayed a green check mark). Of course, for a distillation
column model we need to select at least two components.
The next step is to select the type of simulation: in this case we are selecting an Equilibrium
column. Once we make this selection we need to specify the configuration of our column. Here
the interface supplies us with all kinds of defaults and for this exercise we will accept most of the
defaults as shown below:
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We continue by selecting the thermodynamic models used to simulate the vapor-liquid equilibria
on the stages in the column. Process simulation makes extensive use of thermodynamic
properties, and they can have a profound influence on the simulation results. Selecting the right
models sometimes requires insight and experience from the user. It is your responsibility to
assess whether or not the thermodynamic model you have selected is adequate for your needs.
The main specification here is the selection of the K-value model. Other model selections depend
on the type of K-value model selected. A more complete guide to model selection is provided in a
separate tutorial. The image below shows the models selected for this particular exercise.

We have selected the DECHEMA K-model, UNIFAC for the activity coefficients, and Antoine for the
vapor pressures. These are reasonably good model selections for the nearly ideal Benzene Toluene system of our example. The enthalpy model None means that the enthalpies for the liquid
and vapor are assumed constant and equal for all the components. This assumption is often
referred to as Equimolar Overflow or Constant Molar Overflow (CMO). It implies that the vapor
and liquid flows up and down the column are constant from stage to stage (except around stages
that involve feed or product streams). We shall investigate the consequences of changing the
enthalpy model later in this tutorial.
Using F6 we switch to the next input screen. This brings us to the physical properties where we can
define models for densities, viscosities, thermal conductivities, surface tension, and diffusivities.
ChemSep provides a default set of model selections so no user input is required. If you want to
make your own selection, uncheck the checkbox "Use default methods" and all the selections will
become visible. This is not needed now and we use F6 again for the next input screen, which is
Reactions. As benzene and toluene do not react with each other, we can skip this item and move
to the next item in the input: Feeds.
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Note that ChemSep has already filled in a name for the feed we entered during the specification of
the column operation. You may, of course, change the feed stream name (and any changes will be
reflected in the diagram on the operation panel.
ChemSep numbers the feeds in the sequence of the feed stage numbers we supplied but that can
be changed here if necessary.
Two different types of specifications can be given to fix the feed state: the temperature and
pressure or the vapor fraction and the pressure (of the feed). This specification is necessary to
determine how much of the feed is vapor or liquid. This allows the program to determine the
internal flow rates.
We must also select the feed stage model, a choice of Split, Not split, or Split below. The last of
these options is for feed to the bottom stage of columns that do not have a reboiler. Either of the
other options will suffice for this exercise but it should be noted that Split should normally be
selected for feeds to stages other than the bottom stage. For more on the feed stage model we
refer readers to a separate discussion.
In this example we want to specify a `saturated feed' and we do this by selecting the vapor fraction
specification. When a vapor fraction of zero is specified, the feed is taken to be at its boiling point
(in the simulation a flash calculation is performed to calculate the boiling point ofthe feed
mixture). Of course, we must specify a pressure to determine the feed temperature. Here our
column operates just above atmospheric pressure in order to prevent ingress of any air in case any
leak might develop.
We enter "1.1 atm" and we are asked to confirm the conversion to the default units for the
pressure, namely in bar. If you enter the wrong type of units ChemSep will warn you and let you
try again. Next we need to set the feed composition and total flow rate. Here we want a equimolar
feed with a total mass flow rate of 1 kg/s. To do this we first enter equimolar feedrates of
Benzene (B) and Toluene (T). Any amount will do as long as we enter the same rates for the two
components. Then we enter "1 kg/s" in the total flowrate field.

Press Enter and you will now see this:
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ChemSep knows the molecular weights of the components it automatically carried out the
conversion of the mass flowrate to the molar flowrate. The 1 kg/s corresponds to 11.7471 mol/s as
total feed flow as shown above.
Note that we can also switch from displaying the feed flows in mass or molar units using the pull
down list that appears just above the feed table.
As our simple distillation column only has one feed, we are done and can move to the next input
screen: expand the tree for the `specifications'. There are five tab screens listed for this input:
Analysis, Pressures, Heaters/Coolers, Efficiencies, and Column specifications. The analysis screen
shows us the degrees of freedom for the equilibrium staged column and therefore what needs to
be specified.

We see that we need to specify the pressures on each stage and we do this by selecting the
Pressures tab after we opened the Specifications. Since the column has a condenser ChemSep asks
us to specify pressure in the condenser first.

There you will notice that each item that needs to be specified is shown as an asterisk (*) in
ChemSep. Upon selecting such a field, the asterisk usually is replaced by a default value or else a
value that is consistent with the other specifications that already have been made. In this example
we already have entered a feed pressure and thus ChemSep assumes that the condenser pressure
equals this pressure. Normally, the condenser is not located on top of the column but at some
lower elevation. There is, therefore, a considerable length of pipe between the column and the
condenser over which a certain pressure drop exists. Thus, it is likely that the condenser has a
lower pressure than the top of the column but to keep this problem simple we assume that the
pressure is the same throughout the column as well as in the condenser. Thus, we accept the

5

defaults ChemSep provides for the condenser and column top pressures and select the constant
pressure specification.
The degrees of freedom also tells us that on each stage we need to specify a heat duty,
representing either a heater when positive or a cooler when negative.

These heat duties are optional, and you, therefore, need to "insert" such a cooler or heater if
required. When dong so the program asks you to specify the stage number, name of the heat
exchanger, and its duty. As columns typically operate at temperatures above ambient, there is
typically also a heat loss over the column. This is modeled as a separate duty that gets subtracted
from each stage, except for the condenser and reboiler. The default name for this the heat loss is
set to `Qcolumn' and you only need to specify a value for it. In this example we will assume the
column is insulated well enough that the heat loss is negligible and therefore we assume the
default value of zero.
After the specifications of the heaters and coolers the next sheet brings us to the Stage
Efficiencies. A default stage efficiency for all the stages is to be specified. This value is used for all
stages in the column except the condenser and reboiler, which are assumed to operate at
equilibrium. We can specify stage specification for specific stages by inserting and deleting
stage efficiencies. These are Murphree vapour efficiencies and we use the default efficiency value
of one.

Further discussion of the options available in ChemSep for specifying efficiencies is available
elsewhere.
The next and also the last specification tab sheet is that for the column product specifications. As
we have equipped our column with both a condenser and a reboiler, we have to make two
additional specifications that are going to fix the heat duties of these heat exchangers and that will
determine the internal flow rates as well as the overall mass balance by means of the distillate and
bottoms flows. Again, we see that ChemSep has provided default names for the product flow
names (here Top and Bottom) and heat duties of the condenser and reboiler (indicated with a Q).
For the top specification there is a long list of possible specifications that we are allowed to make.
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The first is the reflux ratio, RR, a very common specification that determines the ratio between the
distillate top product and the flow that is refluxed back to the column. ChemSep provides a default
value for the reflux ratio of two, however, this value will depend very much on the application and
system at hand. This means that the ratio of refluxed liquid flow rate to the product distillate flow
is two (twice as much liquid is returned to the top of the column as reflux compared to the liquid
drawn as distillate product).

For the reboiler select the total bottoms flow rate. As we fed an equimolar mixture to the column,
we want to draw equal bottoms as distillate flows, so we specify a bottoms flow of 5.874 mol/s.
The operation specifications spreadsheet shows both the these specifications. The combination of
reflux ratio and bottoms flow rate is one that gives the most rapid convergence is our experience.
You can make other combinations but not all will convergence very quickly, and some
combinations might even give rise to impossible specifications. That's why we advocate the reflux
ratio – bottoms flow combination for each (distillation) problem. After you have solved the
problem with this specification you can see what the column does and when necessary switch to a
different set of specifications.
After the column specifications have been set all the red crosses in the input tree list have become
green check marks, meaning we have successfully completed the input specification for our binary
distillation example and can go ahead with solving the column. We can do so by pressing {\it Alt-S}
or clicking the little calculator on the toolbar. This will also check our input and if we forgot
something bring us to the window where more input is required or where there is a problem with
the specifications. To solve the problem we must also save it into a simulation file in order to pass
the problem on to the simulator programs. They are separate programs that read the problem
from the simulation file and append the results to the same file. Thus, we are prompted for a valid
file name and path. The default extension (.sep) is automatically appended by ChemSep. After the
simulation file name is specified, say "bt1", the input is saved and the column simulation starts.
During the solve process a window shows the progress of the calculations in the form of messages
of reading the problem and while solving a sum of errors for each iteration. This error sum is a
norm for the convergence obtained and needs to become less than the accuracy set under the
Solve options. When the error sum is small enough the process ends.
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We see from this screen image that the simulation was completed in just 3 iterations and it took
31 ms (the latter is, of course, very much computer dependent). Be warned that this is an easy
problem; not all simulations take so few iterations and so little time.
Click the window away with the Done button to go the Results.
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Results: Tables
Following a successful simulation ChemSep will reload the sep-file and enable the results tab
sheets: Tables, Graphs, McCabe-Thiele, and FUG. The latter is an acronym for Fenske-UnderwoodGilliand and is a collection of short-cut models. Note that the FUG panel is not available in all
versions of ChemSep. The interface will automatically display the stream table.

The stream table shows a complete overview of the feed(s) and products of the distillation
column. It shows pressure, vapor fraction, temperature, enthalpy, molar and mass flows for the
(component) flows of each stream.
In this table we see that the feed is equimolar; both component mole fractions are 0.5. The
distillate top product and the bottoms product compositions are almost exactly mirrors of each
other in respect to the mole fractions. As there is a modest difference in molecular weights
between the components, the weight fractions are somewhat different. To edit the table just click
in the table and start typing.
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Other tables can be selected from the pull down list of tables:

Below we display the material and energy balances.

Here we can see in whether the overall and component mass balance have been met. The overall
balances should be equal to zero or close to 0 (within the criterion used to converge the
simulation). Also, the component balances must be (approximately) zero. When this is not the
case, the solution found is not a physically meaningful solution. It is important to always check
this.
To see a different table, select it from pull down list of the table selector. For example the
T/P/Flow profiles.
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In this table we see that the reflux ratio we specified was indeed also obtained and that together
with the bottoms flow rate specification this implied a boilup ratio of three (within the tolerance
we supplied at the solve options). We see that the pressures are all the same throughout the
whole column – also as specified -- and the temperatures vary from 85 oC in the condenser to
111oC in the reboiler. This is typical pf the temperature profile one would expect for a simple
distillation column.
Note, also, the T/P/flow profile table shows the flows in both molar (top) and mass units (bottom).
Note that we can use one of the buttons above the table to export the table into an Microsoft
Excel table or an ASCII table we can edit in a text editor. Alternatively, we can copy the table to the
clipboard. The table can also be edited from hand in the interface before we do that. Of course, as
soon as we select a new table with the table selector we lose any changes we make.
The next table shows the liquid mole fractions.

There is a similar table for the vapor mole fractions. In either table we see that the benzene
concentrates in the top of the column.
The K-values can also be listed:

Here we see that the the K-values for benzene are greater than one – and those for toluene are
lower than one. The K value was defined as the ratio of the vapor mole fraction to the liquid mole
fraction, this means that the relative amounts of benzene are higher in the vapor than in the
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liquid. This is why the fraction of benzene increases as the vapor rises up the column, condensing
at 92 mole% whereas the feed was only 50%.
Two more tables are available that are not shown here: a summary of the specifications and a
table showing the output from the column simulator which was written to the run window. The
specification summary is a very useful table for it contains the complete problem specification of
the simulation, with this table anyone can reproduce the simulation. It also includes the little
schematic drawing of the column flowsheet to show the column configuration.
Finally, we show the table of physical properties. To display the whole table we need to increase
the width of the ChemSep window.
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Results: Graphs
ChemSep has a rich set of plotting options for the column simulation results. It is much easier to
analyze the results in graphical than in table format (as is true for most other problems). The
graph menu shows the different plots that are available.

Not all of these plots are available in every case. For example, the last eight in the list above are
available only for rate-based model simulations (which this particular example is not).
The default orientation in ChemSep profiles is to plot the stages vertically, with the condenser at
the top and the reboiler on the bottom. Imagine the profile projected over the column standing
straight up on the left axis. This orientation can be changed as can almost all other details of the
plots by clicking in the Show settings check box. Configuration of plots is covered in more detail
elsewhere.
In what follows we look at some of the standard plots available following equilibrium (and ratebased) simulations.
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Composition profiles
The first two plots listed in the graph menu are the liquid and vapor mole fraction profiles that
show how the components are distributed over the column. The first of these is shown below.

Looking at the composition profiles we observe that benzene concentrates in the top of the
column and toluene in the bottom. This is to be expected as benzene boils at 80 and toluene at
110.6oC at atmospheric pressure. Note that the composition profiles show an almost symmetric
behavior. This is an indication that benzene and toluene form a relatively ideal mixture.
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The K-value and temperature profiles

Both the K-values and temperatures increase from top to bottom. In this case the behavior
of the K-values can be explained from the temperatures. We used the DECHEMA K-model:
K i=

1 P i , sat
P

where the pressure is constant over the whole column. As benzene and toluene form an relatively
ideal mixture, the activity coefficients are close to unity and do not vary much over the height of
the column. Therefore, the K values are dictated mostly by the behavior of the component vapor
pressures, which increase with increasing temperatures. The temperature profile shows that the
temperatures increase from top to bottom, which explains why the K-values do the same.
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Vapor and liquid flows and mass transfer rate profiles

Here we see that the vapor flow rates are constant through the whole column. This can be
explained by the fact that the feed enters as a saturated liquid on stage 5. At this stage we also
see an increase in the liquid internal flowrate. As the feed is at its boiling point, no vapor is
condensed, nor is any vapor added at the feedstage. The only vapor generation is done in the
reboiler. The difference in the liquid from stage 1 (the condenser) and the vapor from stage 2
(which enters the condenser) equals the distillate flowrate. We see that this difference is half the
size of the reflux flow from the condenser (the liquid flow stage 1); thus, the reflux ratio is equal to
2.
The mass transfer rate profiles for the two components are symmetric either side of the line
denoting zero. Mass transfer rates are defined to be positive for condensing components. That is
why the mass transfer rates for benzene are negative as it evaporates at each stage in the column
(note the condenser and reboiler are not shown!). The fact that the profiles for benzene and
toluene are symmetric is obvious when we realize that we are separating a binary mixture under
equimolar overflow conditions: if one component evaporates the same amount of the other
component needs to condense.

16

Stripping factor and relative volatility profiles

The stripping factor is defined as the ratio of the vapor and liquid component molar flows:
S i≡

V yi V
= K
L xi L i

Stripping factors indicate the direction a component is moving at the specific stage. If it is larger
than one, this means the component flow upwards in the column is larger than the component
flow downwards at this stage. As we can see in \figuref{FEXstrippingfactors}, the stripping factor
for benzene is larger than unity at all points in the column. The stripping factor for toluene is less
than 1 at all points in the column.
The ratio of the K-values is the relative volatility:
ij =

Ki
Kj

This ratio is a measure of how easy it is to separate two components from each other. In our
example – using the DECHEMA model – this ratio becomes:
 P
ij = i i , sat
 j P j , sat
When the activity coefficients are close to unity (true for ideal mixtures) the relative volatility is
just the ratio of the component vapor pressures. As the latter increase with temperature, the
relative volatility is often only a weak function of temperature. This is especially so when the
boiling points of the two components are close. In our case the relative volatility varies from 2.25
in the reboiler to 2.6 in the condenser
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The McCabe-Thiele Diagram
The McCabe-Thiele diagram for this example is shown below with explanatory labels
superimposed on the diagram created by ChemSep.
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1

For binary mixtures the vapor mole fraction can be calculated from:
12 x 1
1x 1 12−1
where 12=K 1 /K 2 is the relative volatility between benzene and toluene. We saw from the
plot shown above that the relative volatility is not constant (although it does not vary all that
much over the height of the column). ChemSep uses the actual relative volatility calculated on
each stage from the ratio of K-values as defined above.
y 1=

The larger the relative volatility, the further away the equilibrium line is from the
the easier it is to separate the two components.

x= y line and

At x=0.5 another small line is drawn that represents the feed or `q' line. A number indicates
the feed stage (5). Here `q' stand for the `quality' or liquid fraction in the feed. Using the
component balance for the feed divided by the feed we find:
F

zi =

F

L
V
x i
yi
F
F

substituting the total molar balance $ F =V F  LF and q=L F / F gives
z i =q x i 1−q y i
Thus, the slope of the so-called q-line is q /1−q
When q=1 the q-line is vertical line a as is shown in this example.
The blue lines in the diagram are the operating lines. These lines define the molar balances for the
two column sections in our column. The material balance for the top section of the column or
rectiftying section is:
V j y i , j= L j x i , j D x i , D
If the molar flow rates in the column section are constant this becomes:
y i=

r
1
xi 
x
r 1
r1 i , D

where r is the reflux ratio defined by r =L / D.
This is a straight line with slope

L /V =r / r1

which crosses the x= y line at x D .
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For the lower part of the column (the stripping section) the material balance is:
V 'j y i , j= L'j x i , j −B x i , B
which can be written as
y i=
where s is the reflux ratio defined by

s1
1
x i− xi , B
s
s

s=V / B.

This also is a straight line with slope L' /V ' which which crosses the x= y line at x B . Now it
becomes clear why we used the x= y line as our reference line: the two operating lines and the
q-line cross this line at the feed and top/bottom compositions, respectively.
The red lines drawn in between the equilibrium line and the operating lines represent the stages.
We start drawing at the reboiler composition x B on the x= y line. The reboiler generates a
vapor with a vapor composition of y B , which is the y value on the equilibrium line at x= x B .
In other words, we draw a dotted line straight up to the equilibrium line. The liquid composition
from the stage above can be obtained by moving horizontally to the operating line, as the
operating line
determined the mass balance for the internal flows. Then, for the stage above we draw again a
vertical line to the equilibrium line and repeat this process. When we pass the feed stage we
switch from using the stripping operating line to using the rectification operating line. A total
condenser does not generate another triangle for as all the vapor is condensed into a liquid and no
further separation is achieved.
Although it was devised for solving binary distillation problems graphically, the McCabe-Thiele
diagram has value for simulation programs like ChemSep. The diagram can immediately show if
the resulting design is optimum in some senses. It can also be used to interpret the results of a
simulation of a multicomponent separation process (although, as we shall show elsewhere, there
is more than one way to display a McCabe-Thiele diagram for such cases).
Influence of the Reflux Ratio
We continue this tutorial by posing the question: What would happen if the feed were a saturated
vapor (instead of a saturated liquid as was the case above)? To answer this question we need to go
back to the Feed specifications panel and specify a vapor fraction of 1. When we use the solve
option in the program we are asked whether we want to overwrite the simulation file. Don't;
instead save the new problem under a different name. The McCabe-Thiele diagram (below left)
that results from this simulation diagram looks quite different as we see below:
Observe that the distillate and bottoms compositions are closer to the feed composition. An
enlargement of the area around the feed line shows what is going on. As the feed is now a vapor
feed the q-line is a horizontal line. The slope of the q-line is given by q /1−q which is zero if
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q=0. This results in a misplaced feed and we have to keep stepping off stages on the stripping
operating line when it would have been more advantageous to step off stages on the rectifying
operating line. Two stages in the column are much less effective than they could be.
If the vapor fraction is specified as 0.5, we see (in the McCabe-Thiele diagram to the right below)
that the feed line has a slope of -1 and that the feed is again much better placed (but still not
optimally). In this case stage 6 is the optimal feed stage.
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The feed quality q can also be larger than unity or smaller than zero. This occurs when
subcooled liquid or superheated vapor feeds are introduced in the column. A subcooled liquid
needs to be heated up to its boiling point, in which it will condense a certain amount of vapor
generating a higher internal liquid flow. The opposite is true for a superheated vapor. For a
subcooled liquid the slope of the feed line is even positive, the same for a superheated vapor.
Subcooled liquids are more common than superheated vapors for distillation columns for the
simple fact that distillation feeds are often liquids (from storage) and a pre-heater represents an
extra piece of equipment. The same task can be taken over by the reboiler, albeit at a higher
temperature than the feed, requiring more energy (as well as shifting the operating line in the
stripping section of the column).
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When we change the reflux ratio of the column from 2 to 1, we see another change in the
McCabe-Thiele diagram (the feed quality is set back to 0 for this case).
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Now the operating lines have different slopes! The slopes of the operating lines are given by the
ratios of the internal flows. For the rectification line we had a slope equal to L /V =r / r1.
r /r 1=2 /3 and for r =1
r =2
For
this gives a slope of
only a slope of
r /r 1=1/ 2.
We also see that the operating lines intersect each other almost on the equilibrium line. When
they intersect the equilibrium line we would need an infinite number of stages to switch from the
stripping to the rectification operating lines. Therefore, this is called a pinch-point, as the
equilibrium and the operating lines come together. The reflux ratio at which the operating lines
intersect the point at which the feed line crosses the equilibrium line is called the minimum reflux
ratio. At that point the column needs an infinite number of stages.
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We can mimic this situation by changing the specifications so that the column has a large (but not
infinite) number of stages (150 will suffice in this case). We must also change the top and bottom
specifications (if we want to find the minimum reflux ratio it is wise NOT to specify it). Since we
want to find the lowest reflux ratio that will give us the same separation as in our first simulation
with this system we specify the mole fractions in the bottom and top equal to those we saw in the
stream table shown above.

When we rerun the simulation we will obtain the McCabe-Thiele diagram shown below:
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There are so many stages in this simulation that we cannot see all of them as distinct triangles
(most of them are too small to show as more than isolated points). We can see that most of the
stages perform essentially no separation by plotting the liquid phase composition profiles:
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The value of the reflux ratio that gives this result can be seen in the flow table:

We see that a reflux ratio of slightly more than 1 is needed. Any reflux ratio lower than this will
lead to top and bottom products with lower purities (try this as an exercise).
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On the other hand, if we increase the reflux ratio to 10 (and set the number of stages back to 10)
we obtain the McCabe-Thiele diagram shown below:
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Observe here that the operating lines lie closer to the 45-degree reference line and that the
stepping-off of stages leads to larger changes in mole fraction leading to a better separation. If we
further increase the reflux the operating lines move closer to the x= y line until, at total reflux,
they coincide with the x= y line. Of course, at total reflux r =∞ , all the vapor overhead is
condensed and returned to the column so no product stream can be withdrawn (and hence, there
is no production). At this point the separation uses the lowest number of stages to achieve a
specific separation.
We see that there are two extremes for the separation for a given set of distillate and bottom
compositions: the minimum reflux ratio at the pinch point and the minimum number of stages at
total reflux. Real operation must lie somewhere between these two extremes. Typically,
distillation
columns operate at reflux ratios that are 1.1 to 1.5 times the minimum reflux ratio.

25

The Influence of the Enthalpy Model
In all of the simulations carried so far out in this section we have set the enthalpy model to None.
This leads to constant flowrates in each section of the column, a condition sometimes referred to
as constant or equimolar overflow (CMO). We can relax this assumption by selecting a different
enthalpy model: in the thermodynamic models under input. Here we select the Excess enthalpy
model.

When we redo our column simulation and look at the flow profiles we see that the internal flows
now change (albeit only slightly) from stage to stage.
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As the internal flows change slightly, so do the slopes of the operating lines. The operating lines in
the McCabe-Thiele plot now become also curved instead of straight lines (in this case the
curvature is rather small so we have left out this plot).
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When we select the Excess enthalpy model we are able to construct a Ponchon-Savarit diagram; in
ChemSep it is actually just a H-xy plot as shown below.
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Note that the vapor enthalpies are positive and liquid enthalpies are negative, the difference being
the heat of vaporization. Vapor enthalpies are positive because the reference point for enthalpies
is taken as gas at 298 K. As the column temperatures are higher than 298K, the vapor enthalpies
are larger than 0. It is important to know what the reference point is when you are using
enthalpies! Note that to display this plot as shown here some of the standard plot settings had to
be changed as highlighted in the image below.
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