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Mass Transfer: Separation processes Operations

Introduction

?& Iarge number of unit operations are used in the separation of a substance
Into its component parts. They involve a change in composition of mixtures
and solutions. The changes are mostly in nature.

Separations involve a non-spontaneous process because it reverses the
‘process of mixing: Separation decreases the entropy of the system, and a
separating ageﬂt (energy, mass or membiane) must be used to carry out the
process. . ml g+ Ly we s

Separation of mixtures may be mechanical in nature: filtration,
sedimentation, etc.

Separation of solutions involves mass transfer operations characterized by
the transfer of a substance through another on a molecular scale. These'
‘operations are interphase mass transfer processes involving the creation of a
second phase by the addition of anenergy-separating agent (ESA) or by a
mass separating agent (MSA).
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ex. Compute the vapor liquid equilibria at constant pressure of 1 std atm for
mixtures of n-heptane and n-octane.

Solution:
We need to establish t-x,y diagram at 1 atm in the temperature range

between boiling points of the pure components.

(- At 1atm BPn-C; = 98.4 °C
BPn-Cs = 125.6 °C

i =ps : i
Ay = P: upg h },

A 3l
Sample calculation Antoing uaRongiswt
At110.°C P} =1050 mm Hg P§=484 mm Hg

P, =760 mm Hg
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1050484 Y
=0.487 =0674 i
: aag: at 110 °C |
; B 1050 SH
AB = P T 2.17
Temp.°C | PS mmHg | P mmHg | *a Ya CaB
98.4 iEe2:28
105.0 2.25
110,Q 1050 484 487 674 2.17
115.0 ‘ 2.14
= C\; PSS-S | ISR TG Y oy s W e 1 o | o e el Ty NG W [ - i S =
125.0 2.02

Note: « for ideal solutions does not vary considerably. An average value of a

can be calculated and used.
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Notes:

1. Raoult’s Law can generally be applied to a component whose mole
et sl S fraction in the liquid phase approaches unity or to solutions of

components quite similar in chemical nature. __ S
2. Equilibrium constant or an equilibrium distribution
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2.2.1.4  Actual solutions:
Miscible binary mixtures: 3 2 phuses w5 o SRS =wn g
Few binary miscible systems obey Raoult’s law throughout th~ ~~-

of concentrations. Most systems deviate from Raoult's .\fﬂx

lesser extent.

(ér # For real mixtures PEPix
A butinstead P=yEx,

v = activity coefficient
_ realegm partial pressure _ P, real
ideal eqm partial pressure P .x,

therefore y is a measure of the deviation from ideality :

. ot
v = ideal solution Ao
y>1 = + ve deviation Dy it
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All miscible pairs can be dlassified into three general types:

IS systems whose total vapor pressure is intermediate
between those of pure components,

Ex. CCl; — cyclohexane
CCl4 - benzene
Benzene - toluene
Water — methyl alcohol.

WlypenIly systems exhibiting a maximum in the total vapor
pressuie cuive. They exhibit positive deviation from |uLai|Ly al id

~ they form minimum boiling point mixtures.

Ex. Carbon disulfide — acetone, benzene - cyclohexane, water —
ethyl alcohol.

“Type'IIr systems exhibiting a minimum in the total vapor pressure
curve. They exhibit
negative deviatioﬁ from ideality and they form maximum boiling
point mixtures. .



Partially Miscible Binary Mixtures:

Some systems do not dissolve completely in all proportions. They exhibit

large positive deviations (minimum boiling) [Forces of repulsion — 2 ¢]
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1. all vapor \ e Composidion

1 <53 e T
2. vapor and liquid in equilibrium with vapor richer in A SRicnsion o o

3. vapor and liquid in equilibrium with vapor richer in B
. Liguid solution richer in B (solution of A in B)
5. Liquid solution richer in A (solution of B in A)

. Two-phase mixtures. Each phase represents a solution of one

A 4B p 053 y component in the other. At constant temperature the composition of
+ i
S5, s Yoo &~ each phase is constant; however the proportions of phases are
' &0 different.
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Two pha i Rt
o phase mixtures within the range KM will boil at the temperature of line
¢, @ i i i
: nd they all give rise to the same vapor of composition L in equilibrium
with two liquids at K and M which are also in equilibrium with each other.
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IV. A two-phase mixture of average composition L which produces a vapor of the

Same  composition is sometimes called a heteroazeotrope.

.

V. Phase rule for systems at temperature KM:

G=%. P

Il
e

e F

3 F=CP+2

If pressure is set, everything else is specified.

IMMISCIBLE BINARY MIXTURES (heterogeneous solutions) |

Immiscible liquids are mutually insoluble — addition of one liquid to the other
does not affect the properties of either liquid. Each will behave independently
and will exert its own vapor pressure corresponding to the pure liquid at a
given temperature.

P PitPy
The mixture will boil at a certain temperature when the sum of the vapor

pressures equals the external pressure. The vapor composition is:
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2.2.2 'VLE for multi-component systems:’ > .

e Graphical presentation of more than three component systems

is extremely complex. o+« i\’s \upos ibole
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U” @ 0w 4 CAN be considered nearly ideal solutions. Raoult's law can be

applied and vapor liquid equilibrium data can be calculated
“=m pure component data.
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ror ideal solutions at moderate pressures, k; is independent of composition, It

depends only on temperature and total pressure.
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It is also customary to choose a convenient reference component (in many cases

heaviest component) to which data can be referred:
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At equilibrium:
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2.2.3 Euthglp\ir concentration diagrams:

concentration diagrams [useful in

Binary VLE data can also be represented by enthalpy

I showing energy changes as well as composition changes].
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We can assume pure liquids are heated
point and vapors are Mixed.
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Partial pressure  Henry's mole fraction
ofA law constant  of A in liquid

almost all liquids will deviate above mole fractions of 0.1.

Equilibrium constant:
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ex. Compute the vapor liquid equilibria at constant pressure of 1 std atm for
mixtures of n-heptane and n-octane.

Solution:
We need to establish t-x,y diagram at 1 atm in the temperature range

between boiling points of the pure components.

(- At 1atm BPn-C; = 98.4 °C
BPn-Cs = 125.6 °C

i =ps : i
Ay = P: upg h },
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Sample calculation Antoing uaRongiswt
At110.°C P} =1050 mm Hg P§=484 mm Hg

P, =760 mm Hg
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1050484 Y
=0.487 =0674 i
: aag: at 110 °C |
; B 1050 SH
AB = P T 2.17
Temp.°C | PS mmHg | P mmHg | *a Ya CaB
98.4 iEe2:28
105.0 2.25
110,Q 1050 484 487 674 2.17
115.0 ‘ 2.14
= C\; PSS-S | ISR TG Y oy s W e 1 o | o e el Ty NG W [ - i S =
125.0 2.02

Note: « for ideal solutions does not vary considerably. An average value of a

can be calculated and used.
amrm.-\ﬁr_ ﬁuez(u-ac 4 t’—'-’:‘-:‘:"’ 0.;,:‘_9;,"*
€one ric GUtAOYE = j - .
T () d P M
n = ey P DA O An Y =
X, (1'-.}’,() (lpx,q)

U =l‘£,-‘x;~13‘"1\n

Vin [(1 =) +aABIAB] =Xy — yl=-x,) =a,x, A=»,)

| U _
: LT e R S R
(7 = & 45% 4 . : 3
A ]+I_.q(a.w—]) o E—ng o W e WP &
: ; Sinaalb
QB fr __:...-J'J 3
Notes:

1. Raoult’s Law can generally be applied to a component whose mole
et sl S fraction in the liquid phase approaches unity or to solutions of

components quite similar in chemical nature. __ S
2. Equilibrium constant or an equilibrium distribution
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2.2.1.4  Actual solutions:
Miscible binary mixtures: 3 2 phuses w5 o SRS =wn g
Few binary miscible systems obey Raoult’s law throughout th~ ~~-

of concentrations. Most systems deviate from Raoult's .\fﬂx

lesser extent.

(ér # For real mixtures PEPix
A butinstead P=yEx,

v = activity coefficient
_ realegm partial pressure _ P, real
ideal eqm partial pressure P .x,

therefore y is a measure of the deviation from ideality :
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v = ideal solution Ao
y>1 = + ve deviation Dy it
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All miscible pairs can be dlassified into three general types:

IS systems whose total vapor pressure is intermediate
between those of pure components,

Ex. CCl; — cyclohexane
CCl4 - benzene
Benzene - toluene
Water — methyl alcohol.

WlypenIly systems exhibiting a maximum in the total vapor
pressuie cuive. They exhibit positive deviation from |uLai|Ly al id

~ they form minimum boiling point mixtures.

Ex. Carbon disulfide — acetone, benzene - cyclohexane, water —
ethyl alcohol.

“Type'IIr systems exhibiting a minimum in the total vapor pressure
curve. They exhibit
negative deviatioﬁ from ideality and they form maximum boiling
point mixtures. .



Partially Miscible Binary Mixtures:

Some systems do not dissolve completely in all proportions. They exhibit

large positive deviations (minimum boiling) [Forces of repulsion — 2 ¢]
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. Two-phase mixtures. Each phase represents a solution of one

A 4B p 053 y component in the other. At constant temperature the composition of
+ i
S5, s Yoo &~ each phase is constant; however the proportions of phases are
' &0 different.
II. For homogeneous liquids (zones 4 and 5), the vapor-liquid equilibrium
o ——
oy \B *{:_ iEE: '33 phenomena are normal.
Al
__/_...__
; e : = F
et Wy * mh‘bﬂ“ﬁ Vit z =0 e -.a,{_i ,“_:__,P_.-E‘ & L
G e e one phude \,,_\5..5..: Gt P ool
SR 15 AP 3 =
.’ﬂ«’;"P .‘.‘D s ; '; £
; 3 =i =Pl A L0, Ao phase J ja fﬂbjb = '*p-“’*"f’*‘-“
e : - -
J«Jn ""*) e
s Vple : A al
yiall s " 69‘5 <5\ S
» Q 374 prast = ¢oluple A in B
n,} d.u 's-_ ﬂ : \:) 'DJ\)‘ \"/’—\/—l )
| - solemt D wiew e




"p;b\f;- GRay \siow '3\:

t.-gcpem@m‘rlag‘if’ M'LJ
RO peAdies o) eaxch
Phase o) CIP-[;L.J\

on afuey

Phage

o w3

(| -uf‘.“."-:" =013 5855 F)__,_I)_{

III.

b <00 oub i,

£ (Qap - \ig)
Two pha i Rt
o phase mixtures within the range KM will boil at the temperature of line
¢, @ i i i
: nd they all give rise to the same vapor of composition L in equilibrium
with two liquids at K and M which are also in equilibrium with each other.
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IV. A two-phase mixture of average composition L which produces a vapor of the

Same  composition is sometimes called a heteroazeotrope.

.

V. Phase rule for systems at temperature KM:

G=%. P

Il
e

e F

3 F=CP+2

If pressure is set, everything else is specified.

IMMISCIBLE BINARY MIXTURES (heterogeneous solutions) |

Immiscible liquids are mutually insoluble — addition of one liquid to the other
does not affect the properties of either liquid. Each will behave independently
and will exert its own vapor pressure corresponding to the pure liquid at a
given temperature.

P PitPy
The mixture will boil at a certain temperature when the sum of the vapor

pressures equals the external pressure. The vapor composition is:
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: li
G2 o yie W) s <) 2 g The bolling point of any mixture of two immiscible
PP §2 &g ) W aan the boiling point of either of the two liquids. L e
i = ; immiscible liquids is the
e 2. Boiling point of all possible mixtures of two immiscible liquids P, -

dedacdion ) =hovio B

P

G

»

g —

2

1

\ Y i independent of overall liquid composition.

Notes: : b= iquids is less

same (no change in vapor pressure with com position). =»

n - b
3. At any boiling point, the vapor cemposition remains constant and Vemction an B
it

0

?“ I.As._.{ w
2.2.2 'VLE for multi-component systems:’ > .

e Graphical presentation of more than three component systems

is extremely complex. o+« i\’s \upos ibole

“ Mdny of the multi- compom_m ::ysLe:n.-. oi u.uuau ml importance

U” @ 0w 4 CAN be considered nearly ideal solutions. Raoult's law can be

applied and vapor liquid equilibrium data can be calculated
“=m pure component data.

VO == equilibrium data can be calculated from binary
v” ~ ] =
y I '{r\ . 9 : o
'LCJ ! 5;"\ 1 j)}\
511, A i & ¢ systems, equilibrium data is represented by means of
s,
A - ?J :‘55 \;’\
\V i
(O ati
P ==

ror ideal solutions at moderate pressures, k; is independent of composition, It

depends only on temperature and total pressure.

s g B ads
At equilibrium: B o
'ﬁ‘ e L . fpl _lj'i T CQEP‘?'“Q on P ot &{ Tj“‘*;%k Conapos

Rauilhe (aw &/
It is also customary to choose a convenient reference component (in many cases

heaviest component) to which data can be referred:
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At equilibrium:

U_:M_kl

1j e

(3;/x;) Sy > f?—g)-:mul

B/R B
. LS wom = o8 ’
P/P, P
VLE For a given vapor-liquid system at equilibrium:
e Y
,=—L
: x, /%,
J",' '!xl
ai' e
4 v, 1%
= e eSS =T 7 __-_I_' =
(F e e ‘,__.._1;._-;.__.__________.._ = i o f“q
i =i e
Vi = (y ! ,fx‘)
(.x_,r f'}’; 1 J

. : _g e g
Sy =3 1 A Exi‘zyj;xj
i=1 i=1 (.'\'j-)"ly}) RS Ay Mg <)

R - —Dn %

ar} ‘xi

s i R e g s s
yj i=1

B

X, 20 ]

Y i
substitute for = = Y
X QX
o C,_-—J.-\hb\! w_-:i?—_) J:_'-VJ‘ =t 2
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% + % |;;5.
= cowt ¥4 2
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2.2.3 Euthglp\ir concentration diagrams:

concentration diagrams [useful in

Binary VLE data can also be represented by enthalpy

I showing energy changes as well as composition changes].
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G & ,olution: a6 |y POt S
SR = - & . 48 -
B - H_= sensible heat and heat of mixing mm\pﬁ— e S
S «=® H=C (t—t)Ma+ AHs
C.: heat capacity of solution. For ideal solutlon it is the weighted average of the pure
N ' f\
components heat capacities. (energy / mass. deg.).  (auerese Yiew) \mng of e solution)
M,,: average molecular weight. o e """"““"\_x
t,: liquid temperature (for a saturated liquid it is the bubble paint);_,f}':('m_ & e I T ] ot J
y LoV |
T.: reference temperature. o . &
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H, = Enthalpy of Vap A + Enthal
Hv“—‘Y[CL,A(tv'to)Ma + A
3 :

| rfﬁ,(.*;tﬂ'\ C‘g ;‘N’. me{e dchadtile LY % .U"..‘Q. 91&9
" " i

C.: heat Capacity of pure liqu

2 = .
G5 15 ozl w2

We can assume pure liquids are heated
point and vapors are Mixed.
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Py of(Vap B. -
Ma] + (1-y) [Cpa (t, —t) Mg j,laf lie
@2z Ma
of pure substances at t, [energy/mass]
id energy/mass deg.

Separately to the dew point t,, each vaporized at this

dy s bsp e o e
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A M
s, Henry's Law
3 eq'ui
: Syster “Gaseous mixture A+B
u%»,um’ w.m :MQ_Ambaabm-bed by liquid S (sa\vert) s - )
q* Barriergas. .y B { o _
. O La ’ : g b&'lbu] 2 )
" = Thermodynamics variables: P, T Xx, Xe, X, Yo Yer Vs - e i prmt
vl Peesd sowerks) g g qoe mature 4 oo sl g _) we Juul Wi .
; v huse
Degrees of freedom: C=3 P=2 = F=3-2+2=3 P{"‘d"o‘” e ‘%Or
i
Therefore if three variables are specified, all other variables are determined. If B is insoluble y- R
in'S, and S has ntelglbIe vapor pressure, then the remaining variables are: P, T, xa and ya ™ Qﬂ’
_ ’QB -0 QS s = V- KA
Q-a+w4ﬁphw€ﬂ ‘Eﬁ“" 5’ -uf—"s' 56 = "(_, Gu2 5% bap 3 48 s ‘-—GM aoserption ) & was 8 Pl %
B <, s b.JJA . J\‘JJ\ \,p\nc'.a-vb 1"'-13-‘ — So\um,‘ Lqﬂ-& i hu e -2 \3”‘94-1_:

=¥, The wn@rthadion alg e
e \itsu,ug phase apptoucih 4o

[ ]
Z¢- e 2
v gap g_yﬂa-n- ] e (EQ i )
A, I ok xgon @ e
(]
Jﬁ "",ﬁ \ ! ﬂ‘ﬁ.&m be:kwe_gy‘_ ~ x\n s
\i eutsz . i
e > O-t X
: fraction in the liquid phase approaches zero, a linear equ;hbnum

< assumed with reasonable accuracy.

(\» g RN ,;i;_b-,;;:- ﬂb*?‘: . X \

Partial pressure  Henry's mole fraction
ofA law constant  of A in liquid

almost all liquids will deviate above mole fractions of 0.1.

Equilibrium constant:
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‘ing compositions of phases in equiy
_ 2 ~Q represent inlet and exit concentration

Lalled g liNe oty P@m\ﬂ% Vive @ nadexie
e at entrance Q -ye_p&.ts:%"'fp *’A Q@M
“osition at interface & ' \?./\_/‘-/
¢ forces in E-phase (KM) and R-phase (MPYat Entranee conditions

\ oalana

_ force line at exit
_rface composition

~ ['represents equilibrium compositions (Xe, Ye) if the equipment were longue

enough. At this point the driving force is zero.

4
B, o ‘Representation using other units
Cuvyge =1y R Xi—Rx=E yV— Eq Yi Operating curve ~
i A C i t’- hw o w = ~. e
Ey=Rixi +Eiyi—Rx i -L_‘- Q@ o
“‘-4.)1’ s + bk 'h]. - - - Y
J _Rix;+E;y; R - N
mole Ratie 4 € y—-T = X  Operating Curve : :
- o & -, \Q [ o A -r - SN
RAE L= #rd 20 lanas 2 ! 3
e _:&r. oLy
’ neole E{mc—\:oﬂ _
Note: If Ei=E:=E _ S Rotro _-.-'-.
== Straight line operating line in terms of mole fractions
Ri=R2=R

Solute transferring from E — R
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Material Balances:

S
\

.

Steady State C ontacting Processes

Coun tef

Co - cusgren

System: two insoluble phases E and R and single solute transferring from phase R to Phase E

Counter Current Process:

E1 Y1

sol\gAk

H

Ri x1

+

E Phase

£ £
= =

Solute

R Phase -

B’
R, R

Xy 2

2

Ez v2

Es YZ

R2 X2

R5X2

Ri, Ei : moles total material/time ; Rs, Es : moles non diffusing material/time (constant)

Xi, yi : mole fractions of solute in stream i ;
i : stream number

Solute diffusing from R — E
Solute Material balance
Envelop I (overall)
[nput QOutput
f_—A’—\ K_Jﬁ
R, x; +E;¥2 = Rax; + E;y; mole fractions -,
Eivi = EsY;

Ri Xi — RS Xi

Rs(X; — X2) = Es(Yi — Y,) mole ratios

” = i} < R
This is a straight line equation with slope + E-?-
&

Xi, Yi : mole ratios of solute in stream i

—J, ) Wy

o — Ve

Wil gP— (COC CL




5.
N
N
Envelop T (General) operating lines
In terms of mole fractions:
O ok g M_J LAY r-‘)t,?"_"‘el‘ﬂ
Input Output CyR > P

| . ; H O Ot } |‘.J-_-J

-
Rix;+Ey = Rx+ E;y; mole fractions

Ey=Rx+ E; y; — RO

R (Eyy4 — Ryx4) SR o O
V= E X o 5 el operating curve "[— URES
[n terms of mole ratios (solute free basis)
Rs X1 =X) = Es (Y, - Y)
Es‘l’:Rsx_' R5X1+ ESYI
R = —
PS kb v g b v, cueveall ) Al R oMl
R RsX; — EgY = s
Y= (Rs Xy s¥4) straight line operating line slope = +—
Eg Es Es
In the case where the solute is passing from E — R, the operating line will be above the

equilibrium curve.

> The operating line represents the material balance passing from point at one end to the

: o pufm' at the other end
; > A point on the operating line represents bulk concentrations of passing streams
% Lines such as PM indicate driving force
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* Itis a theoretical concept representing the contact of two phases for sufficient time until
s they reach equilibrium
o0 Prasey ¢ 7®  The number of equilibrium stages represents the theoretical number of contacts required
R Sl for a desired separation
- faws ot e The use of stage efficiencies (based on mass transfer rates) and the number of equilibrium
- wbis oM 37 Lwe stages can be used to determine the number of the actual stages required for the
' w355 2ot separation.
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=l .=...h~s .
Effectively it is a concurrent. operation. If the stage were ideal, the exi
at eqmllbrlum

streams would be

.

Bl —> L5 o —>
.I — [ —>
Countec Ces- Cuv(ent
sl Stage efficiency W o

It is an expression of the ﬁ'acnonal approach to equilibrium which a real stage produces.
=w 3 23'""‘1' &
QrPed 8 SY 23, shanl opst

ﬁﬂ-ﬂ"]ﬁ"- (I .2

Possible definitions:
IF R Line Qp
v ; Line Tp =

Actual solute transfer -
. 4 i Ty Fhh
'# Equilibrium solute transfer x&‘ " N U"-J

»

G“u:i Pt T '='“J

{ (@ N2 P_wu.'l Briust Cagve w-"' ;—1*)(111*

Murphree st fficient ) =
rphree stage efficiency T H-lu:i:mmﬁmue-?ﬁ{\ 0&-54 o

y tﬂ?ama@ PO 2 sfas 4 Ehatc il o ,_-;Dj);r_,- ] o
Sed 'PO- 02 b _ ¥
'# Eyg = Y‘ TP b, .;,b.#}i‘m = ol Sl 2
2
<« '—‘{*"L
Y5 : in equilibrium with X, 3
X @ in equilibrium with Y, R ey

e This is an arbitrary definition since Y, will never be greater than Y, and X5 will never be
lower than X

2
_#' Eve # Ewmg
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Operating line for any equilibrium stage (n)

S e e

INPUT (Xn_y,%11)  OUTPUT (X,,%) =
;

Mole fractions: R, _.%,_; + En%l-yn_ﬂ; =Rn.xp + En.yn

Mole ratios: R¢. X1 + Eo.Yois = Ro.X, + E.Y,

Rs(Xn-1=Xn) = Es(Yp— Yny1)
fb“l"r\ -Q-S i\n-l = RSXJ! ES YR_ES_YH-FI: RSX"R.*'I__ Ran

£ i 5
= M5 da =Y L:—.—-——-ﬁ.-(ﬂ & mxv\ﬂ%‘i 7
s _'Es b y Cales )
For example, take the first two stages: 2 P
, P
—| Pol

n=1 _,&

"Rs Xg + ES Yi

R
h=+—=X +
2 E, 1 Eq

e g e deciod balana 3 o =

O

54 o es



Operating line for the cascade:

entroting

o 'a;v‘_ Viyld

Equilibrium curve T
E e
l ey __'ﬁ_l
v, } oparu{-i Vine i T ..,
i V‘Q '-"..'."”-‘"nl;l De
| hee, stoge ! _ e Lne
| ecia."tibq:um iy | Sslope As/Es ‘? Chets \‘Q
] Cparahng ) o (T
s | ":_’ '-‘.",i" 2 “SJB sw?& -)‘ ST {
"‘I cope = -Ry JEg & 0P
|

~ Operafing line
ot coscaae.

All individual stages have parallel operating lines of slope =— %

5

Points A« fall on equilibrium curve. They are exit streams from stagen [ &, M.
Points 4.’ Y,, these are inlet streams tostagen [ P, kA,
Pointsy ,, vas1 are compositions of passing streams [ 7. B 2> C ] Lines like

have the same slope = -I-%E and they all fall on the same line
'S

I

Entire cascade: R (XG—XNP_) = E,; (Yl—- 'ann) = jJof all wai

For any stage n: Ri(Xo=X,) = Es(Yy — Yai1)

E¢ Yy— Rs Xo

— B ;
Yosi =+ Es- s I , Slope ; This line also coincides|
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Special Case: W HPLINBRU crpe i appfo‘-,.mv\eh e

For most cases, because of either a curved operating line or equilibrium
curve, the relation between number of stages, compositions, and flow ratio must
be determined graphically, as shown. For the special case where both are
siraight, however, with the equilibrium curve continuing straight to the origin of

the distribution graph, an analytical solution can be developed which will be
most useful.

If the equilibrium-curve slope is m = ;_nu (straight line), and if an absorption
T+1

factor (Extraction factor) A is defined as:
# 0 RS "
# A mE "’
then based on material balance and equilibrium data, we can obtain the following
equation:

Yy,e1/m = AXy, \ 55 Yy, o1/m = AXy,
ot

o 1y DelE AR
=1 L -
':':-‘.r-’_ )EJ: .JT{. _--‘,

L {173
Therefore knowing terminal concentrations, X,, can be calculated.

In the opposite case where the transfer is from E to R, we define a stripping factor
S as:

o |
i | =
— L L_ E N ! ;
R e +
N S
i IS, o0, oo
Tecenivan! Concdad o e ( B




-'- e —uuations; (Krem’se'f-.B',rq.Wn_es-ou.der's)

In the case where n = N, , then: BET e
in; l'«'lhaf,l' sfer from R to £ (stripping of R) _ M. g

: Xo= Xy _ (/41" = 1/a
P"— ﬂ Xb_ yﬂ';&l/m (III‘)N’.I— l

L
- S tyu/m
x“o i Yﬂ,rl/m
log 1/ ' B praion

@

log A) + 4 o ! o.? qud\:bdw 54,‘6&5 e

N =

»

-ro“xﬁ' Np
Xo= Yyo/m N, +1

== Y| AN,#I - A
== mxo - AH,'}I = I :

Se-3)+4]

These are called the Kremser-Brown-Souders (or simply Kremser) equations,
after those who derived them for gas absorption [7, 14] although apparently
Turner [16] had used them earlier for leaching and solids washing, They are
plotted in Fig. 5.16, which then becomes very c()nvenien‘for quick solutions,
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Flgure 5.16 Number of theoretical stages for countercurrent cascades, with Henry's law equilibrium
and constant absorption or stripping factors, [Afier Hachmuth and Vance, Chem. Eng. Prog., 48,
370, 617 (1952).]
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/It Is known that Water and Benzene are

I; : ' : mass ratios are convenient to use. The equilibrium "
~ relationship has the form: & - %
e © Y: mass ratio of p-dioxane in Benzene (mass p-dioxane/mass Benzene)

X: mass ratio of p-dioxane in Water (mass p-dioxane/mass Water)
\ig -\, e briam

From equilibrium data it is known that the distribution coef icient (Kp) varies between 1 to
1.4 over the concentration range of interest. For this problem assume Kp = 1.2.

If 10,000 kg/hr of a 25% solution of p-dioxane in Water (R) is to be treated continuously
with 15,000 kg/hr of pure Benzene (m, mnem effect afthcnnmber and
arrangement of stages on the percent extraction of p-dioxane for the following situations:

a- Single equilibrium stage
b- Cocurrent arrangement

T D &= | ¢ Crosscurrent arrangement (2 stages)
d- Countercurrent arrangement (2 stages)
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Specification of Design Variables:

Solution of separation problems requires specification of a sufficient number of

design variables in order to determine unknown (output) variables by solving an

equal number of independent equations. The process will then be uniquely specified

if the input variables are correctly specified.
Desian axicdes

The number of design variables reflects the number of degrees of freedom (Np) one ( .2 s haml)

has in correctly specifying a process. It is suggested that this number can be found B s ;

i

¥ ;“aj e, '; W =% L--—-{r
=) )
|£__, 1‘{ 5 )

as follows:

,I;t’ Np =Ny — Ng

-Independent design variables
-Degrees of Freedom All Pertinent Variables Independent Equations

-Variance

nu—_:-p_uﬂlj =)

Nuiuber of Variables Nvy:

The variables which can be counted in Ny are:
D - ST T
5 Yok i =
3 e - s 0 cards
v’ Intensive: Variables T, P, x. ... csncendvodion (mele id‘c*d‘“"‘ i

—ls\a0 _.L-«v

v' Extensive: Flow rates, Q, ....

v' Equipment Parameters: Number of Stages
Physical properties such as Enthalpy. K are not counted
Number of Independent Equations Ng:
Care must be taken in identification of independent equation
Types of Equations which can be used:

v" Material Balances

v Energy Balances

Sty
v" Phase Equilibrium Restrictions => - pRe 3 L8 unibk o LWL Phages 2
v" Process Specifications P . = \
i il s . . 'k‘.-l‘- LT g Q%u..‘h'b-ﬁ e
TR Wt Dne v Bquipment configurations < wander . - . . ) de




Separation Equipment Consist of:

v’ Physically identifiable elements: Equilibrium stages. Condensers, Reboilers

v Stream Dividers

v Stream Mixers cuwk b
\

451 S =
Examples: 7! \ (”J('L‘d’——’
U Suy s e —_—"}

BaPs §0 gtid v53, |- Stream Variables:

in L

Shenm DN"--;OE'“; HPivens
9

T = ic'v‘-" Tin = TiouX

4

A S SESICHH RS
Sio neaeriny, e 20 P Seass
“wo For n;lH!h.-fv ]\h:m\ stream l‘t‘ﬂ‘.-‘.'lil‘rinf_j & L‘Fll'r['!ﬂl'!i_’ﬂl\f_ the P[“!""-’ rule states that the

intensive variables are: # o] phases
s Ld
& C-92=C+l
.

These are C-1 concentrations (mole fractions or others), and to this we add

Gt 3 S’liegmﬁ_‘\-x - ) | x - ) i
= - Femperature and Pressure as intensive variables. To this number we add the

intemsive waviables flow rate (extensive variable . Sy (g
b ( sive variable). & —pis a) G-t s i) %
o = &g T S s 3 BN Ko

Crl > # OP wAdensile ~eyia e I
# c-I intensive wuy P T e I Y |

AT s [ e e T~ R T ~ -
R R Category | Variable Number™ | ”
. = < % LR e iy
Intensive | mole fractions | C = by v oz ) e SR
£ C-1 > Swncenivaiion E i T AN (——l Cl | v i g
| | 1 = bR
RS Babd, TRp 3] A wned p S Tl i = E ==
B i — ) . 4 :
C U | | = )’.{'-"-I. E:“f’ oo [ = E e B
Extensive | Flow rate [ S| o
at < | = = 1 . = -
o el s s 2 g | Ny, — a3 | C+2 5 . 'f-_"]'{
T !

B * In counting the number of intensive variables, usually C-1 concentrations
Indensine J gt sius < e s P— - e

specily all compositions since the remaining concentration is obtained by

e : e~ 1t Aiffarar i e . :
R table  difference. However, we can specify all concentrations (C) in counting the

ik T number of intensive variables and include in the list of equations the
summation of concentrations constraints. such as the summation of maole
fractions:
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N = = ey e 2
{&u b=y 1T Y o TR T N 53 _‘._3‘ Syl 3 \ g .
§ 2 . ) mole fractions = 1

(f'. Ziidins o =7

bu = €+ 2 VS s pan D.F ) J:‘—;‘?”L P s Nv=C+3 Or Nv=(C42
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. 2- Adiabatic Equilibrium Stage:
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o s **%  The only variables are those associated with streams:

saz) W sheam €

Component material balance:
Loy i Vm(.}’:‘)‘.-',,.-\- = Loyr(x)),
l'otal material balance:

Livt+ Vin = Lour + Vour

Ly (x;)
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Mole fraction constraints in any stream:
[# : ;
3 mole fractions = 1
Al
=1
Design Variables, Np:
| Np = Nv -Ne e | (4C+12)— (2C+7) | (4C +8)— (2L
| I‘\! ) _:_- = \{ " -_: ) { | -
— - Dol B BN

Iherefore (2C+5) variables must be specified.

Pypical Set of Variables: Complete specification of the two incoming
well as stage pressure.

| Number of Variables |

| Specified Variable

| Liquid IN mole fractions (xi) Liv @
‘_J m: Liquid IN flow rate . I
| Vapor IN mole fractions (_'_\,-'.}_\-'g\ C-1 3
Vin: Vapor IN _I'Imu-'_r;ll{; il
l l'emperature and Pressure of Ly 2
| Temperature and Pressure of Vix 2
| Stage Pressure (Pyour OR Prour) | |
(B0 = WS _acrs) |




Distillation:
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Equipment needed:

Ls Ye 2L !
=
ITa ' D—

Ex
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Pt PSP
Equilibrium Flash Vaporization and

eyilodion Ju. &2 Posle Volk

Siiecdtond & sof 2 W D

i
adld mags Yo Guend aphase

- — = b1 = -
add Eﬂt-{(ﬂ do ocent ophases {"‘- (esSiis) ==mo b P

Separation is based on volatility difference ‘ :
Heat is supplied to create a vapour phase in equilibrium with a lic 2
All components in the feed are present in both phases in diffcrgr M & ied

phase is richer in mve: while liquid phase is richer in Ivc =
Separation is not isothermal bqtﬁ};,lbf}:%?ns‘ldered to b.e (\EEIJU:‘F-‘
Process may be single stage (Flash vaporization or partial’cg
distillation, or continuous fractionation (packed towers or m
tray columns), each offering a varying degree of separation.

)‘18)#\570__9). A

=
SRR qg\u—\t‘\-\\hk "

T
e

Partial condens exnacte
Single equilibrium stage separation processes J
Unless relative volatilities are very large, the degree of separation
Useful for removal of light components from heavy ones (e.g. removal of NiL 2o
from crude oil) =L, S0 i 9 S = S

Flash vaporization: A liquid feed is partially vaporized to give a vap
in equilibrium with a liquid richer in lvc. The liquid may be flashed:
Adiabatically across a throttling valve (high pressure liquid is throttled into a flash

our richer in mvc

»
L

drum).
% [sothermally: throttling valve is not used (liquid under low pressure is vaporized

*s
in a heater then separated into two phases in a flash drum.
Partial condensation: A vapour feed is cooled and partially condensed with phase

separation taking place in a flash drum.
Vapour and liquid leaving a flash drum are in equilibrium with each other
Flash calculations can be used to determine the state of a stream of known

composition, Temperature and Pressure.
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Operation: (Ex: adiabatic flash)

f necessary) :

g valve or nozzle Into 'a
f the liquid vaporises

rains to the bottom of the drum

e Feed is pressurised and heated (i :
e Feed is the passed through a throttlmb
e Due to large drop in pressure, a fraction 0 S
o Vapour is taken off overhead, while the I}de L e
e Demister prevents liquid droplet from being entraine

Design Considerations ‘ el
: Stream variables calc ulations

o . 3 2 WA ) f:" e 5
(O eeniesd z4~ﬁ nNeey Q

The design of an equipment involves

Size of equipment (last calculation)

Stream and process variables for flash or partial condensation, Nv:
Compas: fion f_-,? ?EG(Q
(S

F,V,L, 2-)-"'- X, Ty, Ty, Ty, P, Py, P, and Q

3 shvecwm
: .
& Nv =3(C+3) + 1 OR Ny = 3 (C+2) + 1
' '
TP o (endensie cl
e ?‘\“r:dd el =
Number of Equations, Nk: S ‘y
l Mechanical Equilibrium [ Pv=P 1 | 1 B
- | Thermal Equilibrium | liri=n I
ke is iunfﬂ-u:\ oY S | l
% % | Phase Equilibrium [yi=kix, C C
e | Component Balance [ Fzi=Vyi+L x C-1 C-1
| bverﬂll Balance F= VTL 1 iF |
L4 [
l'Elthaipy Balance HrF + Q = HyV + HLL | 1

Feed mole fraction

sz:l |

Bl INGL
Counte

Vapour mole fractions

1
Liquid mole fraction Z Xo= 1 B I i -
== S N W O
Number of Equations, Ng | 263

flash drum at a lower pressure




Degrees of Freedom, Np:

Nb =Ny - Ng [3(C+3) +1] —[2C+6] | [3(C+2) +1] —[2C+3]
Np C+4 C+4

Usually the designer has information about:

* Feed flow rate F l

¢ Feed Temperature Tr 1

e Feed Pressure Pr 1

e Feed Composition Z C-1 since Xz; = 1 is not needed
_;_"‘J\_:;D_‘AJ.‘_JJ_&I,_-JBJl‘_f-..\_;i’ (C+q}_(f.+2.)—fl C+2

LD 5’@9 J' & Np=2
This means that two additional variables can be specified and the rest are calculated.

The choice of the specified variables controls the choice of the computational procedure.
The designer may be required to solve material balance equations and equilibrium equation
then solve for energy balance (sequential solution procedure) or solve material , equilibrium
and energy equation ( simultaneous solution).

Examples:
Case | Specified variables | Type of Computational Procedure Output Variables
; Tv, Py Isothermal Q ValSy LR
iz RyandQ =0 :—\L:I'dDLlLiC I b i W= B =
. L Ey Percent Liquid Q Ty M X
i v P‘;(El; Tv) Percent Vapour Q | Tv(Py) Y [LX
2 Ey, Qiz=0 Non Adiabatic Ty Vily | L) X
: 8 Liquid Purity LA [RVAIRY L X
d Pvy Vapour purity Q Ty |V |¥ig| L | X
[ 8 Vi X St Py,Q Ty | V| ¥isj| L | Xizk
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Two flash distillation chambers are connected together as shown in the diagram.
Both are at 1 _atm pressure. The feed to the first drum is a binary mixture of methanol
and water having 55 mole% methanol. Feed flow rate is 1000 kg-moles/hr. The
second drum operates with a vapor to feed ratio of 0.7 and the liquid product is 25

mole % methanol. Equilibrium diagrams are given.

F= 1000 kg-mole
—_—

Z yveon = .55

"

=

a. What are yy, v, x1, T; and T,?

L =3

b. What is the fraction vaporized in the first drum?




VLE for MeOH/H20 system @ 1 atm
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2.9 Size Calculation

Once the v, : S ol

Sized Th:‘ﬁﬁ’l and lllq.md compositions and flow rates have been determined, the flash drum can be

dl'um's ( ~..°_‘}1_El)ﬂpli;tlcal P'OC_edure. We will discuss the specific procedure first for vertical flash
Figure 2-1) and then adjust the procedure for horizontal flash drums.

Step 1. Calculate the permissible vapor velocity, u

perm

=0 yert o A =S = ul

crm =

(2-64)

is the maxi issi ity i
Userm \un‘um _pen'rusmhle vapor velocity in feet per second at the maximum cross-sectional area.
pp and p, are the liquid and vapor densities. K, is in fus.

K 15 an empirical constant that depends on the type of drum. For vertical drums the value has been
cqrrelated gr‘aphically by Watkins (1967) for 85% of flood with no demister. Approximately 5% liquid
will be ex}tramed with the vapor. Use of the same design with a demister will reduce entrainment to less
than 1%. The demister traps small liquid droplets on fine wires and prevents them from exiting. The i
droplets then coalesce into larger droplets, which fall off the wire and through the rising vapor into the
liquid pool at the bottom of the flash chamber. Blackwell (1984) fit Watkins’ correla[iorh to the equation

¥ K= (Const) exp[A + B In Fy + C(In F ) + D(In F\ )* + E(ln F\)']
(2-65)
- [ W, [P,
e e _
where WP and const = 1.0 [Us,

with W, and W, being the liquid and vapor flow rates in weight units per hour (e.g., 1b/h). The constants

A =—1.877478097
B = -0.8145804597
C =—0.1870744085
D =-0.0145228667
L =-0.0010148518
The resulting value for K. typically ranges from 0.1 to 0.35.
Step 2. Using the known vapor rate, V, convert Upey into a horizontal area. The vapor flow rate, V,in

Ibmol/h is

f1. 360058 = Ibm
. =22y AL (F2) o, (GE
Ibmol "perm Vst h T ¢ fad 4
! ]l h]\\! _,l.l.."‘l."_
wapor { Ibmol

Solving for the cross-sectional area,
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Vm‘r:ic_ll e :E?edlmgt-h Thameu.x I alsm either by rule of thumb or by the required liquid surge volume. For =i 3
: ]5 = '1 rums, the rule of thumb is that h,,,,/D ranges from 3.0 to 5.0. The appropriate value of _jﬂ..‘:’,,-a d
oraD Within this range can be found by minimizing the total vessel weight (which minimizes cost).
Flash drums are _u!Len Lif:\E{il:-}‘:E liguid tanks in addition to separating liquid and vapor. The design
procedure for this case is disct 1 (1967) for petrochemical applications. The height of the
drum above the centerline of the feed nowle. b, should be 36 in. plus one-half the diameter of the feed
line (see Eigure 2-14). The miniism of fnie distance 15 48 in.
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_ | 2-66
= For a vertical drum, diameter D is A

EErAY Cj,/)’,\,) S
Y[R e
¥ D= :

Ly r’!'”"-P_'j

) (2-67)
Usually, the diameter is increased to the next largest 6-in. increment. = et B i e

The height of the center of the feed line above the maximum level of the liquid pool, h, should be 12 in.
plus one-half the diameter of the feed line, The minimum distance for this free space is 18 in.
The depth of the liquid pool, hy, can be determined from the desired surge volume, Vg

HUTLEY

M b AN Y _.,\g;;'l j‘ .{._.’.J. 's\-*P YH“_-_,:'h (‘5‘1.).[’“_? {2-68)
he geometry can now be checked, since
h = h,+h +h
1 1D

should be between 3 and 5. These procedures are illustrated in Example 2-4. If hy,¢D < 3, a larger liquid
surge volume should be allowed. 1f h,,/D > 5, a horizontal flash drum should be used.
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Batch Distillation:

Used when:

=% > The required operating capagity is very small
: 1t gbith @ s b eyase ;
~% > Batch equipment offer more operating flexibility [feed fluctuations]

Differential distillation [Simple distillation]

Definition: It is the limit of a multistage flash process in which n— and v—0 [differential

distillation].

. S50 )
0 35 Jadton « D,

o — 4

(P c:-?b.nJ-J
“"7’-" I bt g}a&g

Jqﬂ

s

In practice this is impossible to achieve and can only be approximated:

) 3 ! 79
VL e ffaﬁu‘or‘ AR }gs il
Ay ‘5}95’. r"Jj L0
B > viosw ool Dg
VAR L ‘*________:;- ~p J S

7 ap s

e

'54:{}'4 d—’,.: v J —i2s
\

] )29

{\Bn

e gl 0

o '.SJ.’ 1_5«,.'»,:, 5-}4-"ﬂ;
l ] i

_J. I‘,,,Bg‘\_n e

Df‘}hé?\‘} o Disd illation

* ad cwq tine fwe wap LQDJ
out ?mm sitll Pot ek
eilfortune Wil Vg (acy)
' He shll pot,
AR, =05 Bas s s &

ﬂtvg.' i Di{func

]
Diglelletion L[’“L )

= < 7
Q - L}\ZJ. =reaid yocvoey
& T Q’g rehiee R

Mode of operation: 2 6y g4l| Pot { éﬂ:e Prochctd o

» Still pot is initially charged with feed [Charge]

> Heat is supplied at a constant rate, and the charge is boiled

> Vapors are withdrawn immediately and collected in cuts as required
Features: :

. e :
. : 7 o U =i TG S — Al
> The first cut will be richest in mve 5 mow oladile 2y

> Operation is unsteady — product composition changes with time
> Atany instant, the vapor leaving the still

liquid in the pot (residue)

TS

Pot is assumed to be in equilibrium with the

= Yp in equilibrium with x,, .



Material Balances:
Binary Mixtures:

General: Rate of material = Rate of Material - Rate of Material
Accumulation IN ouT
wpud S Llose Stia‘.:%cq-.& Co)y

dw 7N O
Total: = 0-D D: distillate flow rate mole/hr

)
Accuntet A i on t

dW = —Ddt
- dx,,.W
Component (mvc): Saew = U =X D day W= =Xpn-Ddt
. '.II—,
Xp = ¥p A
Substitute: dxy,. W = y,. diy s 55 ¢S =i
- E Xy Y- e
Differentiate: XwdW + Wdxy, = y,.dw )
i g_,{jUJ { Q = .'\tw.{} = W) rg"n-‘-.w-,
Rearrange: Wdxy = yp.dw — XydW L
S :'.] ) = P dvy,
uJ dn = oW
W aw Xw (ixW o My
. — Differential Mass Balance Equatio

fWO_F W e Mass Balance Equation

Rayleigh Equation

Jon
the choree

U

o 2 Nt il . | o 3
Ws: moles of charge of composition xy, = Zp witied wacation <
W: moles of residue of composition Xy

Reverse limits and integrate:

x =7
F f Wo=Zr  dy,,
xXw

Ihi—=
HW (Vp — )

In order to integrate the right hand side, the equilibrium relation between Yp andxy, must be
known.

The following cases are considered:
1] Constant equilibrium constant (close boiling mixtures)

—> o y= k x : k=1 i~ 5}“1.'\‘&"4, Ve Q'— ko o+ €
"

= [ Q
— HW_ e n Q




If k varies slich
tl s
gty with composition, an average value can be used in the concentration range.

* Local equilibrium constant: y = k'x + ¢

F 7
In— = _’1__11-1 Zp(k D+ c
W k=1 " \xyk'—D+ ¢

2] Use of average relative volatility:

g 0 Xy
D= =T
F ZE d
In— = f J;W
W Xw (1+xw(a—1) 2 1)
F 1 Zp(1—xy) (1—xy)
In— = n +In [——
W a—-1 |x0-2) (1-2Zp)

This equation can be rearranged to give:

L [1 (ZF)+I (-—-——-—(l_xW))+(cx—1)ln—-——(1_xw)]

W oa—1] \xy 1-2) a=zy
AT A(_"'u,L‘r-lERCt.-MPOr..ﬂyti )
_F 1 Zp El=xy)
Hizrei= I (—) In—— s L= A lezs ~oladile
7 a—l[n o “(1—ZF) e
Cﬂ.:-/bl.-f}.‘.‘ﬂl’.,}".'l’
(1= xw)
(a—1 ln ln + aln
gy = () + =3
FZg F(1-2p)
ln( ) = agaln——mm
W xw W — xy)
(5), - ()
n = aln
W xy muvc W xy lve

3] Graphical Integration:

Plot

VS X
Yp—2w) i

F
=> In (W) = area under the curve between Zp and X,



«% Multicomponent Mixtures (ideal solutions): Re fe.m«m Corpupertion |
The equations used for binary mixtures can be used for each component in the mixture:

For any component i with reference component j:

Average composition:

> The total amount of vapor (distillate) is not in equilibrium with the residue
» Overall vapor composition (composited distillate composition, average composition) is
obtained from material balance as follows:

Rz =Dl s ot Wixow
D=F-W
Bz S MERSNE 0D S RS W,y
FZir— W Xiw
(}’ LD ).Average- T (’ F-=W) ‘

% recieve




ABET: Ex. Comparison of Flash distillation and

Differential distillation:

A liquid containing 50 mole% Benzene (A). 25 mole % Toluene (B) and 25 mole % O-Xylene.

a) The liquid is flash vaporized at | atm and 100°C. What is the fraction vaporized () ?
And what is the vapor composition?

b) Under the same pressure and with the same (1)), the liquid is to be differentially
distilled. Calculate the distillate and residue c-mpositions.

Solve Simultaneously.

= p ¢ Flash ¥=0.325 | Differential distillation
Component | Zir lgg!‘éa ViD Xiw o (ViD)Ave | Xiw
(100°C)
< A 0.50 1370 0.715 0.397 |2.49
'*éi)ﬁ e conP & B 0.25 550 0.198 | 0.274 | 1.00
C 025 o220 0.087 0.329 | 0.364
¥, 1.000 1.000 > 1.000 1.000
Basis: F =100 moles — D =32.5 moles and W =67.5 moles
100+0.5 100+0.25
For A: In|———— =249 In| ———
67-5*xA,W 67'5*XB,W
100+ 0.25 100+0.25
For C: In (———) =0.3641In|—
67.5% Xcw 67'5*XB,W
Xaw + Xgw + Xcw = 1.000



Continuous Fractionation (Rectification):

Fractionation Process:

There are three methods used in distillation, each offering a varying degree of o —————
separation:

.-d_“-,.,_}_“,:,f\, Aoy oy g A
i

Tl i
GNE, M e E

~# - Flash or equil’.- um distillation
«# - Differential distillation aap A B Sl IO Cas

% - Continuous Fractionation . ( 2
paten & ﬁw—"‘}" e pede JU 8

) 030 up3 % Fractlor}ation is the rqost unpf_)rtant as it offers a greater degree of separation. It 1s the’_.,’.&.)lu_-.‘;f o asPse

most widely used unit operation process in the chemical industry. It is a multistage

counter-current operation, where the liquid flows counter current to vapor with the feed =7 °

et 1 o :-,m-ae- Viq A=*£s0

e - . ' £ . s = 2} s
e QQM.,&(Q- introduced at some intermediate point. Some of the vapor 1S condensed (mainly lve) pi? ¥ 77 3

and some of the liquid is vaporized (mainly mvc). This partial condensation and e
pregsure wassle 6= vaporization continuously enriches the vapor phase\\yith the mve, with the net result of LM 'LH
- £ . =P . i \ 1 o
i oot p gs> 8 better separation. &S0 =020 Lt Gf’? P #P2 ~aP .5' Sl e
J g @R L ) g gnhe e sP ek Uk N s 1;5&_3{1:?;}_-1)3_,';.-”,4 b "‘Wl N ~ap
Hel Sl o The operation takes place in a vertical cylindrical pressure vessel (called distillation
G e column or tower, or a fractionator), divided into compartments by a series of perforated —
& plates which permit the upward flow of vapor. The fractionator consists of Vo (;
: e .4.1? o s . 3 v It AR
Uu; £ two main sections: Lo Ao B2 14 J e

. =) i

= { o dl

Sonsfor 2 MY : 5 . ; i o baned QEBN el
' - Top section above the feed point called absorption, enriching, or rectifying section
/. - Bottom section below the feed point called exhausting or stripping section.

£

The feed is introduced continuously into the fractionator where it is eventually split into
cpsotpron . . . H

two products. One removed from the top of the column richer than the feed in the mve
(called distillate, top product, overheads product, or light product); the other product
withdrawn from the bottom of the column weaker in the mve (called bottom product,
waste, residue of heavy product). The purities of the products depend on the liqttid/gas
ratio and the nurfiber of stages. i

2/ r.:}l coe bions  In some cases, multiple feeds and side streams are available. Some distillation columns
= J"c,.v-i .| consist of the top section only and they are called rectification columns.

Vapors rising from the top are totally (or partially) condensed in a condenser and some
of the liquid is returned to the top of the column. This liquid is called reflux. The ratio
of reflux to distillate is called reflux ratio or sometimes external ratio.

The liquid at the bottom is either heated by a coil placed at the base of the column or
by an external reboiler; the more volatile material returns as vapor to the column.
Inside the tower liquids and vapors are always at their bubble points and dew points
respectively. Their flow rates are not constant along the column.
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Specifications:

Two types of problems may be encountered with any equipment, in this

ca distillation column:

e Design Problem

e Simulation Problem

Design Problem: Desired separation is set and column is designed

that will achieve this separation

Simulation Problem: Column is already built and the procedure
should predict how much separation can be achieved for a given feed.

For both problems we usﬁally specify:

= e Column pressure, (sets equilibrium data)

s N

g, 520 C)Q

s> ® Feed composition

= o Feed flow rate.

=»e Feed temperature and pressure (or enthalpy or quality — state of the
feed Lrand V). ¥ =e=dive ... o ap

=>® Reflux temperature or enthalpy (usually saturated liquid)

(Simulation Problem).

Other variables which must be set for adequate specification.
For a binary system the most usual specifications and the resulting

calculated variables are:

- Np, feed location

- column diameter

- Reboiler size (gives max vapor)
and

- XD and XB
or

= R, Xp (01‘ XB)
or

- Xp (01 XB), V=V 0«

Ra B: D) QC: QR
XB (Or XD )nB:‘D:QC:QR

R, xg (or xp), B, D, Q, 'Qr Check v=v ,

Check v<v ax

Check V<¥ max

Specifications | Calculated variables
Design: D, B, Q., Qg, N,. feed location.
- XD.XB (mVC) Column Dlame{_e_i' Peares vl £ -"L Qrappo
- R (LR;D) Seloci by R wel\aw Yvic flum
Simulation: e 4 “odp




=> Two approaches may be used:

» Approximate: simple sequential, (adequate in many cases), graphs,
simple algorithms

A

> Rigb?ﬁig;: requires detailed stage to stage calculations (simulation),
handles all situations




Binary Rectification:
Approximate Methods:
% Simplifying assumptions: ( conslox’ Nlowcade & peessure)

R wsumphy 1. Constant molal overflows: valid if (over range of temperature
and Pressure);
U“" ) == aald,
heech a[) teoa2 4 e B0 & 3 Molar heats of \{ap_gljgg_ti_gp of both species of the binary
CCrPorarcts S <585 system ar-e-'equalu
( Shemica! sirwclud 2¥2%* > Heats of mixing, stage heat losses and sensible heat changes
Poy o L of both liquid and vapour are negligible

This assumptlon indicates that evcry mole of condensing vapour _
i k -—oﬁ l

P AT
vaporizes exactly ONE mole of | liguicl; AR e
525 U epled s

This means that on molal basis in each section of a column

Wk
Td

1. bt AR
< Molesof Liquid = b, 0= e ‘=2 E=
= = constatnt ; Ln = n= an

Moles Of Vapo‘r < EoE T e m ~ 2.\ are
_ E I? Ay i? (;:).n ymese y B~ - —wa A=t cirsd o fue
Tt T == i
T Opercdun) e & lne i ol yaye

This results in a straight line operating liSne for each section.

Second wssumpion 2. Distillation takes place at constant pressure (smal variations of
pressure inside the column) sy S PR S0 =
VJ i\ bt veladioa

Plate to plate calculations: Lewis-Sorel Method

Consider the following case for the distillation of a binary mixture:

—~ Given Information:

erttont
'L Z xD XB,R PCO umn
3 Ly ve b vadio
Feed, Distillate, Bottoms product and reflux are saturated liquids at

their bubble points.

& S _\_,__,J‘:a"l 50 Yo A
0 16 N - [ }E‘QM L] g ~ LUl

2

Required: I\JI_p and Feed location. SJC{(T § g bubbe Pods 2

4
,:ﬁ' cnP l:\ltéu".ii-'c,;_k.l S%Ctjt,ﬂ



Analysis:

* Operating lines give relations between vapour and liquid

compositions of passing streams: |
[ passing streams neh J}Ju-..,- Coi/~)
L D
Y = e ;-XD T bedwean p-:u;s-an

‘ Y
s
I B ) f:-‘% TEL s

;
¥ Ym = 5:Xm+1— 5-XB
7 7 i
= Med -[L;-_:, aown (B /Z]
® Equilibrium data give relations between liquid and vapour
compositions leaving a stage

ToP  Rectifying Section:

Botone  Stripping Section:

xeldiye el \‘kc'{ CuyE =) "—'-_")")"u Fi g_ng‘»‘-u 7 Xp = f(yn)

J

of Ctufve X:-‘A\Q

'[.M—‘;"'»;‘ﬁ Si { ectnd
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e
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(J’Pw.:n.-ﬁmg'i-r’f-ﬁ .r‘% VJ
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5 5? Calculation Procedure:
Gomd | },;L ,Ir \ o (5]
= ML o | = £ My S
) e Use lances 7
: column balances to calculatcul;)._f}. LandV.L, V
F l Fe Ovet all wnorent balance = D
o -
e . O E LTy ok
T g b D G e e
e — : . o TAF-D(I.R)
lL RS = F (Zr -0B) 5 So s paewd § = .
oA s e ) o
Mo = ady B i L EE
- %, 1 + F = TP +
TR lfi-p o pi-p.Eesow) ’“5/
o s (o= % ) SRERER
. Stamng with top specification, find .. Q from ... O pevading. . Line. .
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* Repeat for stage ... Mp- 1
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7 QL‘"D—I ~ Hi Lfi a2
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