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Study on a Continuous Heat Integrated 
Distillation Column 

THOMAS GLENCHUR and RAKESH GOVIND* 
DEPARTMENT OF CHEMICAL & NUCLEAR ENGINEERING 
UNIVERSITY OF CINCINNATI 
CINCINNATI. OHIO 45221 

Abstract 

A novel continuous heat integrated distillation column called a concentric 
column has been studied using computer simulation. It is shown that a concentric 
column is a novel implementation of a thermodynamically reversible distillation 
column and has a lower energy loss than an ordinary distillation column. Our 
studies show that a concentric column has reduced column height, since the 
stripping section is configured concentrically around the rectifying section. and 
uses less utilities than a conventional column. 

INTRODUCTION 

Heat integration methods in distillation column systems can be 
classified into two categories: Intercolumn (heat transfer between 
different columns) and intracolumn (heat transfer within the same 
column). In each category the heat transfer can either be direct (via 
mixing of the streams) or indirect (involving heat transfer surface area). 
Using this classification, the various heat integration methods are 
summarized in Table 1. 

In this paper a continuous heat integrated distillation column, also 
referred as a concentric column in Table 1, is studied. A schematic of the 
column is shown in Fig. 1. It consists of a low pressure stripping section 
configured concentrical!y around the high pressure rectifying section, 

*To whom correspondence should be addressed. 
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2324 GLENCHUR AND GOVIND 

TABLE 1 
Classification of Various Energy Integration Methods 

1. Indirect intercolumn heat transfer 
A. Sequential column train heat exchanger networks (1-8) 
B. Split towers (9-13) 

A. Petlyuks intercolumn refluxing (8. 14) 
B. Petlyuk's intercolumn reflux streams and combined product columns (8,14.15) 

k Heat pumps, vapor recompression (7.10.11. 16-21) 
B. Intermediate reboilers and condensers (11.22) 
C. Secondary reflux and vaporization (23-25) 

Concentric column 

2. Direct intercolumn heat transfer 

3. Indirect intracolumn heat transfer 

4. Direct intracolumn heat transfer 
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FIG. 1. Schematic of the continuous heat integrated or concentric column. 
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CONTINUOUS HEAT INTEGRATED DISTILLATION COLUMN 2325 

like a double pipe heat exchanger. Heat from the high pressure (high 
temperature) rectifying section flows into the low pressure stripping 
section continuously along the length of the column. A compressor is 
needed to compress the vapor leaving the top of the stripping section, and 
a throttling valve reduces the pressure of the liquid leaving the bottom of 
the rectifying section. 

The concentric column design can be utilized for a single column as 
shown in Fig. 1 or for multicolumn systems as shown in Figs. 2. The 
hatched sections are the ones which are heat integrated concentrically, 
and no compressor or throttling valve is needed between the sections. 
Five possible multicolumn configurations are shown in Figs. 2. 

In Fig. 3 a schematic of a possible design for a heat integrated tray in a 
concentric column is shown. Heat exchange occurs through the common 
wall between the rectifying and stripping sections. While this design is 
not investigated in this paper, it is suggested as a possibility for 
enhancing heat transfer between the two sections and achieving the heat 
transfer coefficients used in this paper. 

THERMODYNAMIC ANALYSIS 

Distillation columns have been extensively thermodynamically ana- 
lyzed in the literature (19, 20, 23-25). Hence it will suffice to offer a 
comparison between an ordinary distillation column and a continuous 
heat integrated column by using energy analysis. The total available 
energy loss for an ordinary distillation column can be written as 

T F - T o - T o l n -  

TD - To - To In T, - To - To In - 
To TO 

C 

- FRT, C xFi lnxFi  
i = I  

The first two terms represent the available energy loss of the heat source 
and sink streams. Under isobaric conditions, the third, fourth, and fifth 
terms related to sensible heat changes are usually small. The last term 
represents the minimum available energy required to obtain pure 
products from a feed mixture at temperature To. 

The total energy loss in a continuous heat integrated or concentric 
column can be written as 
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2326 GLENCHUR AND GOVIND 

TF - To - To In TD - To - To In - 
TO TO 

Hence the difference in available energy loss between an ordinary 
distillation column and a continuous heat integrated column is given 
by 

AE - AE' = (1 - %)(Q,  - Qk) - ( 1  - - Qf) - W, 
TH Tc 

Simplifying the result by assuming QR N Qc = Q: 

FIG. 2a. Application of the concentric column for two multicolumn system configurations. 
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CONTINUOUS HEAT INTEGRATED DISTILLATION COLUMN 2327 

FIG. 2b. Application of the concentric column for two multicolumn system configurations. 

t t 

Fic. 2c. Application of the concentric column for a multicolumn system configuration. 
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%, L 

FIG. 3. Schematic of several possible designs for a heat integrated tray in a concentric 
column. 

Qk = Qi. = Q', T ,  = TH,  T ,  = T ,  

Then 

AE - AE' = To [ ~ T;ciHTc] IQ - Q' + Qd - wc 

It will be shown later that Q > Q', hence (AE - AE') > 0, which shows 
that the energy loss in a concentric column is less than in a conventional 
column. This result is consistent with the fact that a reversible column 
with minimum energy loss consists of an infinite number of condensers 
in the rectifying section and an  infinite number of reboilers in the 
stripping section. The concentric column is simply a more practical 
though less efficient implementation of a reversible column. 

MODEL DEVELOPMENT 

From a degree of freedom analysis of the concentric column, the 
following design parameters are specified: stage pressures, feed condi- 
tions (component molar flow rates, temperature, and pressure), distillate 
product condition (component molar flow rates, temperature, and 
pressure), total number of stages, feed location, overall heat transfer 
coefficient for heat integrated stages, and external reflux ratio. 

The material flow rates, equilibrium, sum of compositions, and enthapy 
(H) (MESH) equations for each stage are summarized in Table 2. An 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1
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TABLE 2 
Material, Equilibrium. and Energy Balance Equations for a Heat Integrated Tray in the 

Concentric Column 

Material conservation: 

L , - ~ x j - l  - [q + Wj]uJ - [Lj + Uj]xj + yi+lvj+l = -FjzJ 

Equilibrium equations: 

yJ = KJxJ or V,yJ = K,V,xJ 

x y ,  = 1.0 

Ex, = 1.0 

additional equation describing heat transfer between the heat integrated 
sections are also incorporated in the MESH equations. 

MODEL CALCULATION PROCEDURE 

The model equations are solved using successive approximations of 
the MESH equations for all stages. The procedure used is as follows: 

1. Estimate temperatures, compositions, and internal flow rates for all 
stages with no heat transfer between the heat integrated stages 

2. Estimate the heat transfer using the overall heat transfer coefficient 
and adiabatic tray temperatures 

3. Recompute the temperatures, compositions, and internal flow rates 
with the heat transfer computed in Step 2 

4. Converge on tray temperatures and heat transfer between the 
sections 

UNIQUAC equations were used to compute vapor-liquid equilibrium. 
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2330 GLENCHUR AND GOVIND 

The MESH equations for the adiabatic column in Step 1 were solved 
using a modified Boston and Sullivan algorithm (26). 

RESULTS AND DISCUSSION 

The main parameters distinguishing the concentric column from an 
ordinary adiabatic column are the overall heat transfer coefficient (U) 
and the heat transfer area (A)  between the heat integrated stages. 

The effect of UA on minimum reflux ratio, condenser and reboiler 
duties, and compression work was investigated. The system studied was 
ethylene-ethane to permit comparison with previous studies on the same 
system. 

Figures 4 and 5 show the effects of interstage heat transfer applied to 
two pressure columns. Adiabatic operation (no heat transfer into or out of 
the column except at the reboiler and condenser) is represented along the 
UA = 0 ordinate. The minimum reflux ratio is achieved when the number 
of stages is infinite. When the reflux ratio approaches the minimum 
value, there is a dramatic increase in the number of stages. Adiabatic 
operation (UA = 0) to achieve the specified product compositions is not 

oi.--.--+- r ~ _ 7 _  - _- ____ - 
0.0 1.0 2.0 3.0 40 5 5  6 o zo  s o  qb do a:o 12:o 13'0 14'0 15'0 

HEAT TRANSFER COEFFICIENT UA,(KJ/tiR " i i )XlO4 

FIG. 4. Number of stages vs interstage heat transfer coefficient area at changing reflux ratio 
(RR). Ethylene-ethane, 0.5 mol fraction feed. Distillate purity > 0.995 ethylene. Bottoms 
purity > 0.995 ethane. Feed flow rate basis, 1000 kg . mol/h. Prectify,ng = 4.47 bar. PFtnpping - 

1.52 bar. 
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KR-=3.0 

I 
0 
Od I:O 2:O 3:O 410 5'0 6:O 7.b 810 9:O lob 11'0 1210 13'0 14:0 l5:C 

I iEAT TRANSFER COEFFICIENT UA, ( K J /  HR"K)XIO4 

FIG. 5. Number of stages vs interstage heat transfer coefficient area at changing reflux ratio 
(RR). Conditions as in Fig. 4 except that Prettifying = 3.03 bar. 

possible below a reflux ratio of 2.0. However, for a continuous heat 
integrated column with interstage heat transfer (UA = 0) ,  it is possible to 
get the desired product compositions at a reflux ratio of less than 2.0. 

Figure 4 is for a pressure ratio of 2.94. Figure 5 is for a pressure ratio of 
1.99, with a stripping section pressure of 1.52 bars. 

In Fig. 6 the minimum reflux ratio is plotted versus the product of the 
interstage heat transfer coefficient and the interstage heat transfer area 
(UA). The minimum reflux ratio decreases significantly as the term UA 
increases. Theoretically, at a large value of UA the minimum reflux ratio 
will become zero; however, in this example, since all the stages were not 
heat integrated due to differing number of trays in the rectifying and 
stripping sections, the minimum reflux ratio will eventually level off with 
increasing UA. 

A continuous heat integrated column can be operated with or without 
vapor recompression. Vapor recompression significantly lowers the net 
steam consumption and investment cost for the heat exchangers. Hence, 
in a continuous heat integrated column with vapor recompression, there 
are two separate compressors: One compressor called the stripping 
rectifying compressor (SRC) maintains the rectifying section at a pressure 
higher than stripping and the other compressor is for vapor recompres- 
sion (VRC). 

In Fig. 7 the compressor work for the two compressors is plotted versus 
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P R  IS RECTIFYINL PRESSURE PS 15 STHIPPIhG PRESSURE 

FIG. 6. Minimum reflux ratio versus interstage heat transfer coefficient area at different 
operating pressures. Conditions as in Figs. 4 and 5, and number of stages > 70. 

the reflux ratio for a specified value of UA, feed flow rate, composition, 
and product compositions. Lower reflux rates require less work into the 
system to maintain necessary internal flow rates. 

The effect of UA on the stripping-rectifying compressor work and the 
vapor recompression work is shown in Fig. 8. As is evident, with 
increasing heat transfer between the stages, the stripping-rectifying 
compressor work increases due to higher flow rates. The vapor recom- 
pression work remains almost constant with increasing UA. 

In Fig. 9 seven case studies are compared for utility requirements. The 
seven cases are described in Table 3 and consist of adiabatic one-pressure 
column, adiabatic two-pressure column, and concentric column, with 
and without vapor recompression. Power consumption by compressors 
assumes a shaft work efficiency of 80%. Temperature drops at the 
condenser and reboiler were set at 20 K. Conventional column pressure 
was set at 4.47 bars. Two pressure columns had rectifying pressures of 4.47 
bars and stripping pressures of 1.52 bars. For the adiabatic column the 
reflux ratio was set at 1.2 times the minimum reflux. 

Vapor recompression significantly reduces net energy consumption for 
adiabatic columns. Present industry practices incorporate vapor recom- 
pression in ethylene-ethane separation. With interstage heat transfer, 
steam requirements for vapor recompression can be reduced by 21%. 
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FIG. 7. Heat or work duties for compressors, condensers, and reboilers vs reflux ratio with 
changing operating pressures. Conditions as in Fig. 4 and U' = 20,441.6 kJ/h. m2. O K .  
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I:O 2:0 3:0 4'.0 $0 6:O 7.6 R:O 30 l0:O I l k  12:O r3:O i4:O 60 
t IEAT TRANSFER COEFFICIENT UA,(KJ/HR°K)XIC4 

1 

6-14 
W -1.5 
I: WORK PUT INTO SYSTEM IS NEGATIVE IN SIGN 

-3.5 
QVRC RR'3.0 - 

FIG. 8. Net condenser duty, Q c ~ ~ ~ , ~ ~ ~ ,  stripping to rectifying compressor work, QSRC, and 
vapor recompression work, QmC, vs interstage head transfer coefficient area at changing 

reflux ratio (RR). Conditions as in Fig. 5. 
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I 2 
B 

3 4  
d 

5 6  

2335 

a 7 

CASE NUMBER 
STEAM EQUIVALENT 

COOLING WATER 

FIG. 9. A comparison of utility requirements for seven case studies. 
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TABLE 3 
Comparison Case Studies of Adiabatic Two-Pressure Column Operation with Concentric 

Column Operation’ 

Steam Cooling 
QR. Qc* QSRC. QmC, equivalent, water, 

Reflux (kl/h) (kJ/h) Wh) (Wh) (Hh)  (Wh) 
C a d  ratio x 10’ x 10’ x lo6 x to6 x 16 x 1 6  

1 2.67 -2.225 2.264 O.OO0 -1.529 0.5066 0.2075 
2 2.67 -2.087 2.264 -3.889 O.OO0 2.735 12.04 
3 2.67 -2.087 2.264 -3.889 -1.921 0.4374 0.9416 
4 2.67 -2.077 2.264 -4.480 O.OO0 2.763 12.04 
5 2.67 -2.077 2.264 -4.480 -1.921 0.4773 0.9948 
6 1.80 -1.554 1.727 -3.736 0.000 2.109 9.187 
7 1.80 -1.554 1.727 -3.736 -1.464 0.3999 0.9203 

I 
2 
3 
4 
5 
6 
7 

Adiabatic one-pressure column with vapor recompression 
Adiabatic two-pressure column without vapor recompression 
Adiabatic two-pressure column with vapor recompression 
Concentric column without vapor recompression 
Concentric column with vapor recompression 
Concentric column without vapor recompression 
Concentric column with vapor recompression 

‘Note that the minimum reflux for adiabatic column operation is 2.225 while the 
minimum reflux of the concentric column operation is 0.92. The concentric column 
operation reflux was selected with a comparable number of stages with the adiabatic two- 
pressure column at a reflux ratio of 1.2 times the minimum adiabatic reflux ratio. 

bThe one pressure adiabatic column is operated at 1.2 times the minimum adiabatic 
reflux and at 4.47 bars pressure. For Cases 2 to 5 the columns are operated at 1.2 times the 
minimum adiabatic reflux, 4.47 bars rectifying pressure. and 1.52 bars stripping pressure. 
Case 7 operates at 2.0 times the minimum reflux for interstage operation of U = 4088.32 kJ/ 
(h . m2 . OK) with 4.47 bars rectifying pressure and 1.52 bars stripping pressure. The reflux 
ratio selected for Case 7 was chosen in order to give a comparable number of stages. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



CONTINUOUS HEAT INTEGRATED DISTILLATION COLUMN 2337 

SYMBOLS 
area of heat transfe; between the rectifying and stripping 
sections 
number of components in the feed 
specific heat for distillate, feed, and bottoms, respectively 
distillate rate 
feed rate 
feed rate to the j t h  tray 
enthalpy of stream leaving t r a y j  for liquid and vapor 
phase, respectively 
enthalpy of 4 
equilibrium constant 
liquid rate leaving trayj 
heat removed from trayj 
total heat transferred between the rectifying and stripping 
sections 
condenser and reboiler duties, respectively, for an ordi- 
nary column 
condenser and reboiler duties, respectively, for a con- 
centric column 
gas constant 
reference temperature 
condenser temperature 
reboiler temperature 
temperature of feed, distillate, and bottom product, re- 
spectively 
temperature at a given height in the stripping and 
rectifying sections, respectively 
overall heat transfer coefficient between the rectifying and 
stripping sections 
liquid side stream flow rate from stagej 
vapor flow rate leaving stagej 
vapor sidestream flow rate from stagej 
compressor work in a concentric column 
mole fraction composition of L, leaving stagej 
mole fraction of cnmponent i in the feed 
mole fraction composition of V ,  leaving stagej 
feed mole fraction composition for stage j 

available energy loss for an ordinary distillation column 
available energy loss for a concentric distillation column 
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