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# Short cut methods introduction
# Fenske equation

# Underwood equations

# Gilliland correlation method
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Short cut methods

L/

/R

# In the past, when simulators were not available, different
approximate methods were developed.

# The most relevant is the Fenske-Underwood-Gilliland that

combines:
= Underwood equation for the minimum reflux estimation;
= Fenske equation for the minimum number of ideal stages estimation;

= Gilliland correlation for the estimation of the humber of ideal stages as a
function of reflux ratio and the minimum number of ideal stages
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Short cut methods

L/

# Some assumptions are necessary
= constant relative volatility in the column
= constant molar flow rates in the two column sections

# Short cut methods are based on key components
= Components that are present in both distillate and residual

= Light key component is the lightest component that is present in the
residue in appreciable concentration

= Heavy key component is heaviest component that is present in the
distillate in appreciable concentration

# Short cut methods are not much used today
# The DSTWU distillation package in Aspen Plus uses the

Winn-Underwood-Gilliland short-cut methods and
correlation.

/R
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Temperature and concentration profiles in

the column e
S D = : ' : :

# Distillation of a 4 s < RN

component mixture: 3 >< \\ >
= Nn-C4, i-C5, n-C5, n-C6 6 \
| N |

# Temperature always raise ‘TN V7
from top to bottom stage \ |\ VS

@ Composition profiles of " i \[\/
intermediate components i SN
have a maximum s /X \

# Non-key components are 20 / \\\\
separated in few stages 22 7 N
and they behave as inert 24 7 \
in the other stages NS )
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MCD Short-Cut Methods — Limiting Conditions

/R

L/

Separation Processes — Maurizio Fermeglia

#® MCD short-cut methods are based upon the limiting conditions for a
distillation column:

Reflux Ratio L/V L/D N
Total (L/'V)max = 1 o0 N
Actual L/V L/D N
Minimum (L/V)gin  (L/D)min N =

# The actual or operating reflux ratio will lie between the total and
minimum reflux ratios — (L/V),,;, < L/V < 1.

# The operating reflux ratio, L/D, is often specified as a multiple of the
minimum reflux ratio, (L/D).., €-9-,

L/D = 2- (L/D)yi.
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Fenske (Winn) Equation — N,

/R

# While at times we cannot obtain a rigorous
solution for complex systems, one can often
obtain rigorous solutions for complex
systems at limiting conditions.

= One such limiting condition for multi-component systems is
the solution for N_ ., at total reflux. This solution is
known as the Fenske equation or Fenske method.
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Fenske (Winn) Equation — Derivation

L/

# While we cannot define a relative volatility for multi-
component systems directly, we can begin with defining a
relative volatility for component 7/ with respect to a
reference component in the multi-component system:

]
YA g e v ix X X
' ! ! | Adist’ Bdisf’ Cdist’

/R

<)
i—rel~ g ref \Xi Xref

(i) = arerls)
Yre e Xref

N
Vaos i) y
Xp. 1 Xg X are Ag ''Br "'CR’
N ON “N : :
X
ARreb’ BReb’ CReb

Total reflux column.
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Fenske (Winn) Equation — Derivation

L/

/R

# For a column at total reflux starting at the bottom of the column (the
reboiler), we can write :

() = Credoarls)
Yret! pot s g2 AN P bot

® For total reflux, we have, Y, por=%i, N Yref, bot = *ref N
= Where N is the Nth stage at the bottom of the column above the reboiler

# Substituting these relationships into the previous equation yields

Xi

1) (e
= a'__ —_—
(Xref N ( l ref)bOt Xref] pot

# Similarly, if we step up the column to the N-1 stage, we have

(o= Cmrenls),
= (a;_
Xref] N_1 ref N Xref

# EQs. above can be combined to give

(), - i ),
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Fenske (Winn) Equation — Derivation

L/

# If we continue to move up the column we obtain to the top of the
column (the condenser) or distillate, we obtain

/R

Xi Xi
( X, f) ot = (“i —ref) ](ai —ref) 2( a; —ref) 3 (ai —ref) Ne1 (ai —ref) N(ai —ref) bot(%) bt

# Defining o, as the geometric average relative volatility yields:
U —ref= [(“i —ref) ](ai —ref) z(ai —ref) 2 (ai —ref) N_l(ai —ref) N(ai —ref) bot] Ninin
# Equation above becomes

X N, _ . Xi
< - ) + (ai —ref) s ( " )
ret] dist ret/ pot

# Solving Eq. above for N_., N jn =

In

Xref) dist Xref) bot

ln( a; —ref)

# EQ. can be rewritten in terms of the fractional recoveries as

(DXi /Dx 0 f) dist
(Bx;/Bxyof) gty
ln(a’i—ref)
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Fenske (Winn) Equation — Derivation

/R

# Equations may be rewritten in terms of fractional
recovery: the Fenske equation for N, is
obtained

(Dx, /DXg) i ]
(Bx,/Bxg)g
min = Inoz

In|

AB

# The fractional recoveries for component i are
determined from:

(Dx,),. = (FR,), Fz, (Bxp)g = [1 - (FR,) i) F2,
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Fenske (Winn) Equation — Derivation

/R

L/

# Substituting one gests the Fenske equation for multicomponent
systems, (FR,)4. IS the fractional recovery of A in the distillate,
while (FRp),: is the fractional recovery of B in the bottoms.

n (FR{\)dist(FRB)hnl
By [1 = (.FRA_)disl][] B (FRB)hm]
min IIIU.A

B

# Calculation with the Fenske equation is straightforward if
fractional recoveries of the two keys, A and B, are specified.
= Equation can be used directly to find N
# The relative volatility can be approximated by a geometric

average.

= Once N, is known, the fractional recoveries of the non-keys (NK) can be
found by writing Eq. for an NK component, C, and either key component.
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Fenske Equation Methodology

/R

#The use the Fenske equation to determine

N .. depends upon what is defined in the
problem.

= If two fractional recoveries are specified, one can
solve Fenske equation and all of the ancillary
equations directly.

= If one is given two compositions, x; and x;, then one
needs to make some assumptions...
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Underwood Equations — (L/D)min

L/

# The other limiting condition for multi-component systems is
the solution for the minimum reflux ratio, (L/D),,,, which gives
us an infinite number of stages.

# This method is known as the Underwood method or the
Underwood equations.
= First underwood equation

/R

feed — min min

Av V V l‘ ai rel 1
i=] !

= Where AV, is the change in vapor flow rate at the feed stage. If q is known
then AV;..q =F(1-q)

= Second Underwood equation

| rc,l'(Ddehl)
min ~ 2 -
i=1 i—rcl ¢

= Once V,,, is known, L, is calculated from the mass balance
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Underwood Equations — Cases

L/

/R

# There are 3 cases that we need to consider when using
the Underwood equations:

# Case A: Non-keys do not distribute.

# Case B: Use the results from the Fenske equation and
assume that the distributions of non-keys determined at
total reflux are also valid at minimum reflux.

# Case C: Exact solution without further assumptions.
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Underwood Equations — Case A Methodology

L/

# Case A: Assume all NK’s do not distribute: there are no
intermediate NK’'s.

/R

1. Specify the LK, HK, LNK’s and HNK's.
2. Determine q for the feed conditions.
3. Determine all oS where the reference component is the HK.
4. Determine AVF from Eq.:
AVep= F1-q)
5. Solve following Eg. for a single root ¢p:
AV = 2 —refFin
= Note that Y tel

ApK—ref < P < CHK_ref
= and choose the guess value between o | and o .
= If one chose the HK as the reference for the relative volatilities, oy s = 1.
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Underwood Equations — Case A Methodology
(continued)

L/
6. Determine the NK rates from the assumption that the NK’s do not distribute:

/R

Oxpvk Dgise =0 (DX pk o) giee = F2E LNK @

/. Determine the LK and HK rates from Egs:
(OX1K) gise = (FRLE) gystF, L

(OX1) gz = |1 = (FREK) por) P2, b

8. Determine V,,, from Eq.:
C
Vi = Z o ref(DXi) dist
% —yef — P
i=1

9. Determine D from Eq.:

C
D = > (Dx) gist
=1
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Underwood Equations — Case A Methodology
(continued)

L/

/R

10. Determine L, from Eq.:

min

Lmin= Vmin— D

11. Determine (L/V),,;, using:

(LN min = Lmin/ Vinin
12. Determine (L/D),,, from Eq.:

(L/V)min

# Done
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Underwood Equations — Case B Methodology
# Case B: Assume that the distribution of NKs determined
from Fenske eq. at total reflux are also valid at minimum
reflux.
1. Specify the LK, HK, NK’s, LNK’s and HNK’s.
Determine q for the feed conditions.

2
3. Determine all oS Where the reference component is the HK.
4. Determine AVF from Eq.: AV = R1-g)

/R

5. Solve following Eq. for a single root, ¢:

C
AV o= & _reflZF i
F~ a. i ¢
~7 i—ref

= Note that
ALK—ref < P < CHK ref

= and choose the guess value between o | and o .

= If one chose the HK as the reference for the relative volatilities, oy o = 1.
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Underwood Equations — Case B Methodology
(continued)

/R

L/

6.

Determine the NK rates from the assumption that the distribution of NKs
determined from Fenske eq. at total reflux are also valid at minimum reflux.

(DX/VK i)dist - (DXNK i)disz: Nmin
Determine the LK and HK rates from Egs:

(OXK) g = (FRLE) gist™2F, LK

(OX4) s = |1 = (FREK) pog F2E b

Determine V,, from EqC:
Voo — § o —ref(DX) dist
min U —yef — P
i=1

C
Determine D from Eq.: D= Z(DXi)djSt
=1
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Underwood Equations — Case B Methodology
(continued)

L/

/R

10. Determine L, from Eq.:

min

Lmin= Vmin— D

11. Determine (L/V),,;, using:

(LN min = Lmin/ Vinin
12. Determine (L/D),,, from Eq.:

(L/V)min

# Done
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Underwood Equations — Case C Methodology
# Case C: Exact solution without further assumptions.
1. Specify the LK, HK, NK’s, LNK's and HNK'’s.
2. Determine q for the feed conditions.
3. Determine all oS where the reference component is the HK.
4. Determine AVF f Eq.:
etermine rom Eq M= Ri-g)

/R

5. Solve following Eg. for a single root, ¢:

C
F— a. L ¢
i i—ref

= Note that as an example, a C=5 system could be specified as:

AL NK 1—ref < ?1 < ALNK 2—ref < $2 < A K—_ref < $3 < AHK—ref < P4 < AYNK 1—ref

= Choose a guess value for each ¢ between the a's. If one chose the HK as
the reference for the relative volatilities, o | .er = 1.
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Underwood Equations — Case C Methodology
(continued)

L/

6. Determine the LK and HK rates from Egs:

/R

(OX1K) gise = (FRLE) gjstF, L

(OX1) sz = |1 = (FREK) por P2 i

/. Determine V,, from Eq.:
C
Voo = E o —ref(DX1) dist
min U pef — ¢
i=1

8. Determine D from Eq.:

C
D= > (Dx) gist
=1
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Underwood Equations — Case C Methodology
(continued)

L/

/R

O. Determine L., from Eq.:

min

Lmin= Vmin— D

10. Determine (L/V),,;, using:

(LN min = Lmin/ Vinin
11. Determine (L/D),;, from Eq.:

(L/V)min

# Done
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Gilliland Correlation — N and N¢

/R

L/

Validly limits of the diagram:

« N. components 2 < NC < 11
 Column Pressure : 0 < P < 40 bar

* Realtive volatility: 1.11 < o < 4.05

* Reflux ratio min: 0.53 < r;, < 9.09

* Minimum n. stages: 3.4 < N, < 60.3
» Thermal conditions: -0.42 < @< 0.72.

Separation Processes — Maurizio Fermeglia

# Empirical relationship which relates the number of stages,
N, at finite reflux ratio, (L/D),4,4 to the N, and (L/D) i

= N, is determined from the Fenske equation.
s (L/D).i, is determined from the Underwood equations.

# Gilliland correlation as modified by Liddle:

10

08

— (R0 CUrve
= = == Original Galliland correlation

é 06 =
B T \
[ o
N+1 o4
~
! )"}\\m\
\‘h -
02 A e 8
00 ! L 1 1 1 1 1 l 1 1
00 01 0.2 03 04 05 06 0.7 08 09 19
L/D + 1
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Aspen+ short cut methods

L/

/R
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Strsam Results s |

‘I‘un’oﬂalun

', Saroute Srwam

B Asan

ireert

Flowshoeat

# DISTL

V' Show All % View Onild
2) lock Flowsheet ™ (mpont
Section
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Yiew Parwr Export
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Using Shortcut method: DSTWU
" DSTWU:

s DSTWU performs shortcut design calculations for single-feed, two-
product distillation columns with a partial or total condenser.

= [t assumes constant molal overflow and constant relative volatilities.
+ TItis based on equations of:
+ Winn for Minimum number of stages
+ Underwood for Minimum reflux ratio

+ Gilliland for calculation of reflux ratio for a specified number of stages or the required
number of stages for a specified reflux ratio

= For the specified recovery of light and heavy key components, DSTWU
estimates:
+ Minimum reflux ratio
+ Minimum number of theoretical stages
s DSTWU then estimates one of the following:
+ Required reflux ratio for the specified number of theoretical stages
+ Required number of theoretical stages for the specified reflux ratio
= DSTWU also estimates the optimum feed stage location and the
condenser and reboiler duties.

/R
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Using Shortcut method: DISTL & ConSep

@ DISTL:

= Distl simulates multistage multicomponent columns with a feed stream
and two product streams.

= Distl performs shortcut distillation rating calculations using Edmister
approach: assumes constant mole overflow and constant relative
volatilities.

/R

# ConSep:

= Use ConSep to develop design parameters and perform feasibility studies
for distillation columns.

= It requires the definition of the splitting of three key components and the
mapping of the others relative to key components
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Example: benzene, toluene, cumene
separation with short-cut methods

N Iewutm [" I | » ,,:'I' D ir as |
4 Components R
Coenponant ID Type Compersnt name Allas
TOLUENE Convenhioana TOLUENE CTHS
BENZENE Conventinnal BENZENE C6HS
CUMENE Conventiona! ISOPROPYLBENZENE CIH12-2
Flod Hec Wizaed SPE Assistant | | Usér Deficed | | Recedet | Ravew |

Methods - Specifications -+

@ M eth Ods | I GGlcoal [.Fbmheelsoctwm | Retererced | Comments |

Froperty methads & options Mathod name
M i COMMON - e o
ethod Niter COMMON SRK « M Assistory
Bazo mathod SRK - o
- Moddy
£0 ES5A
Petroleum calkculation aptions =
Frea water mothod STEAMNBS - 2 Y.
Water solubility 3 . shidntdd e
Dats sut :
Elaamlyto caiculation Options Lguid molar enthalpy  HLMXRD)

Chemnistry 1D v

Liguid molar voiume VIMXRO

¥ Use true components

® Feed

Main Flowshaet DSTWU [DSTWY) - Input -~ FEED (MATERIAL) «  DSTWU (DSTWU) DISTL (Distl} - Stream Resu

& lOMixed I Salid | NC Solid | Flash Options. | £O Options | Costing | Comments |
& FEED
| Specifications
Fazh Type Pressure * Vapor Fraction » ~Composition
Mole-Frac 4
State vanables .
[SZ] Temperature { Companent Value
{oist1 B Pressure Vi atim > CALENI 03

Vapox fraction 3 |+ senzens 0.4
T f v [
otal flow basis Mole INENE 03
Total flow rate 100 kmol/hr v
Soteent
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Example: benzene, toluene, cumene
separation with short-cut methods: DSTWU

@ Specifications I @ Calculation Options IConvergence l Comments

! # DSTWU - specifications

V' Generate table of reflux ratio vs number of theoretical stages

/R

I @ Specifications [QCn‘cuiaﬁonOpﬁom ]Convtfgm lCommnms | :
v Calculate HETP

Column specifications Pressure
A
iimes of pagies S hew ~Table of actual reflux ratio vs number of theoretical stages
@ Refiux ratio -1.25 Reboiler 1 atm s .
Initial number of stages 6
Key componant recovenas Condanser specifications Final number of stages 15
Light ki @ Totsl condenser . :
i _ Increment size for number of stages
Com TOLUENE - Pactial condenser with all :
P vapor distillate © Number of values in table 11
Recav 0.95 ¢ :
Partial condansar with vapor Significant digits displayed in table 5 v
and hguid distillate
Heavy key
Comp CUMENE - Ceatilinte vapor fraction 0 ~-HETP calculation
Recov 0.05 Packed helght 0.8 meter 4

@ DSTWU | Summa'y l Balance | Reflux Ratio Profile |Summary ]Balam:e Ikaﬂux Ratio Profile [Q&alus

Theoretical Reflux ratio

i r e S u Its e > Minimum reflux ratio 0.769550

Actual reflux ratio 0.961949
» 6 4.65976
Minimum number of stages 5.06018
7 2.10013
Number of actual stages 11.1988
8 1.62371
Feod stage 6.25309
9 1.35263
Number of actual stages above feec 5.25304
10 1.09655 i )
Reboiler heating required 0236841 Geal/hr
L2 0.974169 Condenser cooling required 107653  Geal/hr
12 0.927001 Distillate temperature 888243 C
13 0.899971 Bottom temperature 148943 C
14 0.881715 Dustillate to feed fraction 0.699566
15 0.868297 HETP 00714363  meter
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Example: benzene, toluene, cumene
separation with short-cut methods: DISTL

/R

L/
# DISTL — specifications [ @specifcations [ Convergence | Comments |

Column specifications

Number of stages 9 3
Feed stage 5 3
Reflux ratio 0.9
Distillate to feed mole ratio 0.7

Condenser type Total v

-Pressure specifications

Condenser pressure 1 atm v
i DI STL It Reboiler pressure 1 atm v
| Material | Haat Loac W Curves WL % Curves Petrolaum Polymer Solfids
| Summary | Balance I & Status | v 52 -~ 8OT-1 - DIST-1 -
Enthalpy Flow Geal/hr 147454 -0.0570862 0.684959
Condenser duty | 1.05194587 | Gcal/hr ’ Average MW 94,9459 117.259 853832
Reboiler duty 0.205283 Gcal/hr ; Bt o " » »
TOLUENE kmol/hr £l 295043 27.0495
Feed stage temperature 122148/ C ~ BENZENE kenel/he 40 0125718 39.8743
Top stage temperature 892382 C ~ CUMENE kmol/hr 0 26,9239 3,07613
= Mole Fractions
Bottom stage temperature 145422 C ~

TOLUENE 03 00383476 0386422
Feed quality 1 BENZENE 04 0.00419061 0569633
CUMENE 03 0897462 00432447
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Example: benzene, toluene, cumene
separation with RADFRAC & DSTWU

/R

vw‘

# Same components
# Same methods
# Same Feed [s2]

S B1
— FEED —————

DSTWU
# RADFRAC specifications

I & Configuration ]OStreams I & Pressure | & Condenser I @Reboiler | 3 Phase | Comments

Setup options Feed streams

Calculation type Equilibrium v

A Name
Number of stages 12 3 I Stage Wizard < B
Condenser Total v -
Reboiler Kettle v
Valid phases Vapor-Liquid v
Convergence Standard w

Operating specifications

Reboiler duty v 65800 cal/sec v

s1 -

# Comparison between RADFRAC and B

L O ({sor1 |5
4

|_QConfiguration l @ Streams IRO Pressure T-QConde

Stage Conventic
6 Above-Stage

lQConﬁgurat-on IQStreams @ Pressure lQCondenser |

Reflux ratio ¥ Mole v 0.96 View Top / Bottom v

Top stage / Condenser pressure

Free water reflux ratio 0 Stage 1/ Condenser pressure 1 atm
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Example: benzene, toluene, cumene
separation with RADFRAC & DSTWU

/R

# Components mole fraction profiles in RADFRAC

Block RADFRAC: Composition Profiles
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Example: benzene, toluene, cumene
separation with RADFRAC & DSTWU

Variable Active Manipulated variable

/R

1 7 Block-Var Block=RADFRAC Vanable=FEED-STAGE 5

# Sensitivity analysis
= Vary feed location

| New

| Edit selected variable

s Plot Toluene mole fraction in P AT T

Variable 1 - & Equidistant Logarithmic Lig
d |St| I Iate Type Block-Var - Start point 1
g Block: RADFRAC - End point 12
-~
Res u It Variabie: FEED-STAGE - |8 2 Number of points 12i8
Sentence: FEEDS Increment 1.000000

= Product purity vs feed location = "% Raportabet

Sensitivity Results Curve

T T S S S R B B I R R R R R R ...
100 125150175 200 225 250 275 300 325 350 375 A00 A5 ASC A7S 500 535 550575 600 675 650 6TS 7DD 725 750 775 800 825 850 875 900 935 950 9.75 00090 2550 5090 75110011 2511 5011 751200
VARY T RADFRAC 52 FEEDS STAGE
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