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Lecture 4



Intended Learning Outcome: 

1. To understand and calculate the minimum reflux ratio. 

2. To calculate minimum number of stages for distillation. 

3. To analyze relationship between reflux ratio and number of stages. To understand optimal reflux 
ratio. 

4. To analyze the case with partial condenser and total reboiler. 

5. Analyze the case of multiple feed. 
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Where will you introduce the feed
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Often, VB is not provided and you only have R 
(reflux ratio)
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In this case, typically feed quality 
is specified



Feed quality, q
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Simple observations
V ≥

−
V

−
L ≥ L

Feed quality, q,  is defined by 

q =
−
L − L

F

Feed condition q

Subcooled liquid q > 1

Saturated liquid q = 1

Two-phase mixture 0 < q < 1

Saturated vapor q = 0 

Superheated vapor q < 0 

Overall balance
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−
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−
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−
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The feed condition
Rectifying section

Stripping section

V −V( ) y = L−L( )x −BxB −DxD
These two lines meet at the feed plate
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q =
−
L − L

F
= 1 −

V −
−
V

F

Vy = Lx + DxD

−
Vy =

−
Lx − BxB

Fz = DxD + BxB

⇒ y =
−
L − L
−
V − V

x −
BxB + DxD

−
V − V

⇒ y =
qF

−(1 − q)F
x −

Fz
−(1 − q)F

⇒ y =
−q

(1 − q)
x +

z
(1 − q)

⇒
−
L − L = qF

⇒ V −
−
V = F − qF

Feed Line



The feed condition

xDxB
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y =
−q

(1 − q)
x +

z
(1 − q) x=y=z fits in this line



The feed condition (assign q values)

y = −q
(1−q) x +

z
(1−q)
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The feed condition (assign q values)

y = −q
(1−q) x +

z
(1−q)
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The case of minimum reflux ratio
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Rmin =
Lmin

D

Why would you want to decrease the reflux ratio ??



The case of minimum number of stages

N =Nmin

B, xB 
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F, z

xDxB

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

y

x

y

xx
z

Slope = −q
(1−q)

Slope = R
(1+R) =1

11

Why would you want to decrease the number of stages?
How would we decrease number of stage?
What could be the advantages and the disadvantages of minimum stages?

R =
L
D

→ ∞Limit

D → 0
slope =

VB + 1
VB

= 1

R → ∞

VB → ∞

D → 0

B → 0
F → 0



Understanding the effect of reflux
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Optimization between capital cost and 
operating cost in distillation column
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Optimal reflux ratio

Reflux ratio Number of 
stages L QC and QR

Small Small

Large Large

∞Rmin

Nmin∞
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Consider the following setup. xD = 0.9, xB = 0.1, z = 0.5. Saturated liquid feed.  

1. Calculate the minimum reflux ratio. 

2. The optimal reflux ratio was estimated to be when R = 1.5 Rmin. Calculate the number of 
stages.

3. Calculate minimum number of stages. Does it change with feed condition?

(0.50, 0.79)

(0.90, 0.90)

Slope = (0.90-0.79)/(0.90-0.50)  

= 0.11/0.4 =0.275 

Rmin = 0.275/(1-0.275) = 0.38

Slope =
Rmin

(1+Rmin )

R  = 1.5 Rmin = 0.38*1.5 = 0.57 

 Slope  = 0.57/1.57 = 0.36 

 Operating line, y = 0.36 x + C 

C = 0.9 - 0.36*0.9 = 0.58 

Y = 0.36x +0.58 

 N =6

Slope = −q
(1−q)
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Minimum number of stages

xD
xB
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The case of partial condenser
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L

F, z

Stage N

Distillate vapor, yD 
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The case of total reboiler
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xN, yN

yN+1 xN
−
V

−
L

−
L =

−
V + B

−
Lx =

−
Vy + BxB
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B, xB 

xo, L
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Stage N

y1, V
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Partial condenser
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The case of multiple feeds
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The case of multiple feeds and outlets
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y x

V1 L1

V1y + F1z1 = L1x + DxD

⇒ y =
L + q1F1

V1
x +

(DxD − F1z1)
V1

V1 + F1 = L1 + D

⇒ y =
(L + q1F1)

(L + q1F1) + D − F1
x +

(DxD − F1z1)
(L + q1F1) + D − F1

q1 =
L1 − L

F1

⇒ V1 + F1 = L + q1F1 + D

⇒ V1y + F1z1 = (L + q1F1)x + DxD



Lets take a fresh look at operating line for 
stripping section
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y x

V1 L1

y =
(L + q1F1)

(L + q1F1) + D − F1
x +

(DxD − F1z1)
(L + q1F1) + D − F1

Above two equations are similar if we have only 1 feed

Can you prove it ?

y =
VB + 1

VB
x −

1
VB

xB

q1 = q; F1 = F

for single feed, V1 =
−
V



Lets take a fresh look at operating line for 
stripping section
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y x

V1 L1

y =
(L + qF )

(L + qF ) + D − F
x +

(DxD − Fz)
(L + qF ) + D − F

q =
−
L − L

F
= 1 −

V −
−
V

F

⇒
−
V = L + D + qF − F ⇒ VB =

−
V
B

=
L + D + qF − F

B

y =
VB + 1

VB
x −

1
VB

xBOperating line

y =
L + D + qF − F + B

L + D + qF − F
x −

BxB

L + D + qF − F

mass balance Fz = DxD + BxB

q1 = q; F1 = F
for single feed, V1 =

−
V, L1 =

−
L



The case of multiple feeds
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y =
(L + q1F1)

(L + q1F1) + D − F1
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The case of multiple feeds and outlets
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below g feed

yg+k =
RD+ qi

FFi − qi
sSi
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Overall tray efficiency 
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η =
number of theoretical trays (McCabe − Thiele method)

number of actual trays

Every tray is assumed to have the same efficiency 

The efficiency depends upon 

1) geometry and design of the contacting trays. 

2) Flow rates and flow paths of vapor and liquid streams. 

3) Composition and properties of vapor and liquid streams.
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Pseudo-equilibrium curve
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Pseudo-equilibrium curve
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