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Introduction

• The required number of theoretical stages and the reflux ratio of a distillation 
column can be determined using the Fenske equation (Tips to Scale-up & 
Design #1009), the Underwood equation (Tips to Scale-up & Design #1011), 
the Gilliland correlation or the Brown-Martin correlation.

• In order to calculate the diameter of a continuous distillation column and to 
study energy savings, the vapor-liquid composition and temperature 
distributions in the column are required, but they cannot be obtained by 
calculation using the above equations.

• In this study, we will introduce a sequential step calculation method using 
the Thiele-Geddes method, which is one of the shortcut distillation 
calculation methods.
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• Sequential Calculation Method:

① Set the number of rectifying section stages and the number of stripping 
section stages in advance, and assume a temperature for each stage (input an 
initial value) to determine the vapor-liquid equilibrium ratios (Ki).

② Calculate the compositions in the column sequentially from the top of the 
column and the bottom of the column, and determine the distillate 
composition (xi,D) and the bottom liquid composition (xi,W), and the 
composition of all stages from the vapor-liquid equilibrium relationship when 
the feed stage is reached.

③ Correct the temperatures of each stage so that the sum of the compositions is 
1.

Nowadays, it is possible to easily obtain a convergent solution by using the Excel 
solver, or equation solver software and the like, but the above mentioned 
calculation appeared to be too complicated when first announced in 1933, and it 
seems it was not widely applied before a long time (*1).

*1: “Taseibun-Kei no Jouryu” in Japanese: “Multi-Component Distillation”, Reprinted new version, Separation 

Technology Series 7, Mitsuho Hirata, Hiroshi Sagara

Thiele-Geddes Method
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Reflux Liquid L
Liquid 
Composition 
xi,R

yi,n : Composition of Component i Rising from 
Rectifying Section Stage n

xi,n-1: Liquid Composition of Component i Descending 
from Rectifying Section Stage n-1

xi,D : Overhead Composition of Component i
Ki,n : Vapor-Liquid Equilibrium Ratio of Component i

at Stage n
V     : Overhead Vapor Flow Rate [kmol/h]
L     : Reflux Flow Rate [kmol/h]
D     : Distillate Flow Rate [kmol/h]

・・・ ①

・・・ ③

Thiele-Geddes Method Equation Derivation 1

Distillate D
Liquid 
Composition 
xi,D

Overhead Vapor V
Vapor Composition yi,1

Mass balance and vapor-liquid relationship for distillation column rectifying section:
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Eq. 4 is obtained by rearranging Eq. 2 
and substituting Eq. 1

・・・ ④

Dividing both sides of Eq. 3 by xi,D gives Eq. 5
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yi,n+1’  : Vapor Composition of Component i Rising from 
Stripping Section Stage

xi,n’      : Liquid Composition of Component i Descending 
from Stripping Section Stage n

V’     : Returned Vapor Flow Rate [kmol/h]
L’      : Column Bottom Liquid Flow Rate [kmol/h]
W      : Bottoms Flow Rate [kmol/h]

・・・ ⑥

Thiele-Geddes Method Equation Derivation 2

Bottoms W
Liquid 
Composition xi,W

Column Bottom 
Liquid L’
Liquid 
Composition xi,n’

Mass balance and vapor-liquid relationship for distillation column stripping section:
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Eqs. 8 and 9 can be obtained by modifying the equations in the same way 
as the rectifying section
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In other words, if xi,D and xi,W

are determined, the 
composition of each stage can 
be calculated.
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Ratio of distillate composition (xi,D) to bottoms composition (xi,W):
If the feed is a boiling point liquid (V/F = 0), the composition (yi,n+1) below the lowermost 
stage of the rectifying section (the feed stage) and the composition (yi,n-1’) of the stage 
above the uppermost stage of the stripping section (the feed stage) are the same.

Eq 11 is obtained by multiplying both sides of Eq. 10 by the ratio of the compositions at the 
top and the bottom of the column (xi,D / xi,W) 
With this, the ratio of the compositions xi, D and xi, W can be calculated. 
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Distillate composition (xi,D) and bottoms composition (xi,W):
Consider the mass balance equations around the entire column

Substituting Eq. 12 into Eq. 13 and rearranging gives Eq. 14

Eq. 15 is obtained by making the same rearrangement for the bottoms composition (xi,W)
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Thiele-Geddes Method: Organization of Calculation Procedure

The equations obtained with the calculation procedure are organized as follows:
① Give the number of theoretical stages of the rectifying and stripping sections, and the 

top and bottom temperatures.

② From the investigated conditions, calculate the flow rate ratios by calculating the vapor 
and liquid flow rates in the rectifying and stripping sections.

③ Assume the temperatures in the distillation column and obtain the vapor-liquid 
equilibrium ratios at these temperatures. For an ideal solution, according to Raoult’s law, 
the vapor-liquid equilibrium ratios can be obtained by the following equation.

④ Calculate the ratios of the vapor phase compositions and the liquid phase compositions 
to the distillate composition (xi,D) in the rectifying section.
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⑤ Calculate the ratios of the vapor phase compositions and the liquid phase compositions 
to the bottoms composition (xi,W) in the stripping section.

⑥ Calculate the ratio of the distillate composition (xi,D) and the bottoms composition (xi,W).

⑦ Calculate the distillation composition (xi,D) and the bottoms composition (xi,W).

⑧ Calculate the composition of each stage and find the sum of the compositions.
⑨ Find the temperature at which the sum of compositions becomes 1 in all stages by 

convergence calculation.
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Verification Calculation: Subject of Examination

Feed condition: Liquid at boiling point
C3 5 kmol/h
n-C4 40 kmol/h
n-C5 30 kmol/h
n-C6 25 kmol/h

Distillation column:
Distillate flow rate: 45 kmol/h
Reflux ratio: 4
Number of theoretical stages: 10 stages
Pressure: 700 kPaA

Calculations are carried out using an Excel solver on a four component hydrocarbon 
mixture. In this study, in order to simplify the calculations, the vapor-liquid equilibrium 
ratios (Ki) were determined by Raoult’s law (the saturation vapor pressure uses the 
extended Antoine equation). 
Also, the column is assumed to have an equimolar flow.
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Step.1 (Number of Theoretical Stages and Flow Ratio 
Calculation Specifications)

• The calculation is carried out with a total of 10 stages in which the feed stage is added to the 4 stages of the 
rectifying section and 5 stages of the stripping section.

• Feed conditions: Vapor fraction = 0 indicates a liquid in which the components are preheated to the boiling point. In 
these conditions, the following calculation holds: Liquid flow rate in the stripping section (L’) = Liquid flow rate in 
the rectifying section (L) + Feed flow rate (F).

• Since the equimolar conditions are assumed in the column, the flow rate of the rectifying section can be obtained by 
the following equations:
Rectifying section liquid flow rate (L) = Distillate flow rate (D)Reflux ratio (R)
Rectifying section vapor flow rate (V) = D(1 + R) 11
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Step.2 (Temperature Assumption in Column, K Value 
Calculation)

• The initial values of temperatures inside the column are 
assigned to have a linear distribution between the temperatures 
at the top and the bottom of the column.

• The K values are obtained from Raoult’s law using the vapor 
pressure of each component.

Note: Since this system is a pressurized system, it is necessary to 
consider the non-ideality of the vapor phase in order to make 
calculations more accurate.

G
i

i

i

i
i

TFTETD
CT

B
AP

P

P

x

y
K








)ln()ln( 0

0

12

���������  �����,�
-� 	�+�����
&��������
�

,�
-���
' % � #  $ ! 5 8 '"

&�� ���
����  #/# $"/#$# $$/ %! !%/ 8' !5/$  5#/!'5 8"/!5% 8$/5# '"%/8"8 '"5/8!� '' /"�$ '%'/'

���� %/$8� �/"  �/# % �/55$ #/� 8 #/5!�  /#�' $/"�$ $/$8' !/�88 5/'$� 5/85$

���# "/!8# "/8%� '/"$5 '/%%5 '/#" '/$"' '/5'$ %/" % %/�'" %/ 8' %/58! �/%%8
��� "/%$" "/�'' "/�$5 "/#�# "/ "5 "/ 8' "/$5# "/!5! "/8"% '/"%8 '/'$8 '/�%�
���$ "/"8" "/''' "/'� "/'$� "/'8 "/%�% "/%!# "/�%% "/�! "/#�$ "/ "� "/ !5

6�7��
����1�2����92����+���� ������
����
����
�����6:�;.��)�7
	�����.��-�������� ,�������-�,������

1

2

3

4

5

6

7

8

9

10

11

12

50 60 70 80 90 100 110 120 130

N
u
m
b
er
 o
f 
Th

eo
re
ti
ca

l S
ta
ge
s

Temperature [°C]

Calculated Temperatures in Column



PreFEED

Solutions for R&D to Design

Reference: Vapor-Liquid Equilibrium Ratio (Ki)

“Kagaku Hannou, Kougaku II Neturikigaku” in Japanese:  “Chemical 
Reaction Engineering II Thermodynamics” P. 404-409, Maruzen (1964)

A table of K-value estimations based on reduced critical states 
(derived from Tr and Pr) is shown. About 60% of the 
hydrocarbons are said to be concentrated around Zc = 0.27, 
which seems to be particularly effective for hydrocarbon-
based mixtures. 

13Fig. 252 Vapor-Liquid Equilibrium Ratios K (ze=0.27)

Reduced Critical Pressure Pr

Calculation of K when the value of ze is different than 0.27

Table 63 Theoretical Vapor-Liquid Equilibrium Ratios K for ze=0.27
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Step.3 (Composition Ratio, xi,D, xi,W Calculation)

• The rectifying section is calculated from the top of the column and the stripping section is calculated 
from the bottom using the equations derived from the Thiele-Geddes method.

• By this, each composition of the distillate and bottoms can be determined at the assumed temperature.
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Step.4 (Stage per Stage Composition Calculation, Minimization 
of Objective Function)

• Calculate the vapor and liquid compositions 
of each stage.

• An objective function is set so that sum of the 
compositions of each stage is 1, and a least 
squares calculation using the temperature in 
the column as the operation variable is 
performed by using the Excel solver.

• Objective function =Σ (1-xi,n)2 + Σ(1-yi,n)2

Note that xi,n includes xi,D and xi,W.

15

��� �������� )( )' )% )� )# ) )$ )! )5 )8 )'" )4
���� "/''' "/"�$ "/"' "/""8 "/""! "/""$ "/""' "/""" "/""" "/""" "/""" "/"""
���# "/55% "/8  "/55' "/!'! "/ �# "/�!! "/% ! "/'  "/"5� "/"�8 "/"'$ "/""$
��� "/"'% "/"�8 "/"8' "/'!� "/%!5 "/�5" "/ "" "/$% "/!'$ "/!�8 "/$! "/ �$
���$ "/""" "/""" "/""% "/""5 "/"�# "/''! "/'% "/'�5 "/'$� "/%'' "/�"" "/#  

&��
� '/"" '/"�" "/855 "/8"5 "/5 % "/5!8 "/55# "/8'8 "/8$� "/858 "/88' "/88$

9���� �"/"" �"/"�" "/"'% "/"8% "/'#5 "/'%' "/''$ "/"5' "/"�! "/"'' "/""8 "/""#

��� �������� .' .% .� .# . .$ .! .5 .8 .'"
���� "/''' "/" ' "/"�# "/"%8 "/"%5 "/""! "/""% "/""" "/""" "/"""
���# "/55% "/8#" "/55' "/! " "/$"� "/#$5 "/�'8 "/'8% "/'"% "/"#5
��� "/"'% "/"�� "/"! "/'#' "/%%# "/�#% "/#8% "/$#$ "/!$' "/!58
���$ "/""" "/""" "/""' "/""! "/"%! "/"�# "/"# "/"$' "/"8% "/' '

&��
� '/"" '/"% "/88' "/8%! "/55� "/5 ' "/5 ! "/8"" "/8 # "/85!

9���� �"/"" �"/"% "/""8 "/"!� "/''! "/'#8 "/'#� "/'"" "/"#$ "/"'�

,�� ���
,2�
������
9�����

65�'7�1�2������
������ ����������
����
����

65�%7��
������
������ ����������
����
����

"/'#% !5

PreFEED

Solutions for R&D to Design

Calculation Results

16

• A comparison with the results of the 
general-purpose simulator was 
carried out (the simulator calculation 
also applied Raoult’s law).

• It was confirmed that the 
compositions and the temperatures 
match well.

• It can be seen that the assumption of 
equimolar flow is valid, since the 
biggest difference between the 
results of Excel and the simulator is 
whether equimolar flow can be 
assumed.
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Reference: Impact of K Values
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• Thiele-Geddes method K value calculation:
Raoult’s law

• K value calculation of general purpose 
simulator:
Peng-Robinson equation of state

A comparison was done with the results when using the Peng-Robinson equation of state for 
calculation of the general purpose simulator. When the K values in the simulator are 
determined by the Peng-Robinson method, there is a difference with the results calculated by 
the Thiele-Geddes method since the non-ideality on the vapor phase side is taken into account.

φi
V : Fugacity Coefficient of Component i in the 

Vapor Phase
φi

L : Fugacity Coefficient of Component i in the 
Liquid Phase
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参考 : K値の影響2
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The comparison with the results calculated by replacing the K values used for the calculation 
of the Thiele-Geddes method with the values obtained by the simulator is shown. The results of 
the general-purpose simulator and Thiele-Geddes method extensively agree.
It can be seen that the K values are important to determine the correct compositions and 
temperatures in the column.

• Thiele-Geddes method K value calculation:
Peng-Robinson equation of state
(Using the calculated values of the simulator)

• K value calculation of general purpose 
simulator:
Peng-Robinson equation of state
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Conclusion

• In this document, we derived the equations of the Thiele-Geddes method, which 
is a sequential calculation method.

• The Thiele-Geddes method uses the number of theoretical stages and the reflux 
ratio, and allows finding, without giving distillate and bottoms compositions, the 
internal column temperatures and compositions that are required for further 
calculating the diameter and energy saving measures of a continuous distillation 
column.

• The calculation requires the vapor-liquid equilibrium ratios (Ki), and the K 
values have a considerable effect on the calculation accuracy. Therefore, 
measures must be taken when this method is applied to systems other than ideal 
solutions or systems in which the K values are generalized as a function of 
reduced critical points or temperature.

• In addition, since the column calculation is done assuming equimolar flow, it is 
necessary to verify the impact of this assumption when applying this method to 
systems with highly non-ideal liquids.
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