Chapter 4

4.4 Digtillation with Reflux

4.4a Introduction: Distillation with reflux can be considered to bepeocess in which
equilibrium stages are arranged in a series in autianner that the vapor and liquid product
from each stage flow counter-current to each othach stage receives the liquid flow from
the stage above and the vapor flow from the staf@ab The liquid and vapor are mixed in
each stage and they are assumed to be in equilibsiben they leave a stage. Figure 4.4-1
shows the process flow diagram for a distillatiower containing sieve trays.
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Figure 4.4-1 Process flow of a distillation tower containing\g trays.

The feed is normally introduced into the distilketiat a location between the top and the
bottom trays. For a total condenser, the vapor ftleentop tray is condensed and part of the
condensate is returned to the top of the columpraweide liquid flow above the feed point.
Part of the liquid from the bottom tray is vapodaea the reboiler and returned to the bottom
of the column to provide the vapor flow.
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4.4b M cCabe-Thiele M ethod
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Figure 4.4-2 Distillation column notations.
The McCabe Thiele method is a graphical procedarsolve alternately the equilibrium
relation and the material balance for binary datiibn. Consider the distillation column
shown in Figure 4.4-2 with the tray above and belbe/feed tray using the indexandm,
respectively. The section of the column above #eslftray is the rectifying section and the
section below the feed tray is the stripping sectithe two streamd.{ andV, or L, andVp,)
leaving a theoretical (or equilibrium) tray areaquilibrium. The two passing streams (for

exampleL,.; andV,) are related by the material balance or operdtiregy A total material
balance for tray gives

Vn+l + Ln_l = Vn + Ln (44'1)
A component balance on the more volatile comporgngjves
Yn+1Vn+1 + Xnakn1 = YnVi + Xaln (4.4-2)
In this expressiony,+1 is mole fraction of component A W,.;andx,.1is the mole fraction of
component A irL,;and so on. The McCabe-Thiele method is valid wherhave constant
molal overflow in both the rectifying and strippisgctions of the distillation column. Hence
Vi=Vo=V3=... =V, = V,+1 = constant
Lo=L;=Ly,=... =Lh.1 =L,y = constant

V-1 = Vm = Vm+1 = CcOnstant
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Lm-1 = Lm = Lmn+1 = constant
Even for CMO,\V, # V, andL, = L. The constant molal overflow is justified if thedt of
mixing is negligible for the two components in thexture (ideal solution) and the molar
heats of vaporization for the two components amat the same.

Equations for rectifying section

Figure 4.4-3 shows the rectifying or enriching sectwhich is the distillation tower section
above the feed. The vapor from the top tray witompositiony; is condensed in the total
condenser so that the resulting liquid is at thiéirtgppoint. Part of the liquid is taken out as
the overhead produ€t and the remaining liquid is returned to the firaytwith flow ratel,.
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Figure 4.4-3 Schematic of the rectifying section with a totahdenser.

Making a balance over the top part of the towee @ashed-line section) on component A
gives

yn+]_Vn+]_ = an_n + XDD (4.4'3)

Since CMO is assumel,.; =V = constant and, = L = constant. Eq. (4.4-3) can be written
as

Yne1 = XL/V + xoD/V (4.4-4)
From the total balancé =L + D = D/V = 1 - L/V. In terms of the reflux rati® =L/D

L _ L/D _ R
L+D L/D+1 R+1

L
Vv
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= D = 1 = 1
L+D L/D+1 R+1

b
Vv
EqQ. (4.4-4) becomes

R 1
1= + 4.4-5
Y= R R0 (4.4-5)

This equation which is the material balance for ponent A is called the operating line.
Given Xp, Xr, R, and the equilibrium data, the equilibrium stagas be determined by
successively solving the equilibrium relation ahd material balance at each stage. Starting
at xp, y1 is evaluated, for a total condensgr= xp. The liquid compositiorx; is then
determined form the equilibrium curveyat y;. This is a dew point calculation with known
y1. Nexty, is determined from the mass balance or operaitigg |

WL VR B
"R+1 " R+1°

X is again determined from the equilibrium curve gis determined from

Y3 = R o+ -1 %
T R+1 7 R+1

This process continues untth < X.. The number of equilibrium stages in the rectifyin
section isn including the feed trayn is the number of equilibrium calculations durirge t
process.

EXaMPIE 4.4 L - e e e e e

A distillation column receives a feed that is 40len% n-pentane and 60 mole % n-hexane.
Feed flow rate is 2,500 Ibmol/hr and feed tempeeats 36C. The column is at 1 atm. A
distillate that is 97 mole % n-pentane is desir&dtotal condenser is used. Reflux is a
saturated liquid. The external reflux ratioLigD = 3. Bottoms from the partial reboiler is 98
mole % n-hexane. Determine the number of equilibritays and their compositions for the
rectifying section.

Data: Vapor pressur@sa data: InPsat= A — B/(T + C), wherePsatis in kPa and is in K.

Compound A B C
n-pentane (1) 13.9778 2554.6 - 36.2529
n-hexane (2) 14.0568 2825.42 —-42.7089

Heat of evaporation for n-pentane;s = 11,369 Btu/lbmolC, cs = 39.7 Btu/lomdPF
Heat of evaporation for n-hexaness = 13,572 Btu/lbmolCy ce = 51.7 Btu/lomafF

SOlULI ON === oo e e e s

Overall material balance over the entire tower give
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D+ B= 2,500
Material balance for n-pentane over the entire tayines
0.9 + 0.08B = (0.4)(2,500) = 1,008> 0.97(2,500- B) + 0.028B =1,000

Solving forB andD from the above equations we ha&e= 1,500 Ibmoles/hr anB = 1000
Ibmoles/hr.

Vi Qc
)
L D, x=097
LD =3
F = 2,500 Ibmol/hr
T=30C F.x
P=lam 5 feed plate

L%E’ X, = 0.02

Since the column has a total condengers xp = 0.97. The liquid compositior, is then
determined form the equilibrium curveyat y; = 0.97. The equilibrium curweversusx for
n-pentane and n-hexane system is plotted in Figtta wherex andy are the mole fraction
of n-pentane in the liquid and vapor phase, respsygt The equilibrium curve is expanded
near the regiom = 1 in Figure E-1b. Ay = y; = 0.97,x = x; = 0.9107. We can also perform
a dew point temperature calculation wytk y; = 0.97.
We start with the equation

X1+xX=1 (E-1)

Substitutings = y;P/Pi**into equation (E-1) yields

g;;j + _g{f -1 (E-2)
1 2

With the numerical values for mole fractions andgsure, equation (E-2) becomes
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.97x101.325/exp(13.9778@554.6/T - 36.2529))
+ 0.03x101.325/exp(14.05682825.42/T — 42.7089)) = 1 (E-3)
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Figure E-1b: Equilibrium curve for n-pentane and n-hexaneeyshearx = 1.
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The dew point temperature should be between thHenggoints of n-pentane and n-hexane
given by

T boil _ 2554.6
13.9778- In(101.32¢

+36.2529 = 309.20 K

.ol 2825.42
14.0568- In(101.32%

+42.7089 = 342.06 K

The solution of the nonlinear algebraic equatior3JEcan be determined usirigatlab
functionfsolve with inline function as follows:

>>fun=inline(".97*101.325/exp(13.9778-2554.6/(T-36.2529))+
0.03*101.325/exp(14.0568 -2825.42/(T-42.7089))-1");

>> T=fsolve(fun,309.5,optimset('Display’, off"))

T =311.0479

The dew point temperature of the n-pentane andxastee mixture is311.0479 K. At this
temperature, the vapor pressure of n-pentane is

P,*%'= exp(13.9778 - 2554.6/( 311.0479 - 36.2529)) #.9928 kPa
The mole fraction of n-pentane in the liquid strdeaving state 1 is then

o = ylgz _ (0.97)101.325 _ o -
R 107.9228

Nexty, is determined from the mass balance or operaitieg |

R 1 3 1
= X1 + Xp = X1+ Xp = 0.75¢ + 0.25¢
Yo R T R 1T 3 3 ! P

y» = (0.75)(0.9107) + (0.25)(0.97) = 0.9255
X2 is again determined from the equilibrium curve g determined from

WL VU B
T R+1 7 R+1

This process continues uni} < xg. The following Matlab program alternately solvée t
equilibrium relation and material balance for thelenfraction of n-pentane leaving each
equilibrium stage:
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% Example 4.4-1
%
A=[13.9778 14.0568];B =[2554.6 2825.42];C=[-36.2529 -42.7089];
xd=.97;xb=.02;xf=.4;R=3;
am=R/(R+1);bm=xd/(R+1);
P=101.325;pl=log(P);
Th=B./(A-pl)-C;
dT=.01;
yi=xd;
for i=1:20;
% Assume a temperature for the dew point calculation
T=yi*Th(1)+(1-yi)*Tb(2);
% Solve for the dew point temperature using Newton's method
for n=1:20;
f=P*(yi/lexp(A(1)-B(1)/(T+C(1)))+(1-yi)/exp(A(2)-B(2)/(T+C(2))))-1;
T1=T+dT;f1=P*(yi/lexp(A(1)-B(1)/(T1+C(1)))+(1-yi)/exp(A(2)-B(2)/(T1+C(2))))-1;
fp=(f1-H)/dT;eT=f/fp;T=T-eT,
if abs(eT)<0.001,break, end
end
% Solve for the mole fraction in the liquid phase using equilibrium relation for ideal
system
xi=yi*Plexp(A(1)-B(1)/(T+C(1)));
fprintf('Stage #%g x = %8.5f , y = %8.5f\n",i,xi,yi)
% Solve for the mole fraction in the vapor stream leaving a stage
yi=am*xi+bm;
if xi<xf, break, end
end

>> e2d4d1b

Stage #1 x = 0.91070,y = 0.97000
Stage #2 x = 0.79889 ,y = 0.92552
Stage #3 x = 0.63454 ,y = 0.84167
Stage #4 x = 0.46085,y = 0.71840
Stage #5 x = 0.32841,y = 0.58814
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