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of the coupled processes by treating the entropy consuming and

entropy producing processes separately [10, 11, 121.

The aim of the present paper is the uniform energetic inter-

pretation of distillation based on non-equilibrium thermodynamics,

that may in the future be of assistance in the energetic improve-
ment of this operation, i.e. in the practical implementation of
the principles that could be initiated from thermodynamic conside-
rations. During the development of the principles given in this
paper the works of HASELDEN [13], TIMMERS [151, PRATT [161, FRAT-
SCHER [14], KING [17] and STUPIN [18] published in this field were

used, in addition to those mentioned earlier.

DISTILLATION COLUMN AS A FIRST DEGREE STEADY SYSTEM

Although the linearity of the integral expressions for the
transfer processes is questionable in the irreversible thermodyna-
mics, the linearity of the phenomenological equations will be as-
sumed in the mathematical treatment.This proved to be appropriate,
and it was possible to interpret the empirical data by the rela-
tionships that were derived. In general the entropy source density

in this theory is:
6 = T % :% (1)

Disregarding the relaxation processes, the function of ent-
ropy source density of a steady system with two variables, which

is of the first degree with regard to flux 1 is

o¢ ' )
— = (Ljp + L31)X; + 2 Lap¥Xp = 0 (2!
ax,

at the local minimum
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(Lyz + Lz1)
¢ = L;1X§[1 - —1 = L{1X%(1 - p?) (3)
b Ly1Lg2
where p is the coupling factor, i.e. the degree of the coupling

of the entropy processes.

In the case of distillation, the heat flow is flux 1, main-
tained by an X; driving force of constunt value due to an external
force, and flux 2 is the result.ng transfer component flow, which
is extinguished because of the ONSAGER relations {19]. In the pre-
sent case, the entropy produced by the heat transport of the co-
lumn is decreased by the entropy consuming process of the compo-

nent separation. The range of the coupling factor is

0<p<1 (s)

It is clear that at p = O the system is completely irrever-
sible, since ¢ = Llle i.e. only the entropy producing process ta-
kes place. If p = 1, ¢ = 0 i.e. the system is reversible, the ent-
ropy produced by the heat flow is completely consumed by the ent-

ropy consuming process of the component separation.

With respect to energetics in the case of distillation, it
should be ensured that the entropy produced by the heat transport
be utilized as completely as possible by the entropy consumption

of the component separation.

ENTROPY PRODUCTION OF HEAT TRANSPORT

Reversible Rectification

The realization of reversible distillation is well known [1,
2, 20, 21, 22, 23, 243, and will not be dealt with here.

The driving force of the heat flow is the change in the re-
tiprocal of the temperature. From RAOULT’s law and the CLAUSTUS-
~CLAPEYRON Equation can be derived:
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P= g Pi¥y
i
4P _ dx1 dpl
— =1 P; + T x. —— =0 {p = const.) (5)
aT i ar i S
dp. X.P» RT
1. 2L (y =o0;v, =—)(i=1,2, ...a) (6
aT rRr2 X ¥ 5
Assuming identical latent heats, Equations {(5) and (6) and the
dei = ¢ relation give the driving force of the heat flow:
i
i) -, N
aty = & ok o) ax (7
T A i

Assuming equilibrium at each level of the column,tn= component an:

mass balances give the vapour stream in the rectification zone as

1 X,
VY = ——— {1 - _lﬁ)

K. -1 X,
3 1

B {(i=1,2, ... n) (9!

(The values of V and V' can be given for any component and since
Ki = Ki(T,p,x), its value changes along the height of the column.:
The entropy production of the heat transport fcr the full height

of the column (flux x driving force) is

) 1 XiD N XiF 1 .

4= 1 Igap = vad(z) + vl (1¢
x x. N X.
iB iF iB

or by substituting Equations (7), (&), (i,
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X, X,
iD X;p iF X;in
Q=RD}:)' ( -1)dxi+RBZI(1- Jax,
1 Xy *3 1 Xis *3
n n n
- v -
’Q = R(D.)_: xp 1n x5 *+ B L Xjp 1n x;p F ); x;p 1n xiF) (11)
i=1 i=1 i=1

Since the entropy production of the heat transport given by
Equation 11 is equal to the entropy consumption in an isotherm-
-isobar separation of a mixture,known from thermodynamics (entropy
of mixing) [19], but with an opposite sign, so the overall entropy

source density is zero:

\
4 =6+ 8, =0 (12)

1}
-
.

and the coupling factor p

Adiabatic Rectification

Supposing a constant molar overflow, the entropy production
of the heat transport under adiabatic circumstances is

(R + 1) DATy - [(R +1) D+ (a - 1) FIaT,

’ =
Q
Tp T

(13)

It can be shown that . under adiabatic circumstances, the entropy
production is greater than in the reversible case even at the
Rmin value, i.e. in a column of infinite dimensions {11), since
the vapour stream along the entire height of the column is equal
to the minimum value of the vapour stream of the "greatest value".

The over-all entropy source density is:

$ = ’Q e, > [¢] (k)
and the coupling factor:

0 < |p| <1
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Squared Off Cascade, Thermally Coupled Distillation System

In the case of réversible rectification with the complete
elimination of the heavy key component in the enriching section,
the internal reflux ratio at level h (mth plate) of the column is:

(%) = Ry = SO T (15)
n v v
Since the value of the equilibrium ratio generally diminishes

upward in the column, - B is positive if the plates are numbered
dm
from the top down to the bottom:

L
a(s) D 4V 4R
b LA s (16)

dm vZ am dm
n

D and V are positive, so (dV/dm) must also be positive, thus the
vapour stream must grow downward in the column, that means a gra-
dual heat withdrawal along the enriching section. By a similar
treatment it can be shown that for the realization of a reversible
rectification, a gradual addition of heat is necessary in the
stripping section.

The gradual addition and withdrawal of heat are carried out
in practice by using squared off cascades [16, 25,27] or thermally
coupled distillation systems (1, 3, 26, 27]1. In these systems the
entropy production of the heat transport in rectification is less
than in the usual adiabatic case,its value, however, cannot attain
the value calculated by Equation (11), since the establishment of
a reversible rectification requires other conditions too [2u4] (for
instance infinite column sizes, first degree rectification, and a
zero pressure drop, etc.). The value of the coupling factor is
here:

o< |p| <1

(If p =0, i.e. only heat transport takes place and there is no
component separation and there is no rectification.]
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GENERAL THERMODYNAMIC EXPRESSION FOR THE DRIVING FORCE

In thermodynamics the number of transfer units can be defi-

ned in general as follows:

Ly aL, Sen as
Nterm = f = f —_— (17)
I % —_a%
S 52,

(Only the entropy consuming processes are dealt with.)

Gih g
a8,y = L ¥;p a(==7) = R Ly;p a Inygy
i T i
f g b4
G, G3 ¥
s* = Ly, (=32 _ ARy gy gn 2B (18)
ch : iD Tr Tg i iD yg
1 h h in

(The above inequalities are strictly valid only under small or mo-
derate pressures, in general fugacities should be written instead
of mole fractions in the above relations.)

Substituting, the number of thermodynamic transfer units in

the enriching section is:

i
Nyerm = yf N (19)
io L Yin in T/
i iD Yin

where ¥¥, is the equilibrium concentration calculated from the
Other phase. For the upper part of the column when the pure most

volatile component is the overhead product:

¥y Yy
Ah dlny Ah 4 1n y
lim (§, ) =g Zapt T TAn 7 Z T CAb (20)
term y yeh yA 1 yAh
[+] I e—
7gp * © Ao 7pq 1m Yan Y an

Yep * [¢]
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But in this case yzh - ¥pp = A* approaches zero, so Eq. (20) turns
into the number of diffusional transfer units as expressed by
CHILTON and COLBURN:

Yan ay,, Yan Wpn
gm her) G 2D ™
: -
yBD+O,A > 0 Ao Ah Yan Ao Ah Ah
Yop0s (21)
using the relationship:
* *
lim [1n (1 + —A—)] =4
YAn Yan

A%*>0

THERMODYNAMIC PLATE EFFICIENCY

If a rectification column is analyzed using the concept cf
the equilibrium stage, the thermodynamic plate efficiency, simi-

larly to the above derivation, is

N
N
T y.n ln ———
n = f‘.ﬂ = i 1D yi(N+l) (22)
term . v
L iN
N v Yip 1n ;——————
i i{N+1)
the N erp turns into the MURPHREE plate efficiency if pure compo-
nent A is obtained in the enriching section, and A% + 0
4 =+ 0
v 1n ——hN
. AD Ya(n+1) _ Yam = Ya(wel) 3)
lim (n ) = = n (2
term y* M .
4%>0 yp;>0 Yap 10 gt YAN T Ya(n+1)
8 +0 yop>0 YA(N+1)

The analysis of the entropy producing process of the heat trans-
port yields the thermal plate efficiency defined by STANDART [30]:
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' -
S8t Ly _ Vnfw - Vneafiyes * Tn% (24)
term |, *rx
Ly*  VREY - VneaByer * Tay

The expressions of the number of transfer units and plate effici-
ency in the stripping section can be interpreted thermodynamically

in a similar way.

ANALYSIS OF THE DYNAMIC BEHAVIOUR

A new method of analysis of dynamic behaviour is the analysis
of the entropy production. The GLANSDORF-PRIGOGINE principle [28]
can also be verified for discontinuous systems [23] (transfer
model). According to this theorem, the production of entropy is
at minimum in steady state which is stable with respect 1o inter-
nal changes. Since perturbations are moderated by time, the entro-

Py production decreases approaching the steady state:

<0 (25)

& s

For instance, assuming a disturbance of the steady state in
rectification caused by a change in the concentration difference
(Xi) while the temperature difference is kept at a constant value

{X; = const.):

Xy — Xp = X5 + 86X, (26)

the I, stream is

I = LpyXy + LpaXp = LpjXy + L2pXj + L228Xz = I + LaaéXe

Since in steady state 1, =0

I, = Lp8X; {(27)
and the diagonal elements of the matrix of the transport coeffi-

Clents are positive (Lpz > 0),

Ip = Lyp8X2 > O (28)
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so the §X; change in the driving force and the I, stream caused by

§X, are of the same sign.

and

square

The entropy production is

o = Li1X2 + 2 LypX (X} + 8X2) + Lpp(X) + 6X3)2 =

= 0lin v 2 T+ L2a(8X2)? = ¢n, 4 Lo2(8Xp)2

min

2 o -
Lyp(8X2) LERIE M

(29)

The increase in the entropy production is proportional to the

of the change in the driving force (change of the concent-

ration driving force). From the foregoing it is clear that the pur-

suit of the minimum entropy production can also be interpreted from

dynamic considerations.

USED SYMBOLS

molar mass stream of the bottom produét
molar mass stream of the overhead product
molar mass stream of the feed

free energy

enthalpy of the vapour

flow

equilibrium ratio

transport coefficient

molar liquid stream

the separation work of the ch

plate
number of thermodynamic transfer units

number of the diffusion tregmsfer units
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P total pressure

) vapour pressure

p coupling factor

q the liquid fraction of the feed

U the heat loss stream of the Nth plate

Ty the heat loss fraction of the vapour stream of the Nt plate
R reflux ratio

S entropy

T absolute temperature

t time

v molar vapour stream in the rectification section
v molar vapour stream in the stripping section

X driving force

8X change in the driving force

x liquid mole fraction

¥ vapour mole fraction

Yaw = Ya(w+1)

[} * .
TAR T Ya(w+1)
L4 entropy source density
A latent heat
Indices i

A.B,C... components

1k transport coefficient endices
i component index

n the number of components

the number of plate
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q relates to the heat transport

C relates to the component transport
m minimum value

h level of height

f liquid phase index

g vapour phase index

L equilibrium value

Relations are written in a dimensionless form, their homogeneity

should be ensured in substitutions.
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PE3mME

JecTunnAaunMs paccmaTpuMBaeTCR aBTOPOM, HaK CTAUWMOHApPHaR cucTe-
Ma nepsoro nNopagHa. C TOYHM 3pEHUR 3HEPreTUHM CTaBWMTCA Uenbid HC~
f0Nb30BaHUE HaMOOAbWEW 4HaCTW 3HTPONMHW, BHABMKAEMOW TpawcnopToM Ten-
na AN\ cenapauuH HOMNOHEeHTOoB. ONWCLBAWTCA BHPBMEHHA ANR BHYWMCNEHWA
NPpoOWM3B0ACTEE 3HTPOMNKK Tennofiepejad¥ 4NA pPEBEPCHBHONO W peanbHoOro
npouecca. Hauouey, coobwaeTCA TEPMOL4MHAMWYECHOE WMCTONHOBAHHWE LBH-

Mywen cund, 30PEeKTHBHOCTH QWHBMHYECHOrO MNOBEJEHWMA PEKTUOHHAUHM.
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