
EngrD 2190 – Lecture 26

Concept:  Graphical Mass Balances –
Operating Lines for Distillation

Context:  Multistage, Counter-Current Flash Drums

Defining Question: How is a reboiler different from
a boiler?

Bring a Straightedge or Ruler to Lecture 27.



Review:  Single-Stage Flash Drums
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Temperature-Composition Phase Diagram
for Hexane+Chlorobenzene Mixtures at 1 atm
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Conservation of Energy requires Fliquid/Fvapor
ratio must be the same for each equilibrium stage.

Recycle streams complicate lever rule
calculations; must iterate.

Process looks like Multi-Stage Counter-Current Absorbers.

Need a map like the map we used for Multi-Stage Counter-Current Absorbers.



Graphical Analysis of Multi-Stage Counter-Current Absorbers: Example 1
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All adjacent (x, y) pairs lie
on a line with slope Foil/Fair.

All (x,y) pairs leaving an equilibrium stage
lie on the equilibrium line.

This line is the Operating Line.

wB/air = 0.01 wB/oil = 0.06

wB/oil = 0.0

All compositions given.  Calculate Foil/Fair and number of stages.

equilibrium line

excess benzene
in the oil

air out

oil in

air in

oil out

equilibrium in top stage

equilibrium in bottom stage

3 equilibrium stages

slope  Foil/Fair. 



Compare the map for absorber analysis to the T-(x,y) map for flash drums
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Two phases (L+V) everywhere. Two phases in L+V region only.

Equilibrium everywhere.Equilibrium on equilibrium line only.

Need two streams to plot a point:
liquid  x coordinate and vapor  y coordinate.

One stream defines a point:
composition  x coordinate and T  y coordinate.



What is the distillation analog of the map for absorber analysis?

xbenzene, ybenzene

temperature

xbenzene

ybenzene

replot data
from L+V

region
?



Mapping from a T-(x,y) Phase Map to a x-y Phase Map
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tie line at 89°C:
xbenzene  0.62, ybenzene  0.80

tie line at 98°C:
xbenzene  0.31, ybenzene  0.52

tie line at 106°C:
xbenzene  0.10, ybenzene  0.20

T
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Equilibrium everywhere;
L+V in one region only.

L+V everywhere;
equilibrium on one line only.

One stream is a point: 
(xB, T) or (yB, T)

Need two streams for a point: 
(xB, yB)

Use tie lines.

Use trajectory paths
or operating lines.



A Distillation Column
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Need an equation for the operating line.

Write a mathematical mass balance
and convert to a graphical model.

benzene
toluene

Distillate – mostly benzene

Bottoms – mostly toluene



Distillation Column: Mass balance on Consecutive Equilibrium Stages. pp. 284-5

molar flow rate = V

molar flow rate = L



Distillation Column: Mass balance on Consecutive Equilibrium Stages. pp. 284-5

Adjacent liquid-vapor streams: a plotting pair.

Adjacent liquid-vapor streams: a plotting pair.



A Distillation Column
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L  liquid flow rate, in mol/min
V  vapor flow rate, in mol/min
Adjacent x-y pairs are on an operating line.

benzene
toluene

Distillate – mostly benzene

Bottoms – mostly toluene

x-y pairs leaving an equilibrium stage
are on the equilibrium line.

x-y pair on operating line and
on xy line (the diagonal).

stripping section
L > V  operating line slope  L/V > 1

rectifying section

L < V  operating line slope  L/V < 1

96 mol% benzene; xB  0.96

96 mol% toluene; xB = 0.04



A Graphical Model of a Distillation Column
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A Graphical Model of a Distillation Column: Minimum Stages?  Minimum Reflux? 
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For L/V  1, L  V
No products, no feed.

Column is in total reflux.

Minimum stages?

Minimum reflux?

feed stage

pinch point

max L/V  stages

min L/V  stages

 max L/V for
stripping section,

 min L/V for
rectifying section.


