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Abstract :  A lack of experience in operation is one of the major difficulties associated with the use of ad- 
vanced energy saving distillation methods. The detailed operational studies of an ideal intenral thermally cou- 
pled distillation column (ITCDIC) were carried out in this work paved the way for further control and design 
studies and its practical application. 
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INTRODUCTION 

Distillation consumes a large percentage of 
the energy used in the chemical process indus- 
tries. Consequently, there is a significant in- 
centive to improve the energy efficiency of this 
widely applied separation process. There are va- 
rious methods using multi-effect columns, side 
cooler-sideheater, heat pumps and secondary re- 
flux and vaporization (SRV) for reducing exter- 
nal energy inputs by the effective use of heat en- 
ergy in the distillation system (Umeda ,  et a l . ,  
1979; Ihnhoff, 1993; l_~ng, 1996) .  Energy 
recovery by heat transfer from the rectifying sec- 
tion to the stripping section is an effective meth- 
od for energy saving in distillation columns. This 
method, first proposed by Mah ( 1 9 7 7 ) ,  is 
called SRV method. Since then, there were ex- 
tensive studies of SRV (Fi "tzmorris et a l . ,  1980; 
Shimizu et a l . ,  1985) .  ITCDIC is one of the 
distillation columns where energy savings are re- 
alized by the SRV method,  which has neither re- 
boiler nor condenser and has large potential for 
energy reduction (Lueprasitsakul et a l . ,  1990; 
Lestak et al. , 1994; Huang et a l . ,  1997) .  

However, one of the major difficulties asso- 
ciated with the use of such advanced energy sav- 
ing columns is lack of experience and intuition in 
operation ( Glinos et al. , 1988) ,  e . g .  , knowl- 
edge of the proper number and choice of inde- 
pendent operating variables and policies, the 
system characteristics and influences of operating 
variables. This paper deals with the operation of 
an ideal ITCDIC. 

The novel mathematical model and related 
simulation ",algorithm of an ideal ITCDIC present- 
ed in this paper can be used for further control 
and design studies, based on the results of 
which, the system characteristics, such as min- 
imal energy consumption and thermodynamic ef- 
ficiency, can be achieved directly. The results 
of our series of detailed operation analyses of the 
steady and dynamic state, degrees of freedom 
analysis, steady state and transient behavior 
analysis, operating line analysis, system charac- 
teristic and operation parameter simulation analy- 
sis of an ITCDIC can be useful for further 1TC- 
DIC study and its practical application. To our 
knowledge, up to now, nobody has ever set foot 
in this work, reported here,  detailed, thorough 
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and comprehensive analyses of every aspect of an 
ideal ITCDIC system 

MATHEMATICAL MODEL 

Schematic diagram 

Fig. 1 shows the schematic diagram of the 
ideal ITCDIC. The rectifying section and the 
stripping section are separated into two columns. 
The internal thermal coupling is accomplished 
through heat exchange between the rectifying and 
the stripping sections. In order to provide the 
necessary temperature driving force for moving 
the heat from the rectifying section to the strip- 
ping section, the former must be operated at a 
higher pressure than the latter. For adjusting the 
pressure, a compressor and a throttling valve are 
installed between two sections. Because of the 
internal thermal coupling, a certain amount of 
heat is transferred from the rectifying section to 
the stripping section, which leads to downward 
reflux flow for the rectifying section and the up- 
ward vapor flow for the stripping section. As a 
result, the condenser and the reboiler are not 
required and energy savings are realized. 

Fig. 1 

Compressor 
X / 

-~ .o 

- ~ [~iottlilvla lye 
Schematic diagram of ITC3DIC 

Modeling 

The mathematical model of the ideal ITCDIC 
is derived by applying energy, composition and 
overall material balances together with vapor-liq- 
uid equilibrium under the following assumptions 

(1)  Negligible vapor holdups, liquid molar 
holdups on each tray being constant; 

(2)  Perfect liquid and vapor mixing on each 
tray, the temperature and the composition on 

each tray being uniform; 
( 3 )  Vapor-liquid equilibrium for streams 

leaving each tray ; 
(4)  Instantaneous heat transfer from the rec- 

tifying section to the stripping section and the 
transportation of liquid and vapor between trays; 

( 5 )  Negligible pressure drop in each col- 
umn; 

(6)  Negligible hydraulic delay occurring in 
the liquid flows; 

(7) Heat loss and heat capacity change of 
separation process being negligible; 

(8)  No time delay in changes of column pre- 
ssures and feed thermal condition; 

(9)  Equal and constant latent heat of each 
composition; 

(10) The relative volatility being constant; 
(11) No vapor and liquid side-stream with- 

drawal. 
For a separation process, the minimum 

amount of thermodynamic energy required to 
achieve complete separation is given by the fol- 
lowing equation 

W~n = F • ( A H -  T A S )  (1) 
For an ideal mixture, Eq. (1 )  can be ex- 

pressed as 

Wmin = F • R T  x ( >_~ Xfi lnXfi ) (2) 
where Xfi is mole fraction of feed component i . 
Wmi n is a thermodynamic term that is independent 
of any particular process. Actual processes oper- 
ate with finite driving forces, which are irrevers- 
ible and consume more energy than the thermo- 
dynamic minimum. 

For conventional distillation, minimum ener- 
gy required for separation process ( Q=,.co, ) is 
the minimum reboiler energy requirement. With 
the use of the McCabe-Thiele Diagram, Q,~ ..... 
for a binary mixture can be shown to be a func- 
tion of the heat of vaporization of the bottom 
product, relative volatility, and feed composi- 
tion. For complete separation, when feed ther- 
mal condition q = 1, 

Qmin,co. = F • (Hb,~[ 1 / ( a  - 1) + Zf] (3) 
The maximum thermodynamic efficiency 

( E~ ,  ) is defined as the minimum thermody- 

namic energy ( Wmi, ) divided by minimum en- 

ergy required for a separation process ( Q min ), 
so for conventional distillation we have 
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E . . . . .  ----" Wnfin] Qmin, con 

= R T  • ( ~ Xfi lnXfi)]{ AHb,v �9 

[ 1 / ( o r -  1) + Zf]} (4) 
For ideal ITCDIC, energy required for sepa- 

ration process ( Qtcd ) is composed of heat of 
preheating feed and work of compressor 
( Wco~o ) ,  that is 

qtcd = F • ( 1  - q) • A H f ,  v + Weornp ( 5 )  

We choose the compressor work 

W~omp = Vf • K / (  K -  1) • 
RTt  ( ( P z /  P1)(K-1)/K _ 1) (6) 

For gas mixture 

1 / ( K -  1) = ~ . ~ ( Y i / ( K i  - 1)) (7) 

Then we achieve the thermodynamic efficiency of 
a fully ideal ITCDIC ( Et,~ ) 

E,~ = Wmi. I Qt~d 
= F • R T  • ( ( X u  lnXfi)/ 
[ F  x (1 - q) x &Ht.v + Wcomp] (8) 

which has profound impact on the overall cost of 
the separation process. Comparing the maximum 
thermodynamic efficiency of conventional distil- 
lation ( E,~x,~o. ) with the thermodynamic effi- 

ciency of an ideal ITCDIC ( E , ~ ) ,  we can 
know the energy saving' s effect of the ideal ITC- 
DIC directly. The percentage of thermodynamic 
efficiency enhancement of the ideal ITCDIC 
(Xe) is defined as follows 

Xe = (Erda - E~=.~o.) / Em=,co. (9)  
For conventional distillation, energy required 

for the separation process under the minimum re- 
flux ratio ( R~i. ) operation ( Q,,.i~,~o. ) can be 

calculated as follows 

Q~.,~o. = F x ( 1 -  q )  x AHf,~ + 

[ ( R . . .  + 1 ) O -  F x  ( 1 -  q ) l x & H b , ~  (10) 

where D is top distillation product flow rate, 
AHf,~ is vaporizing enthalpy change of feed, 
AHt,.~ is vaporizing enthalpy change of column 

bottom. 
The percentage of energy savings of an ideal 

ITCDIC is defined as follows 

Xs = (Qrmin,con - Qted)  / Q~. ,o .  (11) 

which shows the energy saving's effect directly. 
When the stages are numbered from the top 

as stage 1 to the bottom as stage n,  the basic 
equations of the ideal ITCDIC are presented as 
follows : 
Thermal coupling (Mah et a l . ,  1977; l.estak et 
a l . ,  1994; Huang et a l . ,  1997) 

Qj = U A (  T i - T~+f_,) 
j = 1 , . . - , f -  1 (12) 

Tj = b / (  a - LnP~p4) - c (13) 

P~p,j = P / [  X/ + (1 - X j ) / a ]  (14) 

Mass balances 

J 
Lj = ~_ jQk /A  j = 1 , " - , f -  1 (15) 

k=l 
i 

tf+j_ 1 = Lf_ 1 + F q -  ~ Qk/X 
k=l 

j = 1 , - - - , f - 2  

L r , =  F - V I  

V~ = F •  ( 1 -  q) 

Vj+l = V1 + Lj j = 1 , ' " , f -  1 

J 
Vf+j = VT - F • (1 - q )  - ~_~Qk/?t 

k=l 
j = 1 , - - . , f -  2 

(16) 

(17) 

(18) 

(19) 

(20) 

Vapor-Liquid equilibrium relationships 

Yj = aXj / [(~z - 1 ) X j  + 1] (21) 

Component balances 

H x d X l / d t  = VzI/2 - VIY1 - LIXL 

j =  1 

H • d X j / d t  

LiXj j =  

H x d X f / d t  = 

LfXf  + E l f  

H x d X . / d t  = 

j = n  
Eqs ( 1 ) - ( 2 5 )  

mathematical model of an ideal ITCDIC. 
For steady state studies, let 

d X j / d t  = 0 (26) 

the dynamic model becomes steady state model. 
Where a ,  b, e are Antoine constants; F is feed 
rate, kmol/s; H stage holdups, krnol; K is adia- 
batic index number of gas; L is liquid flow rate, 
kmol/s ; n is number of total stages ; Pvp is vapor 

(22) 

= Vj+I Y j + l -  VjYj + t j _ l X j _  I - 

2 , ' " ,  n -  1 a n d j  # f  (23) 

vj+, - v # j  + t j _ ,  X/_ ,  - 

j = f (24) 

- V . Y .  + L . _ x X . _ 1  - L . X .  

(25) 
consist of the dynamic 
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saturation pressure ,  MPa;  P r  is pressure of  rec-  

tifying sect ion,  MPa;  P~ is pressure of str ipping 

sect ion,  MPa;  P represents  e i ther  P r  or P~ , 

MPa;  q is feed thermal  condi t ion;  R is general  
gas constant ; t is t ime ,  s;  T is absolute temper-  
ature ; UA is heat  t ransfer  ra te ,  W / K  ; V is vapor 
flow ra te ,  kmol / s ;  X is mole fraction of l iquid;  
Y is mole fraction of  vapor;  Zf  is mole fraction (ff 

f eed ;  A H ,  A S  are change  in enthalpy and en-  
tropy respect ively;  a is relat ive volat i l i ty;  ,~ is 
latent  hea t .  

These  mathemat ica l  models induding the dy-  
namic and the s teady state models are efficient 

for operation s tudies ,  and can be used for fur ther  
control ,  design and optimization s tudies .  

SIMULATION SYNOPSIS 

In the following s imulat ions ,  a 30-s tage  ideal 
ITCDIC is cons idered  as an illustrative example ,  
where a binary mixture  of benzene- to luene  is 
separated.  Its deta i led oporation condi t ions are. 
shown in Table  1 . 

Table 1 Given operating conditions for s imulation 

Stage number 30 

Feed stage 16 

Stage holdups 1.0 krnol 

Feed flow rate 100 kraol" h-J 

Feed composition (Benzene) O. 5 
(Toluene) 0.5 

Feed thermal condition 0 -  1 

Pressure of rectifying section 0. 1013 - 1.013 MPa 

Pressure of stripping section 0. 1013 MPa 

Heat transfer rate 9803 W- K- i 

Latent heat of vaporization 30001.1 k J" krrK)l- l 
Relative volatility 2.317 

Adiabat ic  index number  ( K )  calcula t ion uses 
the heat  capaci ty  equat ion of ideal gas .  The 
physical  data used in simulation are listed in Ta-  
ble 2 .  

The simulation programs are programmed us- 
ing "'Matlab l a n g u a g e " .  The steady state simu- 
lation procedure  is i l lustrated as follows 

( 1 )  give operat ion conditions and physical  

d a t a : N ,  f ,  F,  Pr, Ps, Zf, q, UA; a,  b, 
c ;  A ,  B ,  C ,  D ;  

( 2 )  give terminat ion cr i te r ia (  e ) that is a 

measure of the worst case precis ion required of 
the independent  variables ; 

( 3 )  give initial values of Xj ( k ). 
( 4 )  calculate  Y j ( k ) ,  T j ( k ) ,  P,,p,j(k), 

Q j (k ) ,  L j ( k ) ,  Vj(k) from Eqs .  ( 1 2 )  

( 2 1 )  ; 
( 5 )  ca lcula te  Xj(k + 1) from Eqs .  ( 2 2 )  - 

( 2 6 )  ; 
( 6 )  when/Xj (k  + 1) - X i ( k ) /  < ~ , go to 

step ( 7 )  ; if  not ,  X j ( k +  1 ) - - ~ X j ( k )  , and go 

to step ( 4 )  ; 

( 7 )  ca lcula te  Q,ni . . . . . .  Qtcd, Xs from Eqs .  

( 5 ) - ( 7 ) ,  ( 9 ) - ( 1 1 ) ;  

( 8 )  ca lcula te  E . . . . . . .  Etcd, X,. from Eqs .  

( 1 ) - ( 4 ) ,  ( 8 ) - ( 9 ) .  

Table 2 Physical data used in simulation 

Benzene Toluene 
Antoine constants: a 15.9008 16.0137 

b 2788.51 3096.52 

c - 52.36 - 53.67 
Ideal gas heat capacity equation parameters: 

A -8.101 -5 .817  

B 1.133E- I 1.224E- 1 
C - 7 .206E-  5 - 6 .605E- 5 

D 1.703E- 8 1. 173E- 8 

DEGREES OF FREEDOM ANALYSIS 

The degrees  of freedom of a processing sys- 
tem are the independent  variables that must be 
specif ied in order  to define the process  complete-  
ly. An analysis of degrees of f reedom is very 
useful for determining the process  variables such 
as manipula ted  variables and control led vari- 
ables .  

For a binary mixture system,  all the relation- 
ships above consti tute a system of  6.5n + 10 
equat ions with 6 . 5  n + 27 var iables .  These  rela-  
tions consist of  10 energy calculat ion relation- 
ships,  2 . 5  n thermal coupling equat ions ,  2 n 
mass ba lances ,  n vapor-l iquid equi l ibr ium rela- 
t ionships and n component  ba lances .  Hence  the 
degrees  of  f reedom ( D O F )  are 

No.  of DOF = No. of variables - No.  of rela- 
tionships 

= (6 .5n  + 2 7 )  - ( 6 . 5 n  + 10) = 17 ( 2 7 )  
These  variables can be classified as follows: 
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Constants (10 )  : AHb, . ,  AHf, v, ), ,  or, a .  b .  c .  

UA and Ki for i = 1, 2 ; 

Externally specified ( 4 ) :  F ,  Zf ,  R~ .  and H ;  

Unspecified ( 6 .  5n  + 13)  : W. . . ,  Q.a..~o., 

E , ~  . . . .  Q,~,  Wcomp, K,  Ergo, X~, Qrmln,~o,, 
X~, P r ,  P , , q ,  Q; f o r j  = 1 , ' - - , f -  1 and Xy, 
Yj, Vj, Lj, Tj, P,,p.j f o r j  = 1, 2 , ' " ,  n 

If given constant variables, the number of 
degrees of freedom left is 7 ,  which means that 
only seven variables can be manipulated or spec- 
ified in order to fully define the ITCDIC system. 
If the externally specified variables are fixed, 
the number of degrees of freedom left is 3.  For a 
conventional system such as benzene- toluene 
system, the stripping pressure, P~ , is 

0 .  1013MPa, hence there are only two manipu- 
lated variables such as the rectifying section pre- 
ssure, P~ , and the feed thermal condition, q , 

and only two controlled variables also. We can 
choose the product quality target as the con- 
trolled output variable, the top product composi- 
tion, Y1 , the bottom product composition, X, , 
is controlled by the above manipulated variables 
respectively. 

Notice that in practice some constant vari- 
ables are likely to change along with the opera- 

tion, such as the transfer rate, UA , will de- 
crease along with the operation. In the following 
operation analysis, this is taken into account. 

SYSTEM CHARACTERISTICS 

Fig. 2 shows some system characteristics of 
the ideal 1TCDIC when operation parameters, P ,  

is 0.  2826 MPa and q is 0 .5111 ,  other parameters 
axe the same as those in Table 1. For ITCDIC, 
because of the internal thermal coupling, a cer- 
tain amount of heat is transferred from the rectify- 
ing section to the stripping section and brings the 
downward reflux flow for the rectifying section and 
the upward vapor flow for the stripping section. 
As a result, the flow rates are no longer constant 
(see Fig. 2 b ) .  Fig. 2c shows the thermal cou- 
pling condition along with column stages. The 
difference of temperature distribution along with 
the column stages ( see  Fig. 2d ) provides the 
necessary driving force of ITCDIC operation. 
Compared with the system characteristics of conv- 
entional distillation columns, it is obvious that the 
internal thermal coupling not only causes a 
change of flow rates but also complicates the heat 
and mass transfer mechanism in the column. 
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Fig. 2 Some system characteristics figures 
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(a) comtx~ition distribution; (b) flow rate distribtuion ; (c) thermal coupling condition ; (d) temperature distribtuion 
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OPERATING LINE 

Fig. 3 shows the operation line contrast fig- 
ure of the ideal ITCDIC, under operating condi- 
tions, P~ , of 0 . 2 8 2 6 M P a  and q , of 0 . 5 1 1 1 .  

For the conventional distillation column the mini- 
mum reflux ratio operation, product quality 
requirements are the same as those of the ideal 
ITCDIC. Other parameters are the same as those 
in Table 1. 

1 1 b/vllpoc'llquid eq i l '~ tml  Ilia�9 ' ' 
0 . 9  t2 Cotavenfitm al Olpemling line under R , . m / / / /  

0.8 4 
= 0.7 
O 
:~ 0.6 

~ 0.5 
0.4 

o 

0.3 
~. o.2 

0.1 

o 0 0'.2 0'.4 0'.6 0;8 
Liquid composition X 

l~]g.3 Ol~ral ing line contrast figure, 
Pr = 0 .2826,q  = 0.5111 

Owing to the internal thermal coupling be- 
tween rectifying and stripping sections, where 
the operating line bends away just like the equi- 
librium line, especially near the top and the bot- 
tom stage number,  the driving forces of nmss and 
heat transfer of the ITCDIC are significantly re- 
duced compared with the conventional distillation 
coltmms ( e v e n  under minimum reflux opera- 
t ion) .  Hence the process irreversibility is signif- 
icantly reduced.  From the viewpoint of thermo- 
dynamics, large energy losses for the separation 
process usually occur due to irreversibility of 
processes. The result is that either fewer stages 
are needed to accomplish the same separation or 
better separation effect is obtained with the same 
number of stages at the same energy consumption 
and energy savings occur in the ideal ITCDIC 
process. 

the vapor composition distribution along with the 
column stages are shown in Fig. 4,  where the 
initial values of the operating conditions are Pr , 

0 . 2 8 2 6  MPa, P.~ , 0.  1013 MPa,  q ,  0 . 5 1 1 1 ,  

UA , 9803 W/K,  F ,  100 kmol .h  -1,  Zf , 0 . 5  

and the solid lines indicate the "above conditions. 
Obviously, in all stages, the change direc- 

tion of the vapor composition is in accord with 
that of the feed thermal condition and out (ff ac- 
cord with that of the feed composition; in the re- 
ctifying section, the change direction of the va- 
por composition is in accord with that of the rec- 
tifying section pressure and the heat transfer rate 
and not in accord with that of the feed flow rate 
and the stripping section pressure; in the strip- 
ping section the change direction of the vapor 
composition is opposite to that in rectifying sec- 
tion. 

Again it shows the feed thermal condition, q 
, and the feed composition, Zf , can strongly 

influence the vapor composition of the ITCDIC; 
the influences of the pressure of the rectifying 
section, Pr  , and the stripping section, P~ , are 

inferior; the feed flow rate, F , and the heat 
transfer rate, UA , have much less influence on 
the vapor composition. The influence of operat- 
ing variables on the vapor composition distribu- 
tion can be expressed by 

Zf ,  q > > P r ,  Ps > F ,  UA (28)  
Furthermore, there are significant differences 

between the positive and negative responses; 
which clearly reveals the strongly nonlinear oper- 
ating behavior in the ideal ITCI)IC process. 
Hence there are very complicated relations and 
very large influences operation parameters ( P r ,  

q ,  P~ , UA , F ,  Zr  ) on the composition distri- 

butions and the operation behaviors. The feed 
thermal condition, q and the feed composition, 
Zf have dominant roles over the operation. So 

the former can be regarded as one of the main 
manipulated variables ; the latter, the main out- 
side disturbance; Pr or P, , another manipulat- 
ed variable ; F , another outside disturbance ; 
UA , the column characteristic variable, which 
will decrease along with the operating process. 

STEADY STATE BEHAVIOR TRANSIENT BEHAVIOR 

The influences of the operating variables on Fig. 5 shows part of the dynamic behaviors 
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of an ideal ITCDIC. When Pr, Ps ,  q ,  U A ,  

F,  Zf change + 2 0 %  from Pr , 0 .  3006 MPa, 

P ~ ,  0. 1013 MPa, q, 0 .5107,  UA,  9803 

W/K,  F , 100 kmol .h  -I , Zf , 0 . 5  respectively 

the product qualities ( the top vapor composition, 
YI , the bottom liquid composition, X, ) 

change correspondingly. 

1 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 

0 o 

+20% " ~  

5 10 15 20 25 30 
Stage No. 

(a) 

0.9 % 
0.8 
0.7 - 2 0 % - " ~  
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 

0 5 1'0 1'5 2b 2'5 20 25 30 

I 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 

0 

Stage No. 
(c) 

-20% ........ , _ . ~  

"'.... 
" ' . .y. . . . . , .  

1'0 1'5 2'0 25 30 
Stage No. 

(e) 

F i g . 4  

1 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 

-2~ X .... 

0 5 10 15 20 25 30 

1 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 

00 

Stage No. 
(b) 

5 10 15 20 25 30 

I 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
q 

Stage No. 
(d) 

5 10 15 20 25 30 
Stage No. 

(f) 

E f fec t s  o f  o p e r a t i n g  v a r i a b l e s  a .  F ;  b .  Z t ; c .  P ,  ; d .  P s  ; e .  q ; f .  U A  

o n  v a p o r  c o m p o s i t i o n  distribution 

It shows the feed thermal condition, q , and 
the feed composition, Zr , can strongly influ- 

ence the product quality of the ideal 1TCDIC; 
the influences of the pressure of the rectifying 
section, Pr , and the stripping section, Ps , are 

inferior; the feed flow rate, F , and the heat 
transfer rate, UA , have much less influence on 
the product qualities. There are significant dif- 
ferences between the positive and negative re- 
sponses also; it clearly reveals the strongly non- 

linear operating behavior in the ideal ITCDIC 
process. 

The above results are in accord with those of 
steady state, so we can conclude that the ideal 
ITCDIC process has strongly nonlinear operating 
behavior and the influence of operating variables 
on product qualities can be described by Eq.  
( 2 8 ) .  Another notably significant dynamic oper- 
ating behavior  is that the ideal ITCDIC process is 
self-balancing.  
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Fig.5 Dynamic responses when a. Zt; b . F ;  c. Ps; d. Pr; e .  U A ;  f.q 
c h a n g e  + 2 0 % ,  r e s p e c t i v e l y .  

SIMULATION RESULTS 

Section 6 ' s  results  show that energy saving 
can occur  in the ideal  ITCDIC process ,  but  how 
much?  Based on the result  analysis on the de-  
grees of f reedom,  we chose  P ,  and q as manipu-  

lated variables to appraise  the performance of  the 
system and its energy savings.  Some simulation 
results are shown in Table  3 .  When  feed thermal  
condi t ion,  q , is 0 . 2 5 ,  0 . 5 ,  0 . 7 5  and pressure  
of rectifying sec t ion ,  Pr , is 0 .  1519 MPa,  

0 . 2 5 3 2  MPa ,  0 .  3545 MPa,  the product  quali-  
ties change from 6 3 . 7 3 %  to 1 0 0 . 0 0 % ,  for Yl , 

from 0 . 0 0 %  to 3 6 . 3 6 % ,  for Xn ; the perfor- 

mance  parameter  Etc a changes from 6 . 9 2 %  to 

21 .  0 3 % ;  Xe changes from 35.  4 8 %  to 

3 1 1 . 7 9 % ;  and Xs changes from 3 7 . 6 8 %  to 

7 5 . 7 7 % .  It shows very complicated relations 
and very large changes among energy saving, 
Xs ,  manipula ted var iables ,  P , ,  q , and product  

qual i t ies ,  X , ,  YI �9 
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Table 3 Simulation results of  Bet~ne-Toluene  system 

Manipulated System characteristic 

No. variables Pmdtmt qualities Performance parameters 

q Pr (MPa) Yt lX ,  Er~,,~ E~d X~, % Q , , ~ , ~ / Q ~  , 106 kW X~ , % 

1 0.25 0. 1519 0.6373/0.0880 0.0511 0.0813 59.26 4.9122 2.6042 46.99 

2 0.25 0.2532 0.6666/0.0003 0.0511 0.0736 44.19 4.9122 2.8764 41.44 

3 0.25 0.3545 0.6667/0.0000 0.0511 0.0692 35.48 4.9122 3.0613 37.68 

4 0.5 0.1519 0.7708/0.2292 0.0511 0.1173 129.69 4.4928 1.8057 59.81 

5 0.5 0.2532 0.9384/0.0616 0.0511 0.1019 99.60 4.4928 2.0779 53.75 

6 0.5 0.3545 0.9887/0.0113 0.0511 0.0936 83.29 4.4928 2.2628 49.64 

7 0.75 0. 1519 0.9091/0.3636 0.0511 0.2103 311.79 4. 1562 1.0072 75.77 

8 0.75 0.2532 0.9997/0.3334 0.0511 0. 1656 224.17 4. 1562 1.2794 69.22 

9 0.75 0.3545 1.0000/0.3333 0.0511 0.1447 183.23 4.1562 1.4643 64.77 

For conventional distillation, the maximum 
thermodynamic efficiency the Benzene-Toluene 
system is 5 . 1 1 % .  But for the ideal ITCDIC, in 
Table 4 the minimum thermodynamic efficiency 
is 6 .92 %,  enhancing 35.48 % ,  and the related 
energy saving percentage is 37.68 % ; the maxi- 
mum thermodynamic efficiency is 2 1 . 0 3 % ,  en- 
hancing 311 .79%,  and the related energy sav- 
ing percentage is 7 5 . 7 7 % .  Obviously, the ideal 
ITCDIC can save more energy than conventional 
distillation. 

CONCLUSIONS 

From studies of the degrees of freedom, tran- 
sient and steady state behavior, we can conclude 
that there are very complicated nonlinear rela- 
tions and very large influences among operation 
parameters ( P r ,  q, P,,  UA, F, Z f ) ,  the 
product qualities and the operation; again the 
feed thermal condition, q and the feed composi- 
tion, Zr show dominant roles over the operation 
behaviors and the influences of operation param- 
eters on product qualities can be expressed by 
Eq. (28) ; furthermore ITCDIC is a self-balanc- 
ing process. Studies of the system characteris- 
tics, the operating line and simulation results, 
showed that the intemal thermal coupling not 
only causes changes of flow rates, pressure dis- 
tributions and temperature distributions but also 
complicates the heat and mass transfer mecha- 
nism in the column. However, its effect of ener- 
gy savings is marked. 

For other systems, such as non-ideal mixture 
separation, the mathematical model can be ap- 
plied also, the only thing needed is to change 

the given conditions, physical data and vapor- 
liquid equilibrium relationships. We used our 
study results to develotp related software 
"ENORM" very useful for further research on 
ITCDIC. Further investigation is underway to 
study the control, design and optimization of 
ITCDIC. 
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