Lecture 5
Multicomponent distillation
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Multicomponent distillation
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Intended Learning Outcome:

1. To calculate minimum number of stages (Nmin) as a function of desired fractional recovery.
2. To calculate minimum reflux ratio (Rmin)

3.  To calculate needed number of stages based on a given reflux ratio.



Important notation in multicomponent distillation

Not all component are specified in the distillate and the bottoms

1. Components that are specified are called keys.

2. Components that are not specified are called non-keys (NK).

3. Most volatile of the keys is called light key (LK).

4. Least volatile of the keys is called heavy key (HK).

5. In some cases, we have a light non-key (LNK), when a NK is more volatile than LK.

6. In some cases, we have a heavy non-key (HNK), when a HNK is less volatile than HK.



Problem Statement

Which component is LK

A)
B)
C) Benzene
D) None of the above

> xlt)oluene —0.8

% in feed

Feed
Benzene 80.1 °C

Toluene 110. 6 °C 50%

Stage N
Cumene 152.4 °C 30%

xgumene — 0.9
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Problem Statement

Which statement is false

A) NK = Benzene
B) NK = LNK
C) NK = HNK

> xlt)oluene —0.8

% in feed Feed

Benzene 80.1 °C

Toluene 110. 6 °C 50%

Stage N
Cumene 152.4 °C 30%

xgumene — 0.9
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Multicomponent distillation for r component

Notation:
Subscript refers to position in distillation column.
Superscript refers to component #

D. x x@ 53

>
Stage 1 L
D 2 3
V, yj( ), y§ ),yJ? ),
L, x\D, x® x® . x®
R A T B ]
F, z(D, 7232 73 70
Stage N

(D 2 3 (1)

B,XB , Xp7 X5 - - Xp
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The concept of fractional recovery, FR

Amount of component 1 in distillate

Fractional recovery of component 1 in distillate =
Amount of component 1 in feed

D, x{, xg), ....x([;’
(1)
FRW — DXD
D oy

Amount of component 1 in bottom

Fractional recovery of component 1 in bottom =
Amount of component 1 in feed .

(r)
B X

(1)
FRW — BXB
B FZ(l)

FRY)  Dx\
FRYY  Bx{"

FRI()” + FRI(;) = 1

1 1
FRY) Dx}

1 1
1-FRY)  Bx{)




Minimum number of stages: Nmin

Condition for Nmin is: R—>0,D-0,B->0,F->0 L :
D, x{J), xg’ S
Can we establish relationship between x! and x{
. . F,zV, 22 .. ..
At stage 1: ¥y = xp
y! is in equilibrium with x} =y = kx| = x, = kx|
Operating equation for stage 1: Box, x2, ... x®
V=L+D = V=L
i ] [ I L [ i I — L
Component 1
y} is in equilibrium with x}, =y = kx] =>x; = kx] | 0
(1) X
RS
= xb = kOkWy! @)
D 172 72 k", T, Stage 1
(i)T l (i)
i (D0 i) (000 . ) Y
= Xp = kUl Ky ke kKD, T, Stage 2
F=0, so no changes at feed plate T l
(i) (i)
Y3 X

J = DG (D) DD
xp = kUK kT kG kX
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Minimum number of stages: Nmin

' ()7 () (@) (D) (D) (0),0 :
i )1,().( i 0)7,(i) -0 D, xD, x® . x®
XD = kl k2 k3 ceen kN—lkN kB XB D’ "D D
i — 1D D 1Dy D oD o
xp, = kKK k] Kk X F, 20, 2®, ... 70
I v _ KM KD O _
Dividing with each other T T OLnG ) )T 1%
B, x(), x{P, ... .xW)
k g XL e X
il B allJ = D al(l.l)az(lj)aélj).Hazi;]_)la]g])agj)_?
ki Xp X
aVaPal) .. al aPVa = (afl) ,..) Similar to the concept of geometric mean
] xh /x4,
xl’) . N xllg . N xll)/x{) Xt /xh
= _J — (ac(ll\{gmge) _J = (ac(ll\{grage) = i/ i = N = Nmin = (f) ’
D B XB/XB ln(aa{emge)

Fenske Equation

PFL )
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Minimum number of stages: Nmin

Fenske Equation

xﬁ/x{;
Inl —
xh/x}

ln(a(’j)

average

We can write in terms of fractional recovery which is usually specified  FR(X and FR(™

In

(1)
FR!

FRY

ng)

1 — FRY

(1)
1-FR!

(2)
FR!

(2)
1-FRC

min

ln(oc

(12)
average

|

=

PrL

Bxg)

Usually, component 1 is LK,
and component 2 is HK
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Explanation

X(l) X(z) Usually, component 1 is LK, and component 2 is HK
In
(2) (1) (1) (1)
min (12) Z Z
ln(aaverage )
PR Dx') FR"  FRV
Dx'" Bx'? D pp® (1)
In D B Bx,” FR;~ 1-FR}

(2) (1)
N = DXD BXB

average

(1) _ _
In| % FR'V FR®
BX(l) ln D B
N = 5 1-FRY )| 1-FRY
min ]n(a(lz) ) N — N D B _
average min ln ( 05(12) )
average
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Fractional recovery of non-keys: Fenske Equation

(1) (2)
PR, | FRy 2 FR™ FR? ) (a(m )N
N 1_FRI() ) 1- FR; ) 1— FR(l) 1— FR(Z) o average
. — — - D B
min ln(OC(lz) )
average
(1) _ average
FR ™ = - )
(a(lz) ) min + B
average (2)
1-FR!
The equation can be adapted for non-keys
(a(41) ) min
(a(32) )Nmin FRgL) _ average
FR,’ = — (Y \Vmin FRI(;)
D N FR% (0( ) + )
(05(32) ) min n B average 1_FRI())
average . (2)
1-FR!
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Recap: minimum reflux ratio in binary distillation

1A
> =i
I_ D, XD . e
F z : . :
Location of pinch point y e
for minimum reflux is at feed plate
Stage N
OOOO 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 100>
B xg XB Z XD

At pinch point, operating and equilibrium line meet

An analytical equation can be derived in absence of graphical method
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Analytical method for minimum reflux ratio in binary

distillation

At pinch point compositions do not change from stage to stage

¥ = D = O

i1 f il Equilibrium
(1) — 7(1),.(1)

1 1 1 =k X
= = A

Operating equation in the rectifying section near pinch point

V

min

— 1 1
= Lml-nxj( ) + Dxl())

=> V., = Lml-nxj(l) + Dxl()l)

(D
Yi _—
) _ J 1
= le_nyj( ) — meW + sz()) Equilibrium
J
= Vmin)’.(l)<1 — in > = Dx
1 D
’ k]( )Vmin
DxD
1) _ D
= Vminyj( ) =

ng)

Lypin
(1 - KOV, )

Summation for component 1
and 2;i=1and?2

=PFL

Compositions do not change near stage |

L D, xp

Stage N

B, X

0.10
XB
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Analytical method for minimum reflux ratio

in binary distillation

Operating equation in the stripping section near pinch point

Vminyl(i)l = Lminxl(l) - Bxl(gl)

= ‘_/min)’l(l) = Lminxl(l) — Bxl(;) Compositions do not change
Y, 7 yl(l) () Equilibrium
= Vminyl — Lminw — BXB
l
_ Bxg) Dxl()’)
= me - Z Zmin Vmin = Z L
( B kl(n{/mm) (1 - KOV, )
Subtracting
_ Dx) B
me — Vmin = F(I_Q) — Z L ) + T
k](l)me ( o kl(i)‘_/min)

L D, xp

Stage N

B, XB

0.10
XB

090
XD
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Analytical method for minimum reflux ratio
in multicomponent distillation

Dxl()’) Bxl(g’)
Fl-q) = ) + L
k]'(l)vmi” kl(i)‘_/min k(l) k(l)
oGHK) — qGHK) — 1
J K (HK) 1 kaK)
j
Dx® Bx¥)
>Fl-q) = ) D + ) :
1 _ : min _ min
aj(z,HK)kj(HK)Vmin) (1 al(i’HK)kl(HK)‘_/min) . N
constant relative volatility
aj(i,HK) _ al(i,HK) — GHK)
(i, HK) 1y-(0) (i,HK) p (i)
o Dx a Bx
SR s [ 8
(a(l,HK) _ HKmln ) (a(l,HK) _ Lmin )
KOV, KHOY,
L, L
Underwood showed that oy = T = ¢
R0 2 a(i,HK)Dxl()i) N 2 a(i,HK)Bxg) Z a(i,HK)(Dxl()i) + Bxg)) Z a(i,HK)( in)
v = (aHE) — ) (aHE) — ) B (aHK) — ) B (aHE) — )
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Analytical method for minimum reflux ratio
in multicomponent distillation

r a(i,HK) (FZZ') r a(i,HK)Zi

Fl—a) = 2 (aHE) — ) = -q = ; (aGHE) — )

1=

r solution, pick a solution such that a"H® < ¢ < ®HK)

Understood showed that this is valid only for components which distribute (in distillate as well as bottom)

(1)
Vs = 3 —2 K
min— | _ _Lwi qGHO — )
( a kj(i)vmm) ] kJ(HK)
a(i’HK)Dxl()i) Lmin Zmin
= Vmin = Z L . ¢ = HK = -
( (i,HK) _ min ) k( )Vmin k(HK)V .
a LRy J I min
‘j min
a(i’HK)ng)
= Vmin — .
( o -HK) _ gb)
V.=L_ +D >L.=V_.—D Lonin
min — “min min — " min = Rmin D
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Calculation of Minimum Reflux
in Distillation Columns

T'hree methods for calculat-
ing minimum reflux rates in
distillation columns frac-
tionating multicomponent
mixtures are presented and
evaluated. The first method
is based on some overlooked

R. N. SHIRAS

Shell Development Company, San Francisco, Calif.

D. N. HANSON AND C. H. GIBSON
Univeréity of California, Berkeley, Calif.

volatility rates are valid. It
is also suitable as an approxi~
mate method for all column
design problems which nor-
mally occur. The third
method is an adaptdtion of
the Thiele and Geddes nlate-

TarLe I1I.

Compn. gy

O E D Qe

Recovery
in Top
Product,
%

100
100

S F = 1.2477

CoMPTUTATION OF MiIniyvuMm REFLUX

Eg. 18
1.2477 d(Xi)a
Comment d(Xidd  air — 1.2477
Nondistributing 0.050 0.0071
Nondistributing 0.030 0.0166
From Table II 0.094 0.1482
Light key 0.270 0.4478
From Table I1 0.025 0.1237
Heavy key 0.030 —0.1511
From Table II 0.002 —0.0072
Nondistributing < Cy
d=0.512 0.5831 = Lmin

=Pi-L
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Approximate method for multicomponent:
Gilliland correlation for number of stages

You can use fitted curve
1.0

! | I i | I | i | | |

0.8

| pm——— Fitted curve
| — — —— QOriginal Gilliland correlation

N-N

min

N+1




Optimum feed plate

Empirical equation of Kirkbridge (1944)

rectifying_section __

stripping _section

(1K)

(LK)

(LK)

XB
(HK)

XD

=PFL

0.206
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Approximate method to calculate number of stages

Fenske-Underwood-Gilliland method

Approximation of the
minimum number of stages,
Nmin

|

| = Fitted curve
— ——— Original Gilliland correlation

Approximation of the e
minimum reflux ratio, L e
Rmin s \\%:\\%&
0.0L 1 | ! ! ! ! ! e
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 19

R_Rmin
R+1

Approximation of
number of stages for R > Rmin

=Pi-L .



Exact calculation for multicomponent distillation

Input equilibrium and enthalpy data

Y
Input specified conditions

L]
Pick initial L; ,V;, and T; on every stage

o

Y
Calculate K values for all components on
each stage

-
-

Y

Solve the component mass balance
and equilibrium equations in matrix form:
Egs. (6-1) to (6-13)

Y

j+1 ] New Tj

Calculate temperatures on each stage
using bubblepoint calculations:
Eqgs. (5-12) and (5-13)

No Temperature

L ﬂ”—FZ

-1 j-1

VyP+Lx"—

]+1y]+1

Y = Kt

J P

—L ﬂ”—FZ

-1 j-1

=PFL

V_K(.")x(_")+L.x -V K!
] ] ] ]

Jj+1 j+l ]+1

convergence check:
Eq. (6-19)

New Lj and Vj

A

Solve energy balance on each stage
Calculate Ljand V;: Egs.(6-20) to (6-33)

.

L] and V]
convergence check:
Eq. (6-34)

Not Satisfied

Satisfied

Finished

Separation Process Engineering by P. C. Wankat
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Exercise Problem 1

A three component feed (100 mole/hr, saturated liquid, LNK 10%, LK 55%, HK 35%) is to be

separated in a distillation column. Desired recovery for LK in distillate is 99.5%. Assume
constant relative volatility. LNK does not go to bottom.

xz()LK) —0.75 qLNK.LK) _ 4 aHKLK) — ()75

1. Calculate B, D, and @; ¢ yx» % nvk HE> QHK HEK-

2. Calculate minimum number of stages by the Fenske method.
3. Using Underwood equation, calculate possible values of ¢
4. If R = 1.2 Rmin, calculate the number of stages by Gilliland method.

PR FRY ro qUHK),
1- FR® || 1- FR® (1-¢q) = ) !
N = D B

min ln((xc(;gage) i1 (a(l,HK) —_ ¢)
D *0.75
0.995 = = D = 99.5*%55/75 = 73 mole/hr = B =100 — 73 = 27 mole/hr
100 *0.55
(LK) %
0.005 = 2 = xy") = 0.01 S = 099 o prem = 2072 g6 4g
100 *0.55 B 100 *0.35
LNK does not go to bottom
qLKHK) — 1/4HKLK) — 1 33 N,.. = In(0.995/0.005 * 0.764/0.236)/In(1.33) = 22.7

=Pi-L
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A three component feed (100 mole/hr, saturated liquid, LNK 10%, LK 55%, HK 35%)) is to be
separated in a distillation column. Desired recovery for LK in distillate is 99.5%. Assume
constant relative volatility.

xéLK) = 0.75 qLNKLK) _ 4 qHKLK) — (75
a MM = e e e = Ky i kg i * by gy = VAR @RI = 44133 = 5.32 Ay kg = 1
S oy 5.32%(0.1) 1.33%(0.55) 1%(0.35
(1_q)=2 . i S0 = ()+ ( )+ (0.35)
~ (G — ) 532 —¢ 1.33 - ¢ 1—¢
q=1
0.53 0.73 0.35
= + +
532—¢ 133—¢ 1-¢
= 0.53(1.33 = ) * (1 — @) + 0.73(5.32 — $)(1 — ) + 0.35(5.32 — $)(1.33 =) = 0
¢ = 1.10 or 3.98 1 < ¢ < al"HE
LNK does not distribute, so not considered
l <¢<1.33
o GHE) D (D) = ¢ =1.10
V.. = D We need to calculate xp,

min Z (a(i’HK) _ ¢)

=Pi-L -



A three component feed (100 mole/hr, saturated liquid, LNK 10%, LK 55%, HK 35%) is to be
separated in a distillation column. Desired recovery for LK in distillate is 99.5%. Assume

constant relative volatility.

aLRHK) = 1,33 aLNKHK) = 532

73 * x41K)
0.236 = xp for HK = 0.11
100 *0.35
LNK LK HK
alpha (i, HK) 5.32 1.33 1
xD 0.14 0.75 0.11
(i,HK) )4
a Dx
Viin = ), ——————— =249
(a(z,HK) — ¢)
Vmin = Lmin +D = Lmin = Vmin - D =176
L

= Ry =——=24 = R=12R, =2.88

=Pi-L

Xk HK = 1

¢ =1.10

R_Rmin
R+1

=0.12

R+1 388
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N-N

min

N =227

N+1

= 0.48

N = 44.6 implying 45 stages

|

|

|

— Fitted curve

— — == Qriginal Gilliland correlation

N+1

min

R+1

=PFL
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0.9

190
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