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Abstract---This paper analyzes and compares optimization results for simulated diabatic columns to 
theoretically derived optimization results from the isoforce method for the same system. The separation 
of ethanol and water is used to illustrate the two methods and bring out their common and special features. 
The results, which are presented in McCabe-Thiele diagrams, show partial compatibility between the 
methods. The isoforce method is found to require total reflux ratios close to the azeotrope, and a 
reformulation of the method is suggested. It is also shown that the separation work obtained in an 
adiabatic stripping column can not be achieved in ad iaba t ic  column without adding a (distributed) 
condenser in the upper section of the column, or more plates. (~ 1997 Elsevier Science Ltd. 
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1. I N T R O D U C T I O N  

Diabatic distillation is a multistage separation process of a liquid or vapor mixture of two or more 
components in which either the supply or the removal of heat (or both) is performed at two or 
more different levels. While an adiabatic distillation column normally has the reboiler and the 
condenser located at the bottom and at the top of the column, ad iaba t ic  column has heat 
exchangers integrated inside the column. Diabatic distillation has been described by King [1], 
Fonyo [2], Kaiser and Gourlia [3], and Rivero et al. [4] etc. According to Rivero [5], minimum 
exergy loss is obtained with an operating line being largely parallel to the equilibrium line in the 
McCabe-Thiele diagram. This result resembles the isoforce method of Sauar et al. [6], a method 
based on a new principle for entropy generation minimization. 

In 1987 Tondeur and Kvaalen [7] suggested that minimum entropy generation is obtained for 
transport processes when the local entropy production is uniformly distributed over the space 
and/or time variables of the process. We have shown previously [6, 8], that equipartition of a 
driving force rather than equipartition of entropy production rates should be applied in order to 
obtain a specified separation in binary distillation. This principle has later been generalized and 
applied to diffusion and conduction of mass, heat and charge [9]. According to the principle, 
minimum entropy production is obtained for a given set of fluxes and a given transfer area, when 
the independent average forces are equipartitioned over the transfer area. The result was obtained 
from irreversible thermodynamics combined with Cauchy-Lagrange optimization procedures. The 
isoforce optimization method for distillation columns was derived from this principle of 
equipartition of forces. In this study we compare simulation results for diabatic column 
optimization by Rivero [5] to the theoretically derived isoforce column operation by Sauar et al. [6]. 
The wish to compare the numerical results with the new method is the motivation for this joint 
comparative study. 

2. EXERGY OPTIMIZATION OF A DIABATIC STRIPPING COLUMN 

Figure 1 shows the operation considered. The feeding mixture is introduced at the top of the 
column, and a heating medium circulates inside the column in order to progressively supply the 
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heat required for the separation of the mixture. An exergy analysis compares all the ingoing and 
outgoing streams of a process and shows how much energy is lost per unit time. For a general 
mixing process without shaft work this can be described by: 

To) _ Z%(,~,H,) + Toa(inkSk)) EXlost = ZO 1 - ~-~h (1) 

where O is heat flowing from the heating medium at temperature Th, rn is the mass-flow and k 
is the stream index. H and S are the enthalpy and entropy of  the streams (mass basis) with To as 
the reference temperature for the enthalpy. The main objective of  Rivero's study [5] was to 
determine a thermodynamic optimal distribution of heat, Q, to be transferred inside the tower to 
reduce overall exergy losses. 

Figure 2 shows a McCabe-Thiele diagram for the three diabatic heat distributions simulated by 
Rivero [5]; a uniform heat supply to every stage, a heat supply producing equal exergy losses at 
every stage and the heat supply distribution producing the minimum total exergy losses. Table 1 
shows characteristics of the three cases including the adiabatic case. Compared to an adiabatic 
column, equipartition of exergy losses provided a reduction in the total exergy losses by 68%. A 
further reduction of the exergy losses by 3%, however, was obtained by a numerical approach. 
As can be seen, the operating line for minimum exergy losses to a stronger extent resembles the 
equilibrium line. 

3. THE ISOFORCE METHOD APPLIED TO A DIABATIC STRIPPING COLUMN 

As can be seen from equation (1), an increase in the entropy of a system, reduces the available 
work. Tolman and Fine's equality [10] highlights this relation: 

wR = - a E x -  Toa5" (2) 

where I~R is the real work extracted from a non-equilibrium process, AEx is the exergy change 
per unit time and Ag is the irreversible entropy production rate. For distillation processes, I~R is 
the separation work, AGunm~x. The equation shows the connection between exergy analysis and 
analysis of entropy production rates. Minimum irreversible entropy production rates [9], thus, are 
equivalent to minimum exergy losses [5]. 
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Fig. 1. Diabatic stripping column. 



C 

UI 
I/1 
( I  

E 

0.9 

0.8 - -  

0.7 

0 . 6  

0 . 5  - -  

0 . 4  

0.3 

0.2 

0.1 

0.0 

SAUAR et al.: DIABATIC COLUMN OPTIMIZATION 1779 

/ 

[ equilibrium curve ] 

\ 
/ 

I 

uniform distribution of exergy ~losses ] 

/ 

/ ~l,uniform distribution of  heat  ] 

minimum exergy losses ] 

/ , '  
- i 

I I I I I I I I I 

0.0 0.1 0.2 0.3 0.4 O.S 0.6 0.7 0.8 0.9 

l iquid mass  f rac t ion  

Fig. 2. Operating lines for diabatic stripping columns. Vapor and liquid mass fractions of ethanol. 

The isoforce optimization method for distillation columns can be summarized as follows; the 
entropy production rate per unit column, 0, in a system which transports heat (J~) and two 
c o m p o n e n t s  (J , )  is (see e.g. F o r l a n d  et al. [1 1]): 

V T  1 
0 = --Jq T2 T ~ =  ,JiVlli, T (3) 

where T is the absolute temperature and the thermal force is - V T / T  2. The fluxes are considered 
positive when transport takes place from the liquid to the vapor. The gradient VI~,.T is the chemical 
potential gradient of component i at constant temperature. When the pressure is constant, this is 
equal to V/~, the concentration dependent part of the chemical potential gradient. The liquid is 
assumed turbulent. Thus, the entropy production rate in the liquid is probably small. The chemical 
potential gradients are related through Gibbs-Duhem's equation. From this basis we may write 
the flux equations: 

V T yt Vp/ 
J .  = -lq,~ ~-5- 2 - lq/ (4) 7 

Table 1. Simulation of diabatic stripping columns 

Adiabatic Uniform heat Uniform losses Minimum losses 

Total exergy losses 44.23 kJ/h 15.89 kJ/h 14.24 kJ/h 12.92 kJ/h 
Top product flow rate 0.9693 kg/h 0.9730 kg/h 0.9741 kg/h 0.9762 kg/h 
Top product compostion 87.53% 87.22% 87.13% 86.95% 
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(5) 

where 10 are local phenomenological coefficients and y / V # d T  can be considered as the chemical 
separation force. The coefficients will be referred to as conductivities. Subscript T has been omitted 
in Vp~. The relative diffusion flux, Jd, has been introduced: 

(J_, _ 
Jd = k y '  yh//" (6) 

The frame of reference for the relative mass flux in equation (6) is the interface between liquid and 
vapor. We assume that the forces are constant for the gas side of the interface region, 6, so that 
V T  = AT/6 ,  and V#/= A/~//6. We neglect the entropy production rate in the liquid. By introducing 
this into equation (1), we obtain the entropy production rate per unit time of a volume with 
thickness 6 and area A: 

,7, 0 = T2 ] 

The expressions inside the integrals are the fluxes of heat and net mass transport across A on a 
stage in the column. The major simplifications and assumptions behind equation (7) are discussed 
by Sauar et al. [5] and Kjelstrup Ratkje et al. [8]. 

Kjelstrup Ratkje et al. [8] showed that for an ethanol-water distillation, the major entropy 
production at each stage originated from the mass transfer (>98%) rather than from the heat 
transfer. Thus, according to the principle of equipartition of forces, the thermodynamic driving 
force for the mass transfer should be made uniform over the column. (In stationary binary 
distillation only one force can be controlled.) 

The irreversible, thermodynamic description of distillation of binary mixtures can be combined 
with the principle of equipartition of forces to obtain optimum operating lines in a McCabe-Thiele 
diagram. The chemical separation force of equation (5) is y/AltIT I. An isoforce operation of the 
column thus implies that yiAlaT l is constant over all stages. A conventional McCabe-Thiele 
diagram has a small distance between the operating line and the equilibrium line for the top and 
bottom parts of the column. Small forces are common because the mixtures in these parts are close 
to the azeotrope or pure compositions. In the middle section of the diagram, however, an operating 
line may be drawn according to: 

y/..+~ =kx / . , exp(RCx~. , )  (8) 

where C is a chosen constant force, k is Henrys' laws' constant, n is the stage number, and x and 
yr., are the mole fractions in the liquid and vapor phase [6]. 

An infinite number of such lines may be drawn for different choices of C in equation (8). Care 
should be taken however, to get sufficient and well distributed points on the equilibrium line. Two 
isoforce operating lines (with different C values) are shown in Fig. 3, and according to the 
equipartition of forces principle, they represent optimum trade-offs between energy and area costs 
as long as the costs of modifying the operating lines can be neglected. Columns with small process 
streams will have minor relative energy costs and should use isoforce lines with large driving forces. 
Larger columns with high energy costs, should use isoforce lines with smaller driving forces. 

4. SYSTEM SPECIFICATIONS 

The prediction of thermodynamic properties is made by the simulation program Aspen Plus with 
the Redlich-Kwong-Soave equation of state and the Renon (NRTL) model of activity coefficients. 
The simulation algorithm [12] and the approach to the calculation of exergy losses and the 
limitations of this approach [13] is described by Rivero. The Carnot efficiency [(Th- Tp)/Th] 
between the heating medium (Th in equation (1)) and the plates, Tp, is assumed to be constant all 



SAUAR et al.: DIABATIC COLUMN OPTIMIZATION 1781 

along the column. This means equipartition of forces for the heat transfer between the column and 
the heating mediums, and represents the optimal situation for distributed heating. 

The mixture feed composition was fixed at 85 mass% ethanol with a mass flow rate of 1 kg/h. 
The bottom product composition was fixed at 5 mass% ethanol. The column contained 10 trays 
(theoretical equilibrium stages) and the reference conditions for exergy calculations are a dead state 
temperature of 15°C and a dead state pressure of 1 bar, which is also the operating pressure of 
the system. 

5. RESULTS AND DISCUSSION 

Figure 3 shows two isoforce operating lines calculated from equation (8) by choosing two 
different C values. The isoforce lines have been cut below y = x since this would represent 
non-physical solutions. In Fig. 4 the minimum exergy losses operating line of Rivero [5] is 
compared to one such isoforce line. As can be seen, there is a strong agreement for liquid mass 
fractions below 0.45, but also an increasing disagreement for liquid mass fraction above 0.5, where 
the isoforce line proceeds towards total reflux while the minimum exergy loss line proceeds towards 
the feeding point. 

5.1. Isoforce lines and large reflux ratios 

The isoforce method specifies operating lines with the same driving forces on every stage. 
According to the principle of equilibrium of forces, these lines represent optimum trade-offs 
between energy and area costs. However, this principle requires a constant total transfer area 
during the redistribution of forces. In distillation this means that the total interface area between 
the gas and liquid stream has to remain unchanged. A column operation along the isoforce line 
in Figs 3 or 4 means that the reflux ratio must approach total reflux in the upper section of the 
column. Thus, the total gas-liquid interface increases towards infinity, and the conditions for 
validity of the principle of equipartition of forces are no longer met. That is, optimization of total 
.fluxes and entropy production rates necessarily depends on both local forces and stream sizes. 

The remaining challenge is to predict exergy efficient column designs where the isoforce lines 
suggest high reflux ratios. A return to the theoretical foundation of the equipartition of forces 
principle gives a good starting point. A key concept in the derivation of the principle was the 
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Fig. 3. Isoforce operating lines for diabatic stripping columns. 
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Lagrange multipliers d®/dJ,, where O is the total entropy production rate for the column and J, 
are the flux(es) of interest. As was argued by Kjelstrup Ratkje et al. [8] and Sauar et al. [6], these 
derivatives must be kept constant throughout the system. Such an operation is analogous to having 
a constant incremental rate of return in investment economics [14]. The problem is then to 
reformulate d®/dJ, for local reflux variations in order to obtain a constant, global dO/0ar, , 
throughout the system. 

When calculating the effect on J, by a change of reflux ratio, care must be taken to include the 
flux effects on the boiler and condenser plate. For a light component for instance, the liquid 
concentration at the condenser plate will always be higher than the vapor concentration at the 
reboiler plate. Thus, for the light component, an increased reflux ratio means (1) an increased flux 
of light component on the plates between the local reboiler and condenser, but also (2) a negative 
net flux on the reboiler and condenser plates themselves. At infinite reflux ratios, the two effects 
balance each other, and the net change on transport of light component by increasing the reflux 
further, becomes zero. The mathematical derivation of the above problem remains to be completed, 
but seems to be feasible. 

5.2. The effect of  non-equimolar diffusion 

If  neither heating nor cooling is applied in a column section, and the interdiffusion across the 
phase boundary is equimolar, then the liquid and vapor stream flowrates will remain constant in 
the same region, and the operating lines in the molar McCabe-Thiele diagram will be linear. 
Considering the simulations shown in Fig. 2, we see that this is clearly not the case. The slope of 
the "minimum exergy losses" curve from x = 0.58 to x = 0.72, is so low that an extension of the 
operating line in that region would rapidly lead below the physical part of the diagram (y = x). 
An increment of the slope (determined by the ratio of liquid flowrate to vapor flowrate, L/V) can 
normally be achieved by local cooling. However, in spite of the fact that heating is applied, the 
operating line at compositions higher than x = 0.72 has an increasing slope. This comes from 
non-equimolar diffusion, that is, more water goes into the liquid phase than ethanol goes into the 
vapor phase so that the vapor stream is continuously decreasing in size. In practical column design 
such non-equimolar diffusion will make it more difficult to prescribe optimum heat distribution 
from equilibrium data. 
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Fig. 4. Operating line for minimum exergy losses compared to an isoforce operating line. 
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5.3. Cooling or additional trays required in the diabatic columns to maintain separation 

As can be seen from Table 1, the four columns compared do not have exactly the same products. 
The difference may seem small, but since the ethanol mass fraction of the feed is 85%, the difference 
between 87.53 weight% ethanol and 86.95 weight% ethanol in the top product is quite large. A 
simple comparison of the separation work, AG,,,,,~, for two of the diabatic cases shows that the 
minimum exergy losses operation produces 13% less separation work than the uniform distribution 
of that case. That  means that the net difference in exergy loss between the two cases, 19%, to a 
large extent is achieved by doing less work. 

Considering Fig. 2 again, this can be understood from an analysis of the driving forces in the 
four cases. In most of the diagrams, the distance between the equilibrium line and the operating 
lines decreases as we go from simulations with higher to lower exergy losses. Thus, the total exergy 
losses simply decrease as most of the local driving forces decrease, and the same separation work 
is impossible to achieve without increasing the number of trays. The only way to achieve equal 
separation work with the same number of plates must be by increasing the driving forces in some 
parts and decreasing them in others. That means that the curves representing minimum exergy 
losses and uniform distribution of exergy losses must cross the operating lines of the adiabatic case 
(not shown) and the case of uniform distribution of  heat. To achieve this, the reflux ratio in the 
top of the column has to surpass that of the adiabatic case, and this can only be achieved by 
inserting one or more condensers in the upper part of the column. This is a new finding, and the 
consequences of the result should be further pursued in experimental work. In practice the addition 
of a tray will probably be preferred compared to introducing a condenser. 

6. C O N C L U S I O N S  

An isoforce operation of adiabatic stripping column, was found to be consistent with a minimum 
exergy loss operation in column sections where large reflux ratios were avoided. For  higher reflux 
ratios, the isoforce method needs to be reformulated so that the changing size of the process streams 
becomes accounted for. It was also shown that the separation work in an adiabatic stripping 
column cannot be achieved in a diabatic column without adding a (distributed) condenser in the 
upper section of the column, or more trays. 
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