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Part 6

Distillation Modelling in Aspen Plus
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Part 1

In this tutorial, we will learn how to design a separation column using the various models and
tools we have available in Aspen Plus. The basic strategy is:

1.Use a shortcut column to get an approximation for the optimal value of key parameters, such
as reflux ratio and number of stages.

2.Use a rigorous column to get more accurate results using the
suggested values.

3.Use optimization to narrow in on the best choice.
For this example, we will separate an equimolar mixture of acetone, isobutyraldehyde, ethyl

acetate, and n-heptane, with normal boiling points shown below (note that it may differ from
Aspen Plus’s Databanks).

Acetone 56.1°C

Isobutyraldehyde 64..1-64.3°C (uncertainty)
Ethyl acetate 77.06-77.6°C (uncertainty)
n-Heptane 98.4°C

The mixture is at 30°C and 1 bar, at a rate of 200 kmol/hr. (I am not sure you'd ever find this
mixture in the industry, but it makes for a good, contrived example with the precise properties |
was looking

for.)

In this example, we will create a properties backup file. This means that all of your physical
property settings are loaded in one file. You can then import that file over and over again into new

d . X
| & Selection | Petroleum l MNonconventional l Enterprise Database l Comments l
Select components
Component I1D Type Component name Alias CAS number
ACETO-01 Conventional ACETONE C3H60-1 67-64-1
ISOBU-01 Conventional ISOBUTYRALDEHYDE C4H80-2 78-84-2
ETHYL-01 Conventional ETHYL-ACETATE C4H802-3 141-78-6
N-HEP-01 Conventional N-HEPTANE C7H16-1 142-82-5
Find | | Elec Wizard | | SFE Assistant | | User Defined | | Reorder | ‘ Review
. v
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simulations and flowsheets so that you can keep reusing the same physical properties package
on all of them. Create a blank simulation and add the four above components.
For the Methods type, choose UNIQ-RK. Verify that it worked by going to the Binary Interaction
folder and looking at the UNIQ-1 parameters. Verify that the source is VLE-RK. If it is VLE-IG, it
means you did something weird earlier, such as setting the wrong physical property package, and
then when you switched to UNIQ-RK, these parameters did not change. If this is the case, change

the source to VLE-RK and verify that the numbers changed. There should also be

five pairs.
r B
@ Global | Flowsheet Sections l Referenced I Comments
Property methods & options Method name
Method filter ALL ;
UNIQ-RK - Methods Assistant...
Base method UNIQ-RK -
Henry components - ] Modify
; ; Vapor EQS ESRK
Petroleum calculation options apor £ o
P
Free-water method STEAM-TA Data set 1=
Water solubility 3 Liquid gamma GMUQUAC
Data set 1 3
Electrolyte calculation options hignsdimetar eathalpy RG]
Chemistry ID . .
Liquid molar volume | VLMX01
Use true components -
Heat of mixing
Poynting correction
Use liquid reference state enthalpy
h >

V| @Input ‘(’JDatabank& ]Commems ‘

0

View Regression Information H Search H BIP Completeness |

Parameter  UNIQ Dataset 1 ‘ Swap H Enter Dechema Format ‘DE;timateusing UNIFAC

Temperature-dependent binary parameters

‘ Componenti ¥,  Component] T Source W Temp.Units 1 Al T Al Bl W Bl W a % a w DU DI W TLOWERY,  TUPPER Y
ACETO-01 1S0BU-01 APVI0VLERK  C 0 0 132588 -21063 0 0 0 0 2 %
ACETO-01 ETHYL-01 APVI0VLERK  C 0 0 38867 719375 0 0 0 0 393 733
ACETO-01 N-HEP-01 APVI0VLERK  C 0 0 42921 -285.72 0 0 0 0 40 0
1S0BU-01 N-HEP-01 APVI0VLERK  C 0 0 BT 160959 0 0 0 0 4 4

\ ETHYL-01 N-HEP-01 APVI0VLERK  C 0 0 12335 -119.7% 0 0 0 0 0 iy
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Fa N
[@Input @ Databanks | Comments

- Select databanks and their search order

Available databanks Selected databanks
APV120 VLE-LIT APV120 VLE-RK
APV120 VLE-IG APV120 LLE-LIT
APV120 VLE-HOC APV120 LLE-ASPEN

NISTV120 NIST-IG
NISTV120 NIST-HOC
NISTV120 NIST-EOS
NISTV120 NIST-RK

=

181

& Setup | Pure Component ]T—Dependent ] & Binary I UMNIFAC Group l Comments

- Estimation options

() Do not estimate any parameters
@ Estimate all missing parameters

() Estimate only the selected parameters

-Parameter types

Pure component scalar parameters

Pure component temperature-dependent property correlation parameters

Binary interaction parameters

UMIFAC group parameters
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Notice that one of the pairs, Isobutyraldehyde—Ethyl Acetate, does not exist in the databank.
When this happens, you can either find your own in the literature or you can try to use the UNIFAC
method to estimate the vapor-liquid equilibria (VLE) parameters for you. The UNIFAC method is
a group-contribution method that looks at the shape and structure of a molecule and then uses
certain heuristics to try to predict how it will interact with other molecules. This is built into Aspen
Plus, and so we’re going to use it here to predict the missing UNIQUAC coefficients.

So, let’s get the Properties feature to finish the job for us. Go to the Properties | Estimation | Binary
tab. The Binary tab is disabled unless, on the Setup tab, you select Estimate all missing
parameters (see Figure 5.1).

Click New to create a new parameter to estimate and choose UNIQ. For the method, choose
UNIF-DMD (the UNIFAC method with the Dortmund modification—the most modern and accurate
in the general case). Then below that, select the two missing binary pairs. To the right, you select
the temperature range of validity. The UNIFAC method may generate different parameters that
are better at different temperatures. So, you can choose to have it be optimized for one specific
temperature, or sort of averaged out over a range of temperatures. Typically, it makes sense to
choose the two normal boiling points (64.3°C and 77.6°C) as shown in Figure 5.2, because two-
phase behavior will usually occur inside that range. However, you may want to try different
temperatures if your application calls for higher pressures, if there is a low-boiling azeotrope, or if
it will be apart of a VLE mixture with other chemicals at different temperatures.

e . — _‘

| & Setup I Pure Companent I T-Dependent @Binary | UNIFAC Group I Comments l

Parameter UNIQ v New | | Delete |

Method UNIF-DMD

Components and estimation methods
Component i Component j Temperature Temperature Temperature
ISOBU-01 ETHYL-01 64.3 776

N w

OK! Next, in order to use the UNIFAC method, we have to tell Aspen Plus what the molecular
structure of the components is, since they are not kept in the databank. To do this, go to Properties
|Components | Molecular Structure. Click on Isobutyraldehyde for now.

The idea is that you list the atoms and how they are bonded to their neighbors. You can make up
any numbering system you want.

Note, there is a shortcut you can apply. Often the structure is already stored in the databank for
many molecules, even though the table is empty. So you can do a trick to get the structure to be
automatically loaded into the table for you, so you don’t have to type it. We’re going to do this for
ethyl acetate. Go to the Structure tab of ethyl acetate and ensure that the picture of the molecule
is there. If it looks right, click on Calculate Bonds to convert it to the same kind of table as before
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”

&# General | Structure and Functional Group &2 Formula I Comments )
Graphical Structure Functional Group
Method
| Functional Group Type
HsC
Group
H.C
[ Drawimport/Edit |
L | Calculate Bonds | [ p
- 7 S r
& General | Structure and Functional Group I &9 Formula ] Comments
Define molecule by its connectivity
| Atom 1 Number Atom 1 Type Atom 2 Number Atom 2 Type Bond type
1 C 2 C Single bond
1 C 3 C Single bond
1 C 4 C Single bond
2 C 5 O Double bond
h |
r . Y
& General | Structure and Functional Group & Formula l Comments
Graphical Structure Functional Group
Method -
O
| Functional Group Type =
/\ Group -
H,C O CH,
| Draw/Import/Edit |
|. Calculate Bonds | |
>

[ & General | Structure and Functional Group ] & Formula I Comments

Define molecule by its connectivity

‘ Atom 1 Mumber Atom 1 Type Atom 2 Number Atom 2 Type

1 C 2 C
2 C 3 0
2 C 4 0O
5 C 3 0
5 C 6 C

Bond type
Single bond
Single bond
Double bond
Single bond
Single bond
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You can also draw a molecule graphically with the Draw/Import/Edit button (see Figure 5.5). This
is really useful later in life for drawing molecules if you just want nice images to use, or if you are
making a new molecule that isn’t in the database. Although the Aspen Properties database is
guite extensive, you may need to do this someday for specialty chemicals, pharmaceuticals, or
just rare chemicals. When you are done looking at the molecule, make sure ethyl acetate has
data in the General tab too.

Almost done! Next, we just need to check a box that tells Aspen Plus to put the results in a
convenient place rather than burying them in a text file somewhere. Go to Setup | Report Options
| General, and make sure the box “Generate a report file” is checked. Ok, now click Run (or hit
F5). This will compute your estimate. You should see the result in the Methods | Parameters |
Binary Interaction | UNIQ-1 form, with a new column added for Isobutyraldehyde—Ethyl Acetate.
Double-check and make sure the TLOWER and TUPPER are in the temperature units you
expected. Otherwise, you need to revise your Estimation | Input entry.

Now, save your result. Then go to File | Export | File, and export to an Aspen Properties Backup
File (. aprbkp). This file can be used for all future Aspen Plus files (and even likely future versions
of the program) so you don’t have to do this again every time you want to make a new file.

Ok, let’s start the distillation design process with a shortcut distillation column model. Although
you could just go to the Simulation tab to get started, let’s do it a different way so we can
practice how to use the backup file. So, for example, in a team design project, someone might
probably want to make a master properties backup file that everyone else uses for their own
flowsheets. That way, everyone on your team has the exact same physical property models with
the same chemicals named exactly the same way and in the same order. Create a hew blank
simulation. Once it opens, go to File | Import | File and import the. aprbkp file that you just made.
To verify that it worked, check out the binary interaction pairs and the property methods.
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~ .y
O3 New File
7 Import a file to the current workspace.
B Open
Save
ariables from
Sawve As
Close
Import
Export
Tools
Print
. >
7F N
B Import X
™ « Tutorial > AspenPlus > Examples > v C Search Examples R
Organize ~ New folder = - [} o
Instruction Name Date modified Type
Screenshots PFRCOMPRESSOR_2 7/3/2023 253 PM File folder
Examples Polymer 6/23/2023 1:27 AM File folder
Documents Safety analysys 6/22/2023 7:28 AM File folder
Tray Sizing T/4/2023 10:35 AM File folder
> @ OneDrive Tray Sizing_1 7/4/2023 1:16 PM File folder
v I This PC E& Mixture Seperation 7/4/2023 10:50 AM Aspen Properties ...
> e Local Disk (C: ; . .
©) E!, Property check 6/17/2023 3:58 PM Aspen Properties ...
> == Local Disk (D:)
File name: ‘Mixture Seperation V‘ Aspen Properties Backup Files ([ ~
e H

DSTWU is a shortcut distillation model in which an estimate of the reflux ratio or the number of
stages can be made given the desired separation result. In this case, you tell Aspen Plus what
the recovery factors should be and it computes the rest. However, this assumes ideal behavior,
which never happens in reality.
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Therefore, it serves mostly as a great starting guess for something more rigorous down the road.
Simulate the separation of a 200 kmol/hr of 30°C, 1 bar equimolar mixture of the four components
shown in the table.

"

4 Y
DSTW
2 o>
[ ey |
154 ]
s3 o>
. w
T — — _ - -
[ & Mixed IC Solid MC Solid | Flash Options I EO Options I Costing ] Comments \
| Specifications
Flash Type Temperature ~ Pressure ~ Composition
) Mole-Frac h
State variables
Temperature 30 C v Component Value
Pressure 1 bar v ACETO-01 0.25
Vapor fraction ISOBU-01 0.25
Total flow basis Mole - ETHYL-01 0.25
Total flow rate 200 kmol/hr hd o
N-HEP-0 0.25
Solvent
Reference Temperature
Volume flow reference temperature
C
Component concentration reference temperature
C
Total

Use the DSTWU model. Assume the column is also at 1 bar throughout. Let’'s assume the goal is
to obtain 96.5% recovery of isobutyraldehyde in the distillate. In addition, we want 96.5% recovery
of ethyl acetate in the bottoms. This is summarized in Table 5.1.




O
\)} Educational Institute for Equipment and Process Design

,
Table 5.1
Chemical B.P. (°C) Specification
Acetone 56.1 Very high recovery (>>96.5%) in the
distillate
Isobutyraldehyde 64.3 96.5% recovery in the disfillate
Ethyl acetate 77.6 96.5% recovery in the bottoms
n-Heptane 98.4 Very high recovery (> >96.5%) in the
. bottoms

DSTWU requires the desired output conditions to be specified in terms of the molar recoveries of
the heavy and light keys. This can be a little confusing at times. Looking at Table 5.1, you can
see that the chemicals are arranged from top to bottom in terms of increasing boiling points,
meaning that acetone is the lightest and n-heptane is the heaviest. For this example, we desire
that in the ideal case, we want all of the acetone and isobutyraldehyde to leave via the distillate
and the ethyl acetate and n-heptane to leave through the bottoms. The light key characterizes
what is leaving in the distillate: it is the heaviest (or least volatile) of all of the chemicals that we
want to leave through the distillate, so in this case, it is isobutyraldehyde. Similarly, the heavy key
characterizes the bottoms product: it is the lightest (or most volatile) of the chemicals leaving
through the bottoms, so in this case, it is ethyl acetate. So, we enter into DSTWU that
isobutyraldehyde is the light key, and we want 96.5% of it to leave through the distillate (we are
being realistic that we can’t get all of it). Note that molar recovery is not mole purity! We also must
specify ethyl acetate to be the heavy key, but instead of saying that we want 96.5% of it to leave
through the bottoms, we have to actually specify the opposite, that is, we want 3.5% recovery of
ethyl acetate in the distillate. Tricky, but that’'s how it is. Then, the model already knows that
acetone is more volatile than isobutyraldehyde, so it will also leave mostly through the distillate
(with much higher recovery than isobutyraldehyde, in fact), and that n-heptane will leave through
the bottoms since it is less volatile than ethyl acetate.
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= 1 - - X
[ & Specifications | & Calculation Options I Convergence I Comments
Column specifications Pressure
Mumber of stages 22 C Condenser 1 bar -
@ Reflux ratio 45 Reboiler 1 bar -
Key component recoveries Condenser specifications
Light key @ Total condenser
Comp ISOBU-01 - Partial condenser with all
vapor distillate
Recov 0.965
Partial condenser with vapor
and liquid distillate
Heavy key 9
Comp ETHYL-01 - Distillate vapaor fraction 0
Recov 0.035
" w

The DSTWU model uses shortcut calculations developed over seven decades ago, and is limited
in accuracy because it uses certain assumptions to greatly simplify the calculations to make it
possible to design a distillation column “by hand.” Despite this, it is still useful in the modern
computer age because it can be used to make predictions about the trade-offs between reflux
ratio and the number of stages required to achieve a certain purity in the products. In

general, the higher the number of stages, the lower the reflux ratio required, and vice versa.
Often, at the beginning stage of designing a distillation column, the designer has little information
about what the number of stages and the reflux ratio should be or even a feasible range. DSTWU
is useful to estimate these numbers. In general, you specify either the reflux ratio or the number
of stages, and then it will estimate what the other value should be in order to achieve the
separation objectives that you require.

Be careful though: it is possible to guess a number that is too low. There is a certain minimum
number of stages and minimum reflux ratio that are necessary to achieve your desired separation.
So if you guess too low, you'll get an error message. Since it’'s hard to know what that minimum
is when you are first getting started, it makes sense to guess something extremely high, just so
you avoid the error. Sure, you’d probably never want to design a column with that large a reflux
ratio or number of stages, but we need something to work for our first run-through. So, let’s guess
an extremely high reflux ratio of 45. Run the simulation. Check the stream results to make sure
they make sense, and then answer the following by looking at the Results tab of the DSTWU
block.
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| Summary | Balance Reflux Ratic Profile | & Status l

Minimum reflux ratio 1.31484

Actual reflux ratio 45
Minimum number of stages 12.5132

Mumber of actual stages 12.916

Feed stage 6.68376

Mumber of actual stages above feec 5.68376

Reboiler heating required 9.7156%e+06 cal/sec
Condenser cooling required 9.62687e+06 cal/sec
Distillate temperature 57.8848 C
Bottom temperature 76.9801 C
Distillate to feed fraction 0.519188

» HETP

Ok, so since 45 is high, let's look at what happens if we change the reflux ratio. Fortunately,
DSTWU will give us a nice plot. In the Block | Input, go to the Calculation Options tab, then check
“Generate table of reflux ratio versus number of theoretical stages.” Sounds good! But we need
a range. The lowest number of stages is going to be your answer from Q3, as this signified
operation at total reflux. We don’t really know the highest number of stages yet. Let’s try
something large, like 50. We can see if this is a good guess later. Change the “increment size” to
be 1. Basically, Aspen Plus will rerun the simulation for stage numbers from Q3 to 50 in steps of
1 and then compute a reflux ratio required for each. Rerun the simulation. Go back to the DSTWU
Results form and then go to the Reflux Ratio Profile tab. Remember, you can use the Custom
button in the Plot section of the Home ribbon, or the Ctrl+Alt+X, Ctrl+Alt+Y, Ctrl+Alt+P shortcuts
to plot, hopefully getting something like Figure 5.6. The idea of the plot is to choose something
that has a low reflux ratio, but before it gets “flat” (adding extra stages doesn’t really help much).
That’s a good heuristic to use in the absence of cost data to have a reasonable trade-off between
capital and operating costs. In general, increasing the number of distillation stages increases its
capital cost and reduces its operating cost, while reducing the number of stages reduces its capital
cost and increases its operating cost.
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I@Specifications & Calculation Options Convergence IComments

- Options

Generate table of reflux ratio vs number of theoretical stages

[] calculate HETP

-Table of actual reflux ratio vs number of theoretical stages

Initial number of stages 12
Final number of stages 50
@ Increment size for number of stages 1
) Number of values in table 11
Significant digits displayed in table 5 -

~HETP calculation
Packed height meter
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Summary ] Balance | Reflux Ratio Profile & Status ]
Theoretical Reflux ratio
stages
» 13 20.8153
14 8.04268
15 5.54625
16 3.6779
17 2.9832
18 2.66124
19 2.44504
20 2.27355
21 2.12164
22 1.97278
23 1.8174
24 1.69033
25 1.61756
26 1.57351
27 1.54312
28 1.5205
29 1.50273
30 1.48823
s 21 1 ATAEND v
r@ Custom — O )

X Axis: | Theoretical stages

Y Axis:

Select curve(s) to plot:

Select all
Reflux ratio
OK ] | Cancel
\ ' _J
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DSTW (DSTWU) - Results Reflux Ratio Profile
21

@ =& Reflux ratio
19

13
17
16
15

13

=11
10

Reflux ratio

Sk W et e em

12 14 16 18 20 22 24 26 28 30 2 34 36 38 40 42 44 46 48 50
Theoretical stages

For example, if | have a column with 14 stages, | would require a reflux ratio of around 8, but if |
pay for just one more stage, | can bring the reflux ratio down to about 5.5, for roughly a 32%
reduction in energy costs. So, it’'s worth it to go from 14 to 15. And | would argue it's worth it to go
further to 16 stages. On the other hand, if | have a column that is 24 stages, | can only get a very
small reduction in the reflux ratio if | add a 25th stage, so it might not be worth paying for the extra
tray at that point.

Q5) What is the fewest number of stages in which the reflux ratio is below 27?

Choose your answer in Q5 as the final design condition. Now, let’s predict the best possible
location for the feed tray. Simply rerun the simulation again with your new choice. Verify that the
actual reflux ratio calculated is the same as the plot from Q5.
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r o N
@ Specifications | & Calculation Options ICDnvergence ICDmments
Column specifications Pressure
@ Number of stages 22 c Condenser 1 bar -
) Reflux ratio 45 Reboiler 1 bar h
Key component recoveries Condenser specifications
Light key @ Total condenser
Comp ISOBU-01 - () Partial condenser with all
vapor distillate
Recov 0.965 ) )
() Partial condenser with vapaor
and liquid distillate
Heavy key q
Comp  ETHYL-01 - Distillate vapor fraction 0
Recov 0.035
e .

Summary | Balance lReﬂuxRatiD Profile l(’JStatus l

P Minimum reflux ratio 1.31484
Actual reflux ratio 1.97282
Minimum number of stages 12.5132
Mumber of actual stages 22
Feed stage 10.6812
Mumber of actual stages above feec 9.6812
Reboiler heating required 709561  calfsec
Condenser cooling required 620737 cal/sec
Distillate temperature 57.8848 C
Bottom temperature 769801 C
Distillate to feed fraction 0.519188

HETP
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o - "N
‘ Summary | Balance | Reflux Ratio Profile I & Status l
Total Units In Out Relative difference
» Mole kmaol/hr 200 200 0
Mass kg/hr 159249 15924.9 0
Enthalpy cal/sec -3.9617%+06 -3.87296e+06 —[].[}2.242{)2J

Duplicate your feed by using Dupl block from the Manipulators section of the Model Palette. Dupl
basically takes an input and makes copies of it (all the same flow rate and everything). It's there

for convenience in modeling and is usually used for “what-if’ scenarios, where each branch
downstream of the Dupl is a different model or a different option to consider. It is not an actual
piece of equipment. Have one stream leaving the Dupl route to the DSTWU block (so it should be
the exact same thing as before). Have another stream leave the Dupl block and route into a new
RadFrac block. Use your answers from above as the new settings in the RadFrac block.

DSTW

bl

B2

DUPL [ss}—

[¢]

]

Let's use Murphree vapor efficiencies to make our simulation somewhat less ideal. Go to
Efficiencies of the RadFrac block. In the Vapor-Liquid tab, specify that the Murphree stage
efficiencies from stages 1 to 10 will be 82% (0.82), and from 11 until the bottom of the column will
be 73% (0.73). You need not type each stage in the box, and Aspen Plus will linearly interpolate
between them. So, for example, if you enter just stage 1 as 0.82 and 10 as 0.82, then stages 2
through 9 will also be 82%. Note these are stage efficiencies, so even though stage 1 is the
condenser/flash drum and the highest stage is the reboiler, they too have efficiencies.
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~
& Configuration | & Streams I & Pressure I & Condenser I & Reboiler I 3-Phase | Comments
Setup options
Calculation type Equilibrium -
Mumber of stages 22 3 Stage Wizard
Condenser Total -
Rebailer Kettle -
Valid phases Vapor-Liguid -
Convergence Standard -
Operating specifications
Reflux ratio - Mole - 1.97
Distillate to feed ratio ~ Mole - 0.51
Free water reflux ratio 0 - Feed Basis .
|- Design and specify column internals | y
-l J

7
[ & Configuration | & Streams | & Pressure l & Condenser l & Reboiler \ 3-Phase [Comments

Feed streams

Name Stage Convention
P S5 11 Above-Stage
Product streams
Name Stage Phase Basis Flow Units Flow Ratio Feed Specs
S6 1 Liquid Mole kmol/hr
s7 22 Liquid Mole kol /hr

Pseudo streams

Name Pseudo Stream Stage Internal Phase Reboiler Phase Reboiler Pumparound = Pumparound Flow Units
Type Conditions ID Conditions
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i [ & Configuration l @ Streams | @ Pressure | @ Condenser ] & Rebailer ]
View Top / Bottom -
Top stage / Condenser pressure
Stage 1/ Condenser pressure 1 bar -
Stage 2 pressure (optional)
@ Stage 2 pressure har hd
() Condenser pressure drop bar
Pressure drop for rest of column {optional)
@ Stage pressure drop bar -
) Column pressure drop bar y
F{ Material ‘ Heat load | Vol.% Curves | Wit % Curves | Petroleum Polymers | Solids h
R 55 v 6 v 57 -
Mass Enthalpy cal/gm -895.607 -875.485 -876.143
Molar Entropy cal/mal-K -115.139 -89.5156 -133.234
Mass Entropy cal/fgm-K -1.44603 -1.31279 -1.45566
Molar Density mol/cc 0.00975824 0.0109545 0.00789806
Mass Density gmj/cc 0.776993 0.746954 0.722897
Enthalpy Flow cal/sec -3.96179e+06 -1.69141e+06 -2.183e+06
Average MW 79.6243 68.1871 91.5284
+ Mole Flows kmol/hr 200 102 98
= Mole Fractions
ACETO-01 0.25 0.488304 0.0019689
ISOBU-01 0.25 0.390101 0.10418
ETHYL-01 0.25 0.0402462 0.468315
MN-HEP-01 0.25 0.0813483 0.425535
4+ Mass Flows kg/hr 15924.9 6955.08 8969.78 y
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r‘ Material ‘ Heat | Load | Vol.% Curves | Wt % Curves | Petroleum | Polymers | Solids h
Units S5 v s6 v s7 -
Mass Enthalpy calfgm -895.607 -873.292 -B77.789
Molar Entropy cal/mol-K -115.139 -89.3228 -133.483
Mass Entropy calfgm-K -1.44603 -1.31271 -1.45601
Molar Density mal/cc 0.00975824 0.0109734 0.00788587
Mass Density gm/cc 0.776993 0.746681 0.722952
Enthalpy Flow cal/sec -3.9617%+06 -1.68364e+06 -2.19065e+06
Average MW 79.6243 68.0445 916768
+ Mole Flows kmol/hr 200 102 98
= Mole Fractions
ACETO-01 0.25 0489228 0.00100772
ISOBU-01 0.25 0.396045 0.0979935
ETHYL-01 0.25 0.0350141 0.473761
N-HEP-01 0.25 0.0797125 0427238
+ Mass Flows kg/hr 159249 694054 898433 y
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Part 2

Design a distillation column that will separate a feed of 100 kmol/hr of 50 mol% water and 50
mol% methanol at 25°C and 1.4 bar, into 99 mol% methanol and 99% water. Use PSRK as the

property method. The following procedure is recommended to design the column:

1.Use a DSTWU model to obtain a number of stages (N) versus RR profile for the separation and

pick a suitable N.

2.Use DSTWU to estimate the RR, distillate-to-feed (D:F) ratio, and feed stage at that N.
3.Using the conditions obtained from DSTWU remodel the separation using the more rigorous

RadFrac (equilibrium-based mode) model.

| Specifications
Flash Type Temperature ~ Pressure

State variables
Temperature 25 C
Pressure 1.4 bar

Vapor fraction

Total flow basis Mole -
Total flow rate 100 kmol/hr
Solvent

Reference Temperature
Volume flow reference temperature
C
Component concentration reference temperature

C

4 i
‘ @ Mixed ‘ Cl Solid NC Solid [Flash Options ] EO Options I Costing ] Comments l

- Composition

Mole-Frac h
M Component Value
-
METHA-01 50
NATER 50
Total 00
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1
@ Specifications | @ Calculation Options I Convergence I Comments
Column specifications Pressure
) Number of stages 25 C Condenser 1 bar -
@ Reflux ratio 45 Reboiler 1 bar -
Key compaonent recaoveries Condenser specifications
Light key @ Total condenser
Comp METHA-01 - () Partial condenser with all

vapor distillate
Recov 0.99 ) )

(_) Partial condenser with vapor

and liguid distillate
Heavy key .
Comp WATER - Distillate vapor fraction 0
Recov 0.01

)

Summary Balance lReﬂux Ratio Profile l@Status l

P Minimum reflux ratio 0.536565
Actual reflux ratio 45
Minimum number of stages 7.25409
Mumber of actual stages 744738
Feed stage 5.75006
Mumber of actual stages above feec 475006
Reboiler heating required 5.67254e+06 cal/sec
Condenser cooling required 5.641e+06 calfsec
Distillate temperature 64.3764 C
Bottom temperature 97.8267 C
Distillate to feed fraction 0.5

HETP
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& Specifications | @ Calculation Options | Convergence iComments

Options
Generate table of reflux ratio vs number of theoretical stages

[] Calculate HETP

Table of actual reflux ratio vs number of theoretical stages
Initial number of stages ]
Final number of stages 50
) Increment size for number of stages

@ Number of values in table 11

Significant digits displayed in table 5 -

HETP calculation

Packed height meter

Reflux ratio

B2 (DSTWU) - Results Reflux Ratio Profile

=& Reflux ratio

4 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44
Theoretical stages

46 48 50
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Let's use a 25-stage column as an example (change the number of stages in your column).
Remember, the trays are on stages 2—24 since stage 1 is the (total) condenser and stage 25 is
the reboiler. To make sure we are on the same page, feed to stage 12 (abovestage).

’” . - -
@ Configuration | @Streams | @ Pressure | @Condenser | @ Reboiler | 3-Phase | Comments

Setup options

Calculation type Equilibrium -

Mumber of stages 25 C Stage Wizard
Condenser Total -
Reboiler Kettle -
Valid phases Vapor-Liquid -
Convergence Standard -

Operating specifications

Reflux ratio * Mole - 0.59
Distillate to feed ratio - Mole - 0.5
Free water reflux ratio 0 . Feed Basis .

Design and specify column internals

F N
@ Configuration | & Streams |@Pressure I(’)Condenser l & Reboiler } 3-Phase | Comments

Feed streams
Name Stage Convention

P S6 | : Above-Stage

Product streams
Name Stage Phase Basis Flow Units Flow Ratio Feed Specs

S 1 Liquid Mole kmol/hr

S8 25 Liquid Male kmol/hr

Pseudo streams

Name Pseudo Stream Stage Internal Phase Reboiler Phase Reboiler Pumparound = Pumparound Flow Units
Type Conditions ID Conditions
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d [ & Configuration I & Streams | @ Pressure | @3 Condenser l & Reboiler
View Top / Bottom -
Top stage / Condenser pressure
Stage 1 / Condenser pressure 1 bar -
Stage 2 pressure (optional)
@) Stage 2 pressure bar -
) Condenser pressure drop bar
Pressure drop for rest of column (optional)
@ Stage pressure drop 0.02 bar -
) Column pressure drop bar
., -
F[ Material ‘ Heat | Load | Vol.% Curves | Wt % Curves | Petroleum | Polymers | Solids A
R S6 v 7 v s8 -
Molar Enthalpy cal/mol -62800.4 -57040.4 -66178.4
Mass Enthalpy calfgm -2509.13 -1829.89 -3504.1
Molar Entropy cal/mol-K -47.7508 -53.9816 -35.6371
Mass Entropy calfgm-K -1.90784 -1.73176 -1.886%96
Molar Density mal/cc 0.0258359 0.0183276 0.0363905
Mass Density gm/cc 0.648141 0.571298 0.687271
Enthalpy Flow calfsec -1.74445e+06 -792228 -919144
Average MW 25.0287 311715 18.886
= Mole Flows kmol/hr 100 50 50
METHA-O1 kmol/hr 50 46.8964 3.10365
WATER kmol/hr 50 3.10365 46.8964
= Mole Fractions
METHA-01 0.5 0.937927 0.062073
WATER 0.5 0.062073 0.937927 y
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In your RadFrac model, go to Column Internals and add a new internals folder (mine is called
INT-1). If you get a message about the simulation missing hydraulic data, click Generate. If you
click Cancel, that’s ok. You will just need to run the simulation again later. In [internals folder] |
Sections, select Based on Flows from the Auto Section drop-down button, as shown in Figure
8.5. This will automatically create column sections for you by grouping stages together based on
similar internal flow rates.

r N
Add New
Internals Description Design Basis Delete
INT-1 ) X
o’
4 ™)
[ @ Sections ‘
Status  Inactive Column description A\ This column has gaps: 2-24.
| ‘ Add New ‘ ‘ Auto Section Import Template
- Based on Feed/Draw L
e Name ased on Feed/Draw Locations Tray/Packing Tray Details Packing Details Tray Spacing/Section Diameter
Based on Flows Type Packed Height
T T T Number of Number of Vendor Material Dimension
Passes Downcomers
© Don't update pressure drop
Update pressure drop from top stage
-l Update pressure drop from bottom stage
¥/ Include static vapor head in pressure drop calculations
Calculate pressure drop across sump
Sump
Diameter meter
Liquid residence time 0.0166667  hr
Liquid leve meter
\, 7

Aspen Plus divides the column into sections and automatically calculates the diameter of these
different sections. Although the numbers that Aspen Plus calculates are called the “diameter,” it
is really a minimum diameter that is required to ensure that flooding is avoided within a certain
safety factor. Check that the tray spacing of the column sections is 2 ft. (0.6096 m). The only other
common standard option used in industry is 1.5 ft. (0.4572 m), but often the 1.5 ft. option is too
close together and may cause flooding. Anything else except those two are usually custom orders,
and way more expensive than just buying off-the-shelf tray stacks with 2 ft. spacing. If you had
clicked Generate in response to the warning message when adding the column internals, then
you should see somenumbers in the Diameter column of the Column Internals table, indicating
what the minimum diameter should be. If you had clicked Cancel, run the simulation again and
the numbers should be generated and appear on this form. You are welcome to play with other
criteria such as grouping by where feed and side draws are located, or defining your own

sections. We can do more advanced stuff for our column design. For example, in Sections | CS-
1 | Design Parameters there are several changes we can make to the Sizing criterion, Hydraulic
plots/Limits, Design factors, and Calculation methods. The two key items are the % Jet flood for
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design and the Jet flood calculation method, as shown in Figure 8.6. The Fair72 method is the
most commonly used way of computing the flooding velocity. Basically, it is an equation that takes
as input the tray diameter, the tray spacing, the liquid and vapor compositions, the liquid and
vapor surface tensions, and the liquid and vapor flow rates, and computes what the flow rate of
the liquid has to be for the tray to start flooding. So above this flow rate, the tray will flood (and
fail), but below it, the tray will function. Bigger diameters mean the flooding velocity will also be
bigger (i.e., they can handle a higher capacity because it takes more flow to flood the tray). So
what we are asking Aspen Plus to do is to solve this equation backward to predict the diameter
at which flooding will occur, and return a value for each column section. You would then want to
make sure your actual diameter is bigger than this.

4 R 1 .
@ Geometry | @ Design Parameters | Tray Geometry Summary

Name C5-1 Start stage 2 End stage 11 Status  Active

Sizing criterion

% Jet flood and downcomer choke flood 80
Minimum downcomer area / Total tray area a7
Downcomer design basis Equal flow path length
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f | & Geometry | @ Design Parameters | Tray Geometry Summary h
Maximum % downcomer backup 100
Maximum % liguid entrainment 10
Minimum weir loading 447098 cum/shr-meter -
Maximum weir loading 117372 cum/hr-meter -
Warning status (% to limit) 10
Design factors
System foaming factor 1
Aeration factor multiplier 7
Over design factor 1
Overall section efficiency 1
Override downcomer froth density
Dry pressure drop multiplier )
Calculation methods
Weep Hsieh -
Jet flood Fair72 =
Maximum downcomer loading Glitsch6
Kister
Fair72
Viodel Palette S5do72
EI Mixers/Splitters Separai Yser gers Columns F-'leaiz‘cc:rsJ

Well actually, the “80% Jet flood for design” is a slop factor. We don’t want to pick the diameter
to be such that we are right at the flooding velocity, but rather, we want to have a safety factor
(we want to always be lower than 80% of the flooding velocity). So what Aspen Plus is going to
do is find the diameter of my column which will have the liquid flow rates to be 20% lower than
what would actually flood (as predicted by the model). We can make changes to this but the
default 80% is a reasonable value to use. Select the Fair72 method as the jet flood calculation
method in all your column sections, as shown in Figure 8.6. Reinitialize and rerun the simulation.
In North America, trays and columns are often sold in standard diameters in 6 in. increments.
Usually, the benefits of custom-sizing a diameter to a very particular size do not outweigh the high
costs of custom manufacturing. So, usually diameters are rounded up to the nearest half foot. My
results from Q2 and Q3 show that both flooding calculation methods agree: | should actually use
a rounded-up column diameter of 2.5 ft.

Also, you may have noticed from your calculations that Aspen Plus computes different diameters
for different column sections. This is because the flow profiles in different sections of the column
can be quite different in different sections. However, in your case, although the minimum
diameters are different, when you round up to the nearest 6 in. diameter, both sections should
have the same diameter in the final design.
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This is a common result, but it is not always the case. For example, consider a column that
separates A (which is lighter and more volatile) from B (which is heavier and less volatile), but the
feed stream contains, say 10 mol% A and 90 mol% B. This imbalance means that the tray liquid
flow rates below the feed would be much larger than above it, since so much more B would be
present in the bottom half of the column. In these cases, it may be worth it to design a dual-
diameter column. If you would like, see what happens if your feed was 10% methanol and 90%
water. In my case, | required a 1 ft. diameter for the section above the feed and a 1.5 ft.
diameter below it. So the distillation column would look similar to Figure 8.7, as is nicely illustrated
on the column internals form. Even so, it can sometimes be more cost-effective and easier to
maintain if both sections have the same diameter, especially for high-pressure applications where
minimizing joints and welds can be important. If this is the case, you might be able to just make
the whole column 1.5 ft. in diameter.

7
’ @ Sections }

Column description Input Complete|

‘ Add New ‘ Duplicate H Import Template H Export Template H View Internals Summary ‘

Name  Start End Mode Internal  Tray/Packing Tray Details Packing Details Tray Spacing/Section Diameter Details
Stage Stage Type Type Packed Height

Number of Number of Vendor Material Dimension
Passes Downcomers

b (51 2 11 Interactive sizing Trayed SIEVE 1 2 ft 0.622614 meter ‘ View ‘ X
(5-2 12 24 Interactive sizing Trayed SIEVE 1 2 ft 0643337 meter ‘ View ‘ X

Don't update pressure drop
Update pressure drop from top stage
Update pressure drop from bottom stage

| Include static vapor head in pressure drop calculations

L Calculate pressure drop across sump

Now in order to answer the question of what tray spacing to use, rerun your simulation using a
tray spacing of 1.5 ft. (0.4572 m) instead of 2 ft. (the only other option). In my case, my minimum
diameter increased. So | could choose now between a shorter but wider column, or a taller but
thinner column (both having the same number of trays). That tradeoff would be very case
dependent. If your minimum diameter (when rounded up) stays the same, you should go with the
smaller tray spacing in most cases.

Now that you have a working equilibrium-based model, we can go one step further in accuracy
by doing rate-based simulations. This is a mass-transfer-based, kinetically-driven, complex model
that does not assume phase equilibria. This is more accurate because sometimes trays don'’t
have enough residence time to sufficiently approach phase equilibria. However, in order to use
rate-based calculations, the model requires more detailed information about the trays themselves.
First, switch your calculation type over to rate-based, as shown in Figure 8.8. This will remove the
assumption of chemical equilibrium, and instead use rate-based mass-transfer kinetics, which is
complicated, but kept under the hood. Next, go back to Column Internals | [internals folder], and
in the Mode column of the Sections window, change all your column sections from Interactive
sizing to Rating. This means that instead of asking Aspen Plus to determine a minimum tray
diameter based on the equilibrium assumption, the problem is reversed: you are now telling it to
compute what the results will be for a given tray diameter that you specified, based on the mass
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transfer kinetics. Don’t forget to change the tray spacing back to 2 ft. Next, go to the RadFrac
Blockname | Rate-Based Modeling | Rate-based Setup | Sections tab and activate Rate-based

calculation for all your column sections.

[ & Configuration |QS‘treams I & Pressure l & Condenser l & Reboiler l 3-Phase Comments

- Setup options

-]

Stage Wizard

Calculation type Equilibrium
Mumber of stages Equilibrium
Condenser Rate-Based
Reboiler Kettle

Valid phases Vapor-Liquid
Convergence Standard

Mass transfer rate-based (non-equilibrium)
calculations (Requires RateSep license). To
enable rate-based calculations, you must also
check the Rate-based calculations on Tray
Rating, Pack Rating sections or Rate-Based
Setup\Sections form.

- Operating specifications

Reflux ratio ~ Mole
Distillate to feed ratio - Meole
Free water reflux ratio o

0.59
0.5

Feed Basis

[ Design and specify column internals

>
[ @ Sections 1
Active Column description input Complete]
Add New Duplicate J [ Import Template I [ Export Template J [ View Internals Summary I
—
Name Start  End Mode Internal Tray/Packing Packing Details Tray Spacing/Section Diameter Details
Stage Stage Type Type Packed Height
Number of Vendor Material Dimension
€s-1 2 11 Rating ~ Trayed SIEVE 2 ft 0.622614 meter View
» C5-2 12 24 Interactive sizir| > | Trayed SIEVE 2 ft 0.643337 meter View
Interactive sizing
Don't update pressuredrop f———}
12---- Rating i
Update pressure drop from top stage *| Rating mode.
Update pressure drop from bottom stage

Include static vapor head in pressure drop calculations

["] Calculate pressure drop across sump

~Sump

Diameter 0.643337 | meter

e Liquid residence time 0.0166667  hr y
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1
g Setup . [—‘
& [ - - _ )
Sections I Holdug i P
(3 Property Sets Global Setup | @ oldups [ @ Design l Convergence | Structured Packing
13 Analysis Internals option INT-1
g Flowsheet
[ Streams
4 [ Blocks = Section €5-1 cs-2
B2
Start stage 2 12
4 [£3B3 g
| Specifications End stage 1 24
|- Configuration Type Trayed Trayed
4 I C_‘":::”:”tema's Diameter 0622614 0643337
4 £7 -
4 [ Sections Diameter units meter meter
[ s Rate-based calculation
-2 Flow model Mixed Mixed
j Hydraulic Plots .
[Z] Column Hydraulic Results — Tuning Factors
4 | Rate-Based Modeling Interfacial area factor 1 1
E Bateshasediseip Interfacial bottom stage area factor
E Generalized Transport Correl,
El User Transport Subroutines Heat transfer factor b b
“intarfara Denfilac N Averwmr ns (154

Now if you go to the column section folders of your column and look at the geometry form, you
will notice that you have a lot of column section design options including Section type (Trayed or
Packed), tray type, tray dimensions, etc. You can get very specific such as to the diameter of the
holes and the number of holes on the tray, as shown in Figure 8.9. You can also modify details
about the weir and downcomer dimensions, as shown in Figure 8.10. Just use the default values
for this tutorial, but it is useful to know that you can change this for future applications.
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’”
@ Geometry | @ Design Parameters | Tray Geometry Summary

Name  CS-1 Start stage 2 End stage 11 Status Active  Mode Interactive sizing @ Rating
Section type @ Trayed Packed

LTray‘cype SIEVE ~  Downcomer arrangement Conventional ~  MNumber of passes 7:

o Y4

Hole Diameter

127 mm =

Side Downcomer Width

Top 04 mmv Side Weir Length

04324 meter ~
Battom 942 mm v

@ Hole area / Active area 0.1

Number of holes 192
Deck thickness 10 GAUGE -
34 'mm Diameter

Balance downcomers based on Maximum loading 0.6226 meter ~
Weir Height

08 mmo~

A\ Active area under downcomer y

(" \Weir Modifications B Downcomer Clearance " P

Tray Spacing

v

9 None 21 mm

Picketed

Swept-back

: Results | | View Hydraulic Plots
. v

Let’s leave everything as they are. Don’t mess with anything unless you know what you are doing.
Now run the simulation! Did it work? If not, check the Tom’s Tips for ideas to try to get it to work.
Once it works, you get all sorts of useful results. For example, look in RadFrac Blockname |
Column Internals | [internals folder] | Column Hydraulic Results and you can see, for example,
the actual pressure drop for each section. So our 0.02 bar estimate was not that bad (conservative
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really), whereas it is mostly about 0.005 bar on every stage. If it doesn’'t converge, check the
control panel tosee what happened. One common problem is that RadFrac needed more
iterations because the default of 25 is often not enough. There are two places to change these.
The first is in the Blockname | Convergence | Convergence as we learned in previous tutorials.

Bilock: Bl Model : RADFRAC
Convergence iterations:

OL ML IL Exrr/Tol

1 1 5 239.41

However, this only affects certain parts of the solution procedure. If this is the problem, you will
see the problem crop up in this section of the control panel output:

There is a second set of algorithms that is specific to rate-based mode. If it runs out of iterations
in that step, the “Convergence Iterations” would actually converge first, and then you would see

something like:

7

RateSep convergence iterations: Bl

Iter Err/Tol
0 800.39
P
50 T57 .27
** ERROR

RATESEP CALCULATIONS FAILED TO CONVERGE
ITERATION LIMIT REACHED

Note that RATESEP is the old name for this model—you’ll see the legacy name pop up from time
to time. In this case, you can try increasing your rate-based convergence iterations in Blockname

| Rate-Based Modeling | Rate Based Setup | Convergence, as shown in Figure 8.11.
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[ Global Setup l @ Sections | Holdups m & Convergence | Structured :‘aCk'ﬂ";q‘
Convergence tolerance Te-05
Maximum number of iterations 200 3
Continuation/homotopy iterations o 3
Continuation/homotopy parameter !
Maximum temperature change 15
MNormalize compositions for property calculation  Yes -
Stabilization method Line-Search hd
NMumber of stabilization iterations 25 3
Liquid composition transformation Standard e
Vapor composition transformation Standard e
MNumerical Jacobian matrix calculation Jacobian -
Equilibrium solution as initialization Yes -
Equilibrium reaction formulation Standard e
Use retention for Chemistry calculations Yes -
Function scaling parameter 0.25

L Function error relaxation parameter 20

Since the model has so many equations, you may find a need to increase your maximum
convergence iterations or turn on numerical Jacobians in order to achieve convergence.
Jacobians are essentially a way of computing how the model equations change with regard to the
model variables at the current solution guess, which the solver uses to generate new and better
guesses for each iteration. Calculating them numerically (instead of analytically, which is the
default) can be useful when the equations are not behaving “nicely.” But that was probably more
than you needed to know.
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