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Previous approach to direct numerical minimization of entropy production in
diabatic distillation column in order to determine heat quantity to be exchanged at
trays was based on temperatures on trays as control variables and it was applied
only to simple binary columns. Also, previously developed theoretical models for
determining optimal exchanged heat profile were determined only at such columns
and while they were approximated they produced worse results than numerical
minimum of entropy production. In this paper, as control variables for
minimization, exchanged heat on the trays is used. It enables application to com-
plex multicomponent diabatic columns. Ishii-Otto global method, based on model
linearization and iterative solution by Newton-Raphson technique, is applied for
solving column mathematical model. Needed thermodynamical properties for ideal
systems are calculated using Lewis-Randall ideal solution model, and for non-ideal
slightly polar systems they are calculated using Soave equation of state. Five direct
methods are used for numerical optimization. Applied approach is successfully
demonstrated at frequently used example of distillation of benzene and toluol mix-
ture by using for these purposes specially written program. Simplex method ap-
peared to be the most convenient optimization method for the considered problem.
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Introduction

Distillation is still the most frequently used separation technique although it has small
energy efficiency. During distillation, heat energy degrades and heat from higher temperature
level shifts to a lower one while some fuel is spent in order to bring heat energy to a needed level.
In the last 50 years, efforts have been made to increase distillation energy efficiency through
heat integration of both other processes (exchangers network, coupled columns) and the distilla-
tion column by itself (heat pumps, heat integrated distillation column — HIDIC). In the last 35
years, a so called diabatic distillation has been investigated as one of possibilities. In traditional
(adiabatic) distillation column with trays, heat is introduced in a reboiler, and removed in a con-
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denser while in a diabatic column, heat is exchanged at every tray (it is introduced in a stripping
and removed in a rectifying section) by independent (intermediate heat exchanger for every
tray) or sequential exchangers (with an exchanger for the stripping and rectifying sections) in or-
der to minimize entropy production and exergy loss, respectively, which maximizes efficiency
in accordance with the Second Law of Thermodynamics. Borderline case of diabatic distillation
is reversible distillation (with a continual heat exchange) which is described, e. g. in [1-3]. Such
column has infinite length (tray number) and is only of theoretical interest. More practical ap-
proach is addition of one or several exchangers in the column in order to decrease irreversibility.
The effects and conditions of application of limited number of exchangers are investigated,
among others, in [4-9], by the use of different methods. Minimization of entropy production in
diabatic column with the exchangers at every tray has been more intensively investigated in the
last 15 years and following methods are suggested:

— equipartition of entropy production [10],

— equipartition of forces (EoF) [5, 11],

— equal thermodynamic distance (ETD) [12, 13], and

— direct numerical optimization by different methods.

Equal distribution of driving forces is theoretically derived method which has arisen as
the expansion of method of equal distribution of entropy production on irreversible thermody-
namics basis. This method proposes that gaseous and liquid stream exchanging heat and mass
on a column tray should work with uniform driving force through interfacial area. Equal thermo-
dynamic distance method, also theoretically derived for binary distillation, orders that for every
pair of consecutive trays there should be equal distance regarding Weinhold metrics [14] in the
space of thermodynamic variables. The results of application of suggested methods and their
mutual comparison are given in several papers, among others, in [15-25].

Previous investigations and application of suggested methods, both theoretical and
numerical, have been limited to simple binary columns. Theoretical methods give only approxi-
mation of optimal exchanged heat profile, i. e., they are more inferior than numerical optimiza-
tion.

Problem statement

Distillation in simple binary columns represents only small share of distillation in to-
tal, so there is a need to develop a procedure for entropy production minimization, which should
be applied at complex multicomponent diabatic distillation columns. Previous approach of
minimization was based on temperatures as control variables. This approach can be applied to
complex columns in two ways. The first way is that minimization of entropy production repre-
sents optimization in presence of limits given by equations of mathematical model of the col-
umn, except equations of energy balance from which needed quantities of exchanged heat are
calculated. This problem is difficult to solve because of expressed non-linearity and narrow
range of variables in which it is possible to calculate needed fluid characteristics. It also requires
complex sophisticated optimization methods. In the second way, solving procedure of column
model the equations, except energy balance equations, will be done in order to determine quan-
tities which are needed for goal function calculation — entropy production. This will enable ap-
plication of simpler optimization methods but it will also demand development of new algo-
rithm for model equations solving.
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In this paper, the third approach is applied to control variables for optimization. In-
stead of temperatures exchanged heat quantities at the trays are used as control variables. This
choice enables application of simpler direct optimization methods, and for solving the whole
column model, it is possible to apply some of numerous well known and checked methods. Col-
umn models, solution, and optimization approaches in previous use, and also in new suggested
procedure are given.

A model of simple binary column with ideal trays

Simple adiabatic binary column with ideal trays and total condenser, shown in fig. 1,
serves for binary mixture separation and includes feed mixture (F) and two products — distillate
(D) and bottom products (B). The column is equipped with a condenser at the top (total) and a
reboiler at the bottom. An analogous diabatic column with the exchanger at every tray is shown
in fig. 2. Although a reflux into the column does not come back from the condenser at the top, it
serves only for vapor condensation from the top into distillate.

ng—1
ng=1
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-. F: hOnFﬂ

Figure 1. Simple adiabatic column with Figure 2. Simple diabatic column with
total condenser total condenser

Diabatic column can be described by following equations of material and energy bal-
ances and using the equations of equilibrium and summation:

F=D+B (1)
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Entropy production in the condenser, column trays, and the reboiler is:
dsirr = DSP —V, SV _& (10)
e ), T,
dsim O
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On the basis of expressions (10)-(12), total entropy production in the column is:
irr n+l irr N+1
R, o ) =DSD +BSB — FSF — z& (13)
d =\ dt ), n=o T,

If entropy production in the exchangers is taken into account, total entropy production
will be [21]:

dSirr N+1Q n+l
——=DSP +BSB —FSF - Y =14 % 0 XHX (14)

dr n=0 1, n=0
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Driving force for heat exchange in the exchangers, X X, can be approximated in the
following way [21, 23, 24]:

! ﬂ' HTVlz An (15)
Application of egs. (14) and (15) is important when optimal distribution of exchanger
area, 4,, is searched for the fixed total area of all exchangers.
In previous practice of entropy production in the column minimization, eq. (13) or eq.
(14), respectively, in the case of independent exchangers at trays, temperatures from 7, to Ty
(T,, T}, and Ty, are fixed by given composition of distillate and bottom products) are used as
control variables. A solving procedure and determination of exchanged quantities of heat at
trays is:
— molar fractions of heavier component are expressed from the equations of summa-
tion, eq. (9):
xanl_xln ylnzl_yln

and introduced into equilibrium, eq. (8):

Yin :Klnxln

(16)
1_y]n :KZn(l_xln)

Obtained system of two equations with two unknowns is linear if'it is an ideal and con-
stant vapor — liquid equilibrium, X, , is dependant only on temperature and pressure, respec-
tively, and non-linear if the system is non-ideal and the constant is dependent both on liquid and
vapor phases composition. The system is solved for all trays and in that way, vapor and liquid
phase composition are determined.

— From total material balance equation, eq. (2), is expressed V., and introduced in lighter
component material balance equation, eq. (4), and then L, and V,,,; from the expression (2)
are calculated for all trays.

— On the basis of known composition and temperatures vapor and liquid streams, enthalpies
and then exchanged heat on the trays from energy balance equations, egs. (5)-(7), and at the
end, values of goal function, given by eqs. (13) or (14) are calculated.

— In accordance to the chosen optimization method, temperature profile on trays is changed
and solving procedure is repeated until minimum goal function, given by eqs. (13) or (14) is
established.

In the case of column with sequential heat exchangers, control variables are the flows
and input temperatures of cold and hot fluids and exchanger surface distribution on trays. Dur-
ing optimization for every set of control variables, temperature profile which corresponds to a
stationary state is searched [22], while part of previously described calculation for composition
is used for flow and vapor and liquid streams enthalpies determination in the column. Different
numerical methods are used for the optimization of diabatic column with independent and se-
quential heat exchangers:

— Powel method [17, 19, 20],

— optimization through small perturbations [18],

Monte Carlo method [19, 21],

simplex method [8, 22]
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— least squares regression with Gauss-Newton procedure and one-dimensional search [23],
and
— sequential quadratic programming using finincon Matlab functions [21, 24, 25].

The use of temperatures on trays as control variables and described way of solving ma-
terial and energy balances in order to determine optimal profile of exchanged heat restrict appli-
cation to binary mixtures and simple columns only.

More logical choice is to take control variables to be the quantities of heat exchanged
on trays, so for solving column model equation, some of numerous known procedures for com-
plex multicomponent columns can be used. In that case, even choice of optimization method is
not a critical one.

L v Complex multicomponent model with ideal
l  "5% trays
F ’ n ‘ @ The tray of complex column for multicomponent
4 mixture separation on the basis of vapor-liquid equi-

SL, ¢4—
vin

V., librium is schematically shown in fig. 3. At every tray,
feed mixture and removed vapor and liquid side prod-
ucts and exchanged heat can be introduced.

Mathematical column model with such trays is de-
scribed by following equations:

Figure 3. Equilibrium tray model

— equation of total material balance

condenser Vi—Ly—SLy—V,=0

trays F+L +V,,—-L,—-SL,—-V,-SV,=0 nel[l, N]

reboiler Ly—Lyy =V =0 17)
where SLy=D and Ly, =B

— component material balance
Vivier = (Lo + SLo) X0 — Vv o =0
Fnan +L}'I—I'xkn—l + Vn+lykn+17(Ln+SLn)xkn7(Vn+SVn)ykn:0 I’lE[l,N] (18)
Lyxin—LyiXines = Veenn =0 ke[l, NK]

— energy balance
ViHY +Qy = (Ly +SLy)HE =V H Y =0

FHF+L HY +V, HY +0,—(L,+SL)H: -V, +SV)HY =0 ne[l, N](19)

n+l

LNHJI\“/ +Q0yy — L Hy

Nt “VvaHY, =0

N +1
— component molar fractions summation equation

NK NK
Yxp, =1 or Yy, =1 nel0,N +1] (20)
k=1 k=1
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— equilibrium equation
Vi =Kipin ke[l,NK] nef0, N+1] 1)
Total produced entropy in column is:
d‘l — Ly SL +SLySL +V,SY + i(SLnSnL +SV,SY —F,SF) - Niol% (22)

In eq. (22), a member for produced entropy in exchangers, as in eq. (14), can be added.
For the system solution of (2NK + 3)(N + 2) non-linear eqs. (17)-(21), the flows, compositions,
feed streams enthalpies, exchanged heat on trays and the flows of all side products should be
given.

It can be assumed for pressure that it is constant during the whole column or that for
every tray it is calculated on the basis of known or assumed pressure drop. Number of variables
to be determined, such as flows and compositions of vapor and liquid streams and temperature
on trays (including condenser and reboiler), is also (2NK + 3)(N + 2). There are four main
classes of separation columns described by these equations, depending on specifications and
these are: absorber (desorber — stripper), reboiled absorber, rectification column, and distillation
column. The simplest case is absorber — column which does not have either condenser or
reboiler, so the number of equations and independent variables to be determined is N(2NK + 3).

For distillation column, flow V|, (0 if the condenser is total) and reflux rate are given
and that is why the values of flows L, and V| are fixed and instead of them, heat quantities to be
exchanged in the condenser and reboiler as unknown are determined.

At reboiled absorber, which has no condenser, heat as an unknown quantity, which
should be introduced in the reboiler, is determined instead of flow V|, which is specified. Recti-
fication column has condenser only and the quantity of heat, which should be removed in the
condenser, is determined instead of V), which is specified (0 if condenser is a total one). At
reboiled absorber and rectifying column, the number of independent variables and equations is
(2NK + 3)(N + 1). Some other specifications are possible (e. g., some temperature, composition
or some other property) but they are rarely used.

Because the system of separation column mathematical model equations is non-linear,
it must be solved iteratively. There are a lot of methods and variations, general or specific for
some of specified column classes.

At diabatic column, there is no reflux from the condenser, so the calculation of heat
quantity which needs to be removed in the condenser is fixed by vapor composition from the top
of the column. It is not connected with solving column mathematical model, i. e., it is not deter-
mined simultaneously with other independent variables but after they have been determined.

Because of that, diabatic column calculation appertains to calculation class of reboiled
absorber.

In order to simulate diabatic and analogous adiabatic column in the same method, one
of general-global methods, is chosen [26]. Modifications and updates of this method allow sim-
ulation of coupled columns [27] and columns with non-ideal trays described by Murphy effi-
ciency [28], and solution of hard high non-ideal separation problems [29, 30].

On the basis of this method, a program for produced entropy minimization given by
the eq. (22) is made. The following direct methods for minimum searching are included in the
program: Rosenbrock method of rotating directions [31], Hooke-Jeeves method [32], Powell
method of conjugated directions [33], Simplex method [34], and Complex method [35].
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Direct methods are used because they only require knowledge of function values and
not the values of partial derivatives which, in this case, cannot be determined analytically and
numerical calculation will be very time consuming. For thermodynamic properties calculation —
vapor-liquid equilibrium constants, enthalpies, and entropies, the Soave-Redlich-Kwong (SRK)
[36] is used for real systems, and for ideal systems, the procedures given in [17].

For binary column calculation, minor change to Ishii-Otto method is done because va-
por temperature from the top and temperature from the first tray, respectively, is fixed by wanted
distillate composition as dew point temperature. Instead of it, the unknown quantity of heat to be
removed from the first tray is determined. According to this, for binary column control vari-
ables, optimization quantities of heat are 0,, Q;, ..., Oy While for multicomponent column, they

are Q,, 0,, ..., Ox-

Results and discussion

For the new procedure of produced entropy minimization in diabatic distillation, the
check is done on frequently used example of column for separation of benzene and toluol [5,
17,18, 25]. Feed mixture with benzene molar fraction of 0.5 is introduced at the 12! tray with
a flow of 1 mol/s at boiling temperature. Column is working at atmospheric pressure and has
24 trays, total condenser, and partial reboiler. Pressure drop at trays is neglected. Distillate
flow is 0.5 mol/s and toluol molar fraction in distillate should not be higher than 0.05. The sys-
tem is observed as the ideal one and for thermodynamic values calculation, the procedure de-
scribed in [17] based on ideal solution model

390 ' ' T T X .
T [37] is used, while data for components are
385 |—o— Adiabatic distillation - taken from [38]. The most convenient optimi-
—a— Diabatic distilation zation method for the observed problem has
380

come out of the Simplex method with 370 iter-
ations and 1090 calculations of function values
following eq. (22). Minimum value of pro-
duced entropy in diabatic column is 1.056 J/sK
while at adiabatic column, it is 2.998 J/sK
which is a saving of 64.77%. Other results are
shown graphically as the comparison of re-
spected values of adiabatic and diabatic distil-
lation. In fig. 4, where temperature profiles are
shown, uniform temperature change at diabatic
column trays can be seen, while the profile in

375 4

370

365

360

355 4

350 ; ' . . . . . .
0 5 10 15 20 25  adiabatic one is S-shaped, i. e., the biggest tem-
Tray number from condenser .
perature change is at trays at the end of the col-
Figure 4. Temperature profile umn.

In adiabatic column vapor and liquid phases,
flows are almost constant in rectifying and stripping sections, respectively, while in diabatic col-
umn, these flows are the biggest at feed tray and they are uniformly decreased toward the end of
the column as it can be seen in figs. 5 and 6. Figure 7 shows optimal profile of heat exchanged in
diabatic column together with heat exchanged in condenser and reboiler of adiabatic column.
Figure 8 gives produced entropy profiles calculated by egs. (10)-(12) for both columns. Pro-
duced entropy through trays is more uniformly distributed at diabatic distillation.
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Figure 8. Total produced entropy profile

During minimization, previous notes are confirmed that goal function given by eq.
(13) — for considered example eq. (22) is reduced to eq. (13) — has many local minimums with
very close values. Since only direct optimization methods have been used, there is a need to re-
peat minimization procedure several times with different initial values of control variables in or-
der to ensure that obtained solution is as close as possible to the global minimum.

Conclusions

The new procedure for direct numerical minimization of entropy production in
diabatic column with independent heat exchangers at the trays is proposed. The backbone of this



Spasojevi¢, M. Dj., et al.: A New Approach to Entropy Production Minimization in Diabatic ...
326 THERMAL SCIENCE: Year 2010, Vol. 14, No. 2, pp. 317-328

procedure is the use of exchanged heat quantities as control variables for optimization. This ap-
proach enables the calculation of temperatures on the trays needed for calculation of goal func-
tion values — produced entropy to be done by solving mathematical model of column. For these
purposes, global Ishii-Otto method based on total linearization of model equations, particularly
Newton-Raphson technique, is used. For minimization, 5 well known direct optimization meth-
ods, i. e., methods requiring only the knowledge of goal function values and not values of the de-
rivatives, are used.

In the first step, the procedure is successfully applied to the example frequently used
in literature in the column for separation of benzene and toluol mixture giving expected results
similar to those in literature thus confirming the possibility of application to binary columns.

Nomenclature
A — heat transfer area, [m?] y — component molar fraction in vapor
B — bottom products flow, [mol-s™'] stream, [—]
D — distillate flow, [mol's™'] z — component molar fraction in feed
F — feed mixture ﬂO\{V, [mol's™] mixture, [—]
H — enthalpy, [Jmol ]
K - Vapor—I;i};uid equilibrium constant, [-] Greek letters
k — component record number,j—] S — film thickness, [m]
L — liquid streams flow, [mol's '] p) ~ heat conductivity, [Wm™K ']
N — total trays number, [—]
NK  — total component number, [] Superscripts
n — tray record number, [—] B b
ng — feed tray record number, [-] — bottom
0 — flow of exchanged heat, [Js '] D - dlStlllaFe
S — entropy, [Jmol K] F - feed mixture
dS™/dr — total entropy production, [Js'K™'] L — liquid
SL — liquid side stream flow, [mol's™'] v - vapor
SV — vapor side stream flow, [mol-s™'] Subscripts
T — temperature, [K]
Vv — vapor streams flow, [mol's '] k — component number
XHX _ heat transfer driving force in heat n — tray number
exchanger, [K™'] N — total tray number
X — component molar fraction in liquid 0 — condenser
stream, [] 1 — first tray
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