View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by DSpace at VSB Technical University of Ostrava

Transactions of the VSB — Technical University of Ostrava, Mechanical Series
No. 1, 2010, vol. LVI
article No. 1759

Jaroslav KOZACZKA", Pavel KOLAT"*
EXERGY IN TECHNOLOGICAL SEPARATION PROCESSES

EXERGIE V TECHNOLOGICKYCH SEPARACNICH PROCESECH

Abstract

The exergy concept applied to technological separation processes has been presented and
discussed in detail. Especially the building of thermodynamic effectivity quotients has been
emphasized. Two main separation processes have been analyzed in detail. They are the rectification
process and the extraction. The last one is not that important for the power engineering, but while
analyzing it a special behavior of the exergy can be discussed. It depends not only on one parameter
(temperature, pressure or concentration), but on two parameters (amount of the substance and its
concentration). Thus, the special procedure of partition exergy changes into vanishing and created
exergies (i.e. thermodynamic expenditures and advantages in a process) could be presented. Two
numerical examples for the rectification have been calculated and one such an example for the one—
stage and two—stage extraction process.

Abstrakt

Exergeticky koncept byl pouzit na technologické separacni procesy a byl detailné
prodiskutovan. Zejména je zduraznéno vyuziti koeficientli termodynamické efektivity. Dva hlavni
separacni procesy, byly analyzovany detailné. Jsou to procesy rektifikace a extrakce. Poslednim z
nich neni tak dulezity pro energetiku, ale pro své specialni chovani exergie byl prodiskutovan.
Nezalezi zde pouze na jednom z parametru (teploty, tlaku nebo koncentrace), ale zalezi vyznamné na
dvou parametrech (mnozstvi latky a jeji koncentrace). Tak, specialni postup zmén v rozdéleni exergie
mizi a vytvari se postup urcujici termodynamicky vydej energie a jejich vyhody v technologickém
procesu. Dva pocetni piiklady pro rektifikaci byly vypocteny a jeden takovy ptiklad pro jedno a
dvoustupnovy proces extrakce.

1 INTRODUCTION

It has been previously stated a special behavior of substance (or chemical) exergy changing its
concentration, [1]. There exists a certain extreme—point, in which the exergy change while altering
the concentration starts to continue in an opposite direction. E.g. in a process of nitrogen N, concen-
tration change in a mixture from 0 to 1 its so—called concentration exergy first diminishes (negative
numerical values) until the nitrogen mole fraction reaches the exergy change algebraic sign inversion
point (¥n2.exr=0.28728), and from this point up, it rises (negative numerical values) until the concen-
tration exergy reaches the value of 0 again at xn;0=0.7809, which is the mole (volume) concentration
of nitrogen in an atmospheric air (the natural environment). Thereafter it rises in the positive numeri-
cal values range till the concentration reaches 1, i.e. until the pure nitrogen has been produced. The
end numerical value at xy,=1 and at the natural environment temperature 7, is the so—called nitrogen
zero exergy, e.g. [2].

In the following general separation processes will be discussed, and especially how they can
be balanced, analyzed and rated using exergy concept. The special concept of the thermodynamic
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transition and thermodynamic effectivity will be used to make the presented processes comparable
with others, which have been analyzed and rated with the exergy concept, either.

2 SEPARATION PROCESSES IN GENERAL

Any separation of a mixture into unless two components (streams) of different composition
needs a certain energy supply. The driving energy (or an additional energy flow) can be supplied as
the mechanical, chemical, electric or thermal one. There are many different technologies of
components separation, with many special cases. E.g. the atmospheric air separation from the
thermodynamics point of view can be presented as symmetrical to a heat pump or a compressor (e.g.
[3]-[7]), Figure 1, the air separation is an oxygen production, the symbolic for particular power
devices is used according to the proposal discussed e.g. in [6].

T n>n o>
ey | I 4 o] Ho2” Mo20

1 1
- e

> L,

kQ;)(Ll)T)c—"“d“‘ KL;)(L[)T )(_ &LQ( L)t st

Y

| QO | LO | LH,OZ,O
T, ) | How

Fig. 1 Symmetry of heat pump, compressor and air separation device (oxygen generator)

In the first case, the heat pump, the minimal useful (i.e. shaft or technical) work needed for the
temperature change from 7, to 7> T to produce the heat QO (from Qy) is

0 T,
(i), =00y =TAS~TAS = (T =T, AS = (T -1, ) = | 1-1 |0
The same procedure can be applied to the symmetric mechanical device, the compressor, which rises

the volume work from the environment pressure py to p>p, i.e. it produces the volume work L from
L()I

L
(Lowa). = L—Ly = pAV = pAV = (p— p,)AV =(p—po);=( -%JL

In the third case, the chemical device rising the chemical potential of oxygen from the value in
the natural environment tioy0 t0 tox™> tioao the minimal useful work is needed, which equals to the
appropriate chemical work rising 1 mol (or 1 kmol) oxygen from iy to a certain value uo,. The last
value can be in particular the chemical potential of the pure oxygen (xo,=1). Hence,

L
(Lt,add )min = Lu,OZ - Lp,oz,o = (/uoz —Hoop )noz = (ﬂoz - ﬂoz,o) b2 = (1 _@]Lu,oz

02 02

All the above equations mean the exergy of heat, volume work and chemical work, respec-
tively. As applied to the pure oxygen generation in a device shown in Figure 1 (to the right) for
nox=1 kmol (or 1 mol) and the temperature of the natural environment 7j it yields

(Lt,add )min = (/182 +RT,Inxg, - ﬂgz —RT,In X020 )”02 =-RTjIn Xozo = AEL?,OZ

204



which is the so—called oxygen zero exergy (e.g. x020=0.21). The natural environment pressure p, in
the above formula results from the DALTON’s Law, i.e. from the equation pos ¢=Xo2 Po.

In the case of a total separation process from a certain specie i concentration x;,, in a mixture
into the pure species with x;=1 the appropriate minimal useful work needed obviously equals to

(Ll,add )mjn = _ETZ xi,mix In xi,mix = ETZ xi,mix In—

whereby the process temperature 7" has been assumed (and additionally dp=0). In the practice the
mixture containing a certain number of species i is separated into two or more streams, in which the
species are present with different concentrations. Assuming the number of those streams as equal to k&
and concentrations of species i in them as x;j, the minimal useful work needed to accomplish the
separation process yields

(Lt,add )mm = _}_QTZ X mix I0XG i + %%{ETZ X Inxg

For the isobar—isothermal separation process of the two—species mixture (A and B) into two streams
with x;,#1 it becomes
(Lt,add )min = _ETXA,mix lnxA,mix_ETxB,mix In Xg mix T

+VRTx,  Inx,  +v\RTxg, Inxg, +v,RTx, , Inx,, +v,RTxy, Inxy,

where
n n
v, =—-2 and v, =—2
n +n, n +n,
Solving the linear equation system
ViXp 1t VoXa o = X4 mix and ViXg +VyXp 5 = X mix

with v+ V2:1, XAl +XB’1 =] and XA,2+XB,2:1 it yleldS
Xa,mix ~ XA Xa1 ™ XA mix
v = and v, =———0%
Xa1 ~Xa2 Xa1~Xa2

After rearranging the final result is

Xp 1-x, .
A, mix A, mix
(xA,mix —Xan {XA,I In + (1 XAl )ln :| -

( i ) RT XA XA
tadd Jmin —
xA‘l - xA>2 ( 1 'xA,mix (1 )1 1 - 'xA,mix
~Kamix ~Xa,1)] X¥ap +{l=x,,)In
XAz XA

If the analyzed separation process runs at the natural environment temperature 7, and the
natural environment pressure p,, the above minimal separation work is the exergy of separation. In
general, to the technological separation process the heat supply is needed, or — usually in the same
time — the heat should be carried away from the balance region. This general case is presented
schematically in Figure 2 for the separation of two component mixture into two products in a
isothermal—isobaric process.
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Fig. 2 Symmetry of heat pump, compressor and air separation device (oxygen generator)

3 RECTIFICATION

Rectification is a multiple distillation process with reflux, [8]. The analysis of large industrial
rectification columns for air separation shows that energy supply needed for producing a technical
oxygen in a gaseous phase are 6.5 to 7.2. times greater than the theoretical minimal work. Hence,
energy efficiency of such processes is usually less than 0.17 (17%), [9] (the losses in condenser and
reboiler have been taken into account).

To realize a reversible mixture separation in a rectification column, the phase equilibrium
saturated liquid and saturated vapor, isobaric condition and infinitely small temperature differences
should be secured in its every intersection. It is possible only in the case of infinite number of stages.
In a reversible rectifier the heat should be supplied to all stages below the feed stage intersection (the
stripping section) and carried away above it (the enriching section). The practical operation of a such
fractionating unit is not possible and there are observed exergy losses due to temperature and concen-
tration changes.

For separation processes rectifier are used, in which the heat is supplied to the higher tempera-
ture zone (reboiler) and carried away from the lower temperature zone. Hence, the whole unit is as-
sumed to be adiabatic one, in which equilibrium is not observed, even in the case of infinite stage
number, i.e. at minimal reflux ratio.

In the column reboiler (bottom) the provided heat Orgp at Trep is taken over by the boiling
liquid and the heat Qcon at Tcon is carried away from the boiling distillate (top). The appropriate
energy balance (under adiabatic conditions) is to

Ores —Qcon = Neonicon T Mreplres — (nCON + gep )lFED
and the exergy balance
Eq rep — Eq.con = Ncon€eon  Mrep€ren ~ ("CON + Nlgeg )eFED +THAS,,

whereby it can be assumed, that the condensate, reboiler liquid and feed molar enthalpies and
exergies are known. Appropriate heat exergies are

T T
Eqres = [1_ — JQREB and Eqcon = (1__0 jQCON
T Teon

They should be parted into exergies in particular ranges below (superscript <) and above (subscript >)
the natural environment temperature 7, i.e.

_ > < > <
EQ,REB _EQ,CON - EQ,REB|_ EQ,REB| - EQ,CON|+|EQ,CON|

so that for the exergy balance yields

<
EQ,C0N| =

>
EQ,REB| +

< > = = =
EQ,REB| + |EQ,CON| *+ Neon€eon t MresCrEB — (”CON + Nggp )eFEED +TLAS,,
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or

>
EQ,REB| +

< < > - -
EQ,C0N| = EQ,REB| + |EQ,c0N| +neonAecon + MrppAegpp + THAS,,

The molar exergy changes Ae.o, and Aeyp, do consist from the thermal and chemical con-
centration parts (chemical reactions are excluded)

Ae = Ae; +Ae;
The molar chemical concentration exergy changes of a particular specie i can be written down as
AE:,LCON = ETO (xi,CON Inx; con = X ppp I xi,FED)
and
AE:LREB =R T, (xi,REB Inx; peg — Xi FED In xi,FED)

according to earlier derived dependencies. After adding the two exergy changes the total minimal
separation work of the specie i at T, will be obtained, [10]. Taking into account the substance
balance, it yields

. =
AEM,i =RT, (nCOin,CON In X con T "reaXi REB In X;.ReB ~ MrEDXi FED In xi,FED)
or for all the i species
X _ X
AE} = z AE};
1
To determine vanishing and created exergies in a process, above equations can be rewritten as
X — n —_
AEu,i,CON =neonR T (xi,CON Inx; con =% pp I xi,FED)
X —_ n —_
AEu,i,REB =R T, (xi,REB In X, rep = X pep [0 X, prp )

or in the case of species represented in the natural environment with the appropriate concentration x;

— X X
X _ j,CON j,FED
AE | con = NeonRTy| X; con In — X FED In
X0 30

X o Xj,REB Xj FED
AEu,j,REB = g R T, X ,REB an—_xj,FED In—
Yio i0
The two last equation can be divided into parts according to the criterion presented in earlier
contributions, e.g. [1] and [11]. Finally the thermodynamic effectivity quotient can be determined and
its numerator and denominator used for general rating procedure of complex systems.

Thermal exergy changes of the particular substance fluxes depend on the thermodynamic state
of the feed product flow, distillated (at the top) and an enriched (at the bottom) products. The
distillate is usually carried away as a saturated vapor (i.e. at the boiling point). Hence, its temperature
is lower than the feed product temperature Trgp. It means the thermal exergy change: below Ty its
diminishing (dEr<0, ,thermodynamic expenditures”) and above 7, its creating (dEr>0,
thermodynamic advantages™). The feed product is supplied usually at the boiling point in condensed
phase as a saturated liquid. The thermal exergy of condensing components at condensation
temperature To,q>Tp is less than the thermal exergy of these components in gaseous phase (vapor).
Hence, the vaporization process means the appropriate exergy rise (,,thermodynamic advantages”).
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Below the environment temperature at 7.,,q¢<Tj it is, however, greater than the thermal exergy of
components in the gaseous phase, so the exergy change is a ,,thermodynamic expenditures” (negative
numerical value). If 7 is a phase change heat, the appropriate exergy change yields (e.g. [12])

Ae, =|1- T r
Tcond

whereas the thermal exergy change due to the temperature difference without any phase change

Aey =, (T ~Tygp)—c,Ty In T
FED
Because of the relative poor accuracy of material thermo—physical data no good numerical re-
sults are to be expected. There have been worked out ,,enough accurate” computation methods of
entropy or exergy changes, but they are mostly graphical-analytical ones and refer to special cases.
Besides, they are very efforts—consuming methods, disproportionate to their practical usefulness, e.g.
[10], [13], but also [14].

To simplify analyzes in the practice very often there is assumed the isothermic process. The
accuracy will be worse, but the tests have showed that it is not that much worse than using labor—
consuming calculation methods. As a mean separation temperature following thermodynamic mean
temperature can be assumed ([15])

T Teon —Tren

mean = T
In CON

REB

The appropriate procedure does not take into account thermal exergy changes, which makes the
expected accuracy lower, but it makes it possible to determine the rectification thermodynamic
effectivity at all.

If for example the feed substance is supplied as a saturated vapor at the vaporizing
temperature (i.e. the condensing one) and at the same state the bottom and top product are carried
away from the fractioning column, from the energy balance equation follows Orrgg=0con (the latent
heat as relatively low for all mixing and separation processes can be neglected). Exergy changes are
only caused by concentration changes of particular components and the appropriate thermodynamic
effectivity quotient becomes to

<
EQ,REB| +

> X
EQ,CON| + Z|AEu,i
> < X
EQ,REB| + |EQ,CON| + Z|VEM,1

If, however, thermodynamic states of all the bottom (reboiler) and to (condenser) products dif-
fer from the state of the feeding substance, then the phase change heat is a difference OQ=0Orrz—Ocon,
which follows directly from the energy balance. Exergy changes determination for particular flows
can be passed round by taking into account the additional exergy change in the form of

T
Eq mean = (1 - ]( REB _QCON)

T

mean

The algebraic sign of the result obtained will determine the position of its absolute value in the ther-
modynamic effectivity quotient, and finally

< > X

_ |EQ,REB| +|EQ,CON| + Z|AEM,1
- < X
EQ,CON| + Z|VEp,i

where the superscript >0 means the positive numerical value and <0 the negative one.

E>0

Q,mean

E<0

Q,mean

+

(1

+

>
EQ,REB| +
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The calculated values should be treated as approximate ones because of assumptions made,
especially the isotherm conditions. Irreversibilities in reboiler and condenser have not been taken into
account (appropriate brief discussion e.g. in [14]).

3.1 Numerical example I

In the rectifier 8.45 t/h the methanol(1) — water(2) mixture should be separated. There are in
total 4.30 t/h of methanol(1) in this mixture. The supply and condensate flows are saturated liquids.
The methanol purity of 0.995 should be produced, and the water obtained can contain less than 0.2
mole—% of methanol. Data and process calculation results are presented below.

| FED CON REB
n 365.4 kilo-moles | 134.6 kilo-moles | 230.8 kilo—moles
x| 0.368 0.995 0.2
X 0.632 0.005 0.8
0 — 9.22:10°KkJ 9.50-10°kJ
T 76.0 °C 64.7 °C 100.0 °C

The mole concentration, at which the algebraic sign inversion of the exergy change occurs,
equals to 1/e, i.e. X exe=1/€=0.368, [1], [11]. Total concentration changes in the enriching or concen-
tration column (above feed inlet) FED—CON and in the stripping column or stripper (below feed
inlet) FED-REB are:

FED-CON | FED-REB |
methanol(1) 0.368 — 0.995 0368 — 0.2
water(2) 0.632 — 1/e —0.005 | 0.632 — 0.8

Appropriate chemical concentration exergy changes are:

AEE?ED—CON = ”CONRZ)(xl,CON In X1,coN ~ *1,FED In xl,FED): 117780 kJ

AEI)T’;ED—REB = NggpR TI)(XI,REB In X1,REB ~ ¥1,FED In xl,FED) =25595kJ
. — (1.1
VE, tep-con = NeonR T, zln;_xz,FED Inx, g [=—25275KJ

e — 1.1
AES tep_con = Meon R To(xz,FED In X5 FED _zln ;j =110800 kJ

AE;,’I:ED—REB = nREBR To<x2,REB In X2 REB ~ X2,FED In xZ,FED): 62046 kJ

The exergies of heat carried away from condenser (top or head) and of heat supplied into reboiler
(bottom) are

ES,REB| = (I_TLJQREB =2116911kJ

REB

. T
EQ,C0N| = [1 _T_O

CON

JQCON =1305838KkJ

The mean thermodynamic temperature is Tpean=355.2 K. Thus, the exergy of the ,,phase conversion
heat exergy” yields
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T,
>0 _ 0
EQ,mean - (1 -

mean

J(QREB - QCON ) = 51 401 kJ

Hence, the process thermodynamic effectivity — according to Eq.(1) — equals to

| con| #|AE S n-con| +[AE o res| + A e con| +|AEFenres| + [ Eg mean
) Eg wea| +|VE37in-con|
or
o= 1305838+117 780+25595+110800+62 046+51401 1673 460 07812

2116911+25275 2142186

3.2 Numerical example IT

In the simple rectification process the atmospheric air (xo,0=0.21 and xx,0=0.79) is to sepa-
rate. Further parameters are:

| FED CON REB
n 1 kilo-mole | 0.93315 kilo—mole | 0.06685 kilo—mole
Xoo 0.21 0.1615 0.8871
Xn2 0.79 0.8385 0.1129
0 — — 474737k
T Teond 71.269 K 88.731 K

The mole concentrations, at which the exergy change algebraic sign inverses, are
X02,extr=0.21/€=0.0772547 and xnp ext=0.79/€=0.290625. Total concentration changes in the enriching
or concentration column (above feed inlet) FED—CON and in the stripping column or stripper (below
feed inlet) FED-REB are:

| FED-CON | FED-REB |

0, 0.21 — 0.1615

0.21 — 0.8871

N, 0.79 — 0.8385

0.79 — 0.79/e — 0.1129

Appropriate chemical concentration exergy changes are:

X,> _ Y
VEGS, rep-con = Heon R To(xoz,cow In

AES, cep_rep = nREBI?T;) X02,REB lnx— — Xop,pep I Torren | 206.03 kJ
’ ’ 0.21 ’ 0.21

X02,CON

0.21

02,REB

nxozﬂj = _95.42K]

xoz,FEDl 021

— X X
AEY; = Neon R Ty| Xy con IN—o — x n 22 1 =112.41k]
N2,FED-CON — Tlcon o( N2,CON 0.79 ke 0
= (079 0.79 x
VER rep-ris = MresR T In———xy, rep In 2222 | = —57.89 k]
' e e ' 0.79
- 0.79. 0.79
AEY; tp res = MrepR Ty| Yo pes I NN _ In =22.48Kk]
’ ’ 0.79 e e

The exergy of heat supplied into reboiler equals to
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T,
ES.REB| = (1 —T—"]QREB =10 768.39 kJ

REB

The process thermodynamic mean temperature is Tpea=79.68 K and the ,,phase conversion heat
exergy”’ becomes

< T
EQ,Omean = [1 - 0 J(QREB _QCON): -12530.96 kJ

mean

Hence, the thermodynamic effectivity quotient according to Eq.(1) yields

X,>
+ |AEN2,FED—CON

< X,> X,<
EQ,REB| + |AE02,FED—REB + |AEN2,FED—REB|

E =
|E<0

X,> X,>
Q,mean| + |VEOZ,FED—CON| + |AEN2,FED—REB|

or

o= 10768.39+206.03+112.41+22.48 1110931

= =0.8758
12 530.96 +95.42 +57.89 12 684.27

4 EXTRACTION

The extraction process can be in fact treated as one of substance exchange processes. Because
of its rarity in power engineering systems it will be presented below, as one of the most important
processes of chemical engineering. That’s why the following discussion has been drafted independ-
ently from the previous Chapters of the contribution.

The extraction is a thermal separation process of a liquid mixture (the material 4B), from which the
additional liquid, the extractant C, takes up one or more particular components B in a selective way
— schematically it can be described by the symbolic formula AB+C—CB+A4, where 4 is the so—
called extract, [8]. In general the extractive separation is less economically effective than the
distillative one (the appropriate comparison e.g. in [16]). With some simplifying assumptions:
—dgq=dT=dp=0, and
— chemical reactions excluded.

the exergy balance of a generalized (heat, mass i.e. substance) exchange process can be written as

E =B tErm—Ey o= T\AS,,, or —AE, - AE, =T)AS,,

and with the assumptions mentioned above (dp=dT=0)
- AE:J - AE:,Z = TOASirr

where the indices u (subscript) or x (superscript) point out the concentration part of the chemical
exergy of the flux / and 2, respectively. In the analyzed substance exchange process not only
concentrations will change (like in a mixing process), but also the substance exchanging fluxes / and
2. Hence, the appropriate exergy balance will be to

MI\J

RT,

k=l 3.0 Xi0

Xigs X.
j.k,in j.kout [
Z[nk,inxj,k,in In ~ M out K out In j =TAS,,
whereby the process temperature 7=T, and process pressure p=p, is assumed.

The total chemical (concentration) exergy of a one of the two the mass (substance) exchanging
fluxes equals in any moment to
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— X.
Ey =Y E,;=>E=nRT,3 x;In—
j j j X0
and is a function of the flux mole number (n) and of the concentration of a specie (substance) j in it
(x;). Differentiations yield

OE”. — X, OE. — X _
—=| =RTx;ln— and —+L ) =nRT,In—+nRT,

on J Xio ox; X

The second mixed derivatives are therefore equal to

O*E*. — b T O*E*. _ X,  —
8L\ =RT,In—+RT, and b= RT,In—+RT,
onox; X0 ox,on X0

The condition for the full differential of SCHWARZ is fulfilled. As a function of state, the concentra-
tion exergy can be parted without any further assumptions, e.g. the integration of the function

OE. OE.
dE,;=|—"*| dn+ L dx;
’ on 5xj

i

can be realized on an arbitrary way (in the classical thermodynamics there are analyzed only the in-
nerly reversible processes).

E,.- j(1)=|AEj<|_|VEj>| Xix X;

)

Fig. 3 Concentration exergy changes in a mass (substance) exchange process for xjo=1, [17]

The graphical interpretation of the mass (substance) exchange process is showed in Figure 3
(where E;=E[;). As it is to see there, the point K is to find, for which E;; = Min! The point K lies

on a line, created by two surfaces (cross line): the valley E; between the values ny;, and ny o, and

an orthogonal projection of the functional dependence n=f(x;) on this E;; —valley. Thus,
_ X.
£}y = /o JR Tz 1n—- @
i0
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The first derivative is in general equal to

1 dEy; _ % %

The simplest (and the most probable) case is the linear dependence n=f{(x;):
mo=a;, X, +b;,
where

n.. —n
_ k,in k,out _
a, =———-— and bi\ =y, —a;, X

.
Xjkin — %

j.k,in
Jj.k,out

Inserting the last function into Equation (2), yields

X
W j

RT,

_ 2 2
=, Xy In Xk +bj,kxj,k In Xjp — a4 Xk In X0 —bj,kxj,k In Xjo

and the first derivative is herewith equal to

1 dE},

-J

RT, dx,

=2a;,X;, In XipFa@X +quk In Xt bLk —2a;,x;, In Xio —bLk In Xio (: 0)

From this equation the x;x and further the ng can be calculated, as the coordinates of the concentra-
tion exergy change inversion point K, Figure 3. The linear function n=£x;) points out, that the driving
force of the process is assumed to be constant. Such a characteristics is to expect, if only the process
runs in a continuous device.

The elementary concentration exergy changes for each specie between the points

(nk,in; xj,k,in) and (nk,oul; Xj,k,out)
are
1 Xjkin | X5 kout
My in X5 k,in 10 M out Xk out
50 X0

or should be divided into two parts (arising and vanishing in a process) if the point K exists between
the two states: inlet and outlet. The last means, that the concentration exergy change inversion point
is crossed. It will be then enough data to state, if the point K exists (the flux quantity change dn alone
doesn’t lead to an exergy change inversion point!).

4.1 Numerical example IIT

From 10 moles mixture of 62% methanol and 38% trichlorethylene by 20 °C the methanol
should be extracted with water. There will be applied 6 moles water. The equilibrium solutions, cal-
culated in [18] are contented in the statement. It is the appropriate process thermodynamic effectivity
quotient to determine. The species (j) are: 4 — methanol, B — water and C — trichlorethylene.

One stage extraction statement:

material/raffinate (R):

xA,R,in = 0.62 xA,R,out =0.073
xB,R,in =0.00 xB,R,out = 0.006 nR,in =10.00 mol
xC,R,in =0.38 xC,R,out =0.921 nR,out = 3.95 mol
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extractant/extract (E):

xA,E,in =0.00 xALE,out = 0.488
xB,E,in = 1.00 xB,E,out = 0.492 nE,in = 6.00 mol
xC,E,in = 0.00 xC,E,out = 0.020 nE,out = 12.05 mol
L A:0
extractant | Ié (1)
E, i "Eji., 6 mol
A:0.62 v A:0.073
B:0 @ Lz B: 0.006
C:0.38 C:0.921
y,= 10 mol 2 = 3.95 mol
———————————— >|in out |-===---mmu-->
material O)O raffinat
Rin /? Rout
extract | A:0.488
E i B:0.492
ot 1 C:0.020
L ony,, =~ 12.05 mol
v

Fig. 4 One stage batch extraction process — to the numerical example I11

The procedure for the raffinate will be showed below. Considering the constant driving force
in a process and the conditions dp=dT=dq=0, yields n, =a;,x;, +b;, . The coefficients a;; and b;x
for the methanol (specie 4) in raffinate (flux R) are equal to
_10-3.95
R T 62-0073

Hence, the coordinates of the exergy change inversion point K can be calculated by solving the
nonlinear equation

=11.060329 and byr =10-11.060329-0.62 = 3.142596

2aA,RxA,R,K In XaArk TAarXarx t bA,R In Xark T bA,R =0
and

NaArk = darXark T bA,R

Using a standard programmable electronic calculator (or the MS Excel) to solve the nonlinear
equation, there is

Xarx =0.547124 and Ny nx =9.193974

For the methanol (specie 4) it was considered x5 o=1. Because the above values lie between
the appropriate values of ngj, and 7oy OF XaRrin and Xarou, respectively, in the given extraction
process the concentration exergy change inverts in the calculated point K. It does mean, that the
whole exergy change will be parted into increasing (arising) and decreasing (vanishing) exergy
changes:

(0.62;10.00) — (0.5471; 9.1940) and (0.5471;9.1939) — (0.073 ; 3.95)
These concentration exergy changes are then equal to:
VE,

= (nA,R,KxA,R,K In XARK TR inXA R in In XA R in ) =-0.069814

RT,

The concentration of the methanol (specie A) in the raffinate (flux R) diminishes (symbol V) and it
takes place in the concentration values above the inverse point (zero—point) of the exergy change
(superscript >). That’s why the above exergy change is the ,,decreasing” part. After the coordinates of
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the inversion point K will be crossed, the appropriate exergy increases (symbol A and superscript <
for xa g values less than xa r x):

AE;,
RT,

The algebraic signs should be inverted because of the convention ,,end minus start” (above there is
calculated for ,,start minus end”)

= (”R,outxA,R,out In XaRout AR K¥ARK In XARK ) =2.278939

In the same way the appropriate values for water (specie B, xgo=1) and for trichlorethylene
(specie C, xc=1) are calculated:

10-3.95
dyp =——————=-1008.3(3) and by, =10+1008.3(3)-0.00 =10.00
®R0.00-0.006 3) B.R )
Hence,
xprx =0.609025 and Mgk =—604.100312

which means, that there is no any zero—point of the exergy change for water concentration change
between 0 and 0.006. The exergy change is then equal to

VE;,R _( _
= W R outXB.Rout 1N X R our ~ MR,in ¥, R,in 10 X R in)_ —0.121249
RT, S ™ e -
For trichlorethylene the coordinates of the K—point are:
10-3.
Ac g :&:—11.182994 and bor =10+11.182994-0.38 =14.249538
= 0.38-0.921 ’
Hence,
Xcrg = 0.260385 and ne g =11.337650
The appropriate inversion point K is not crossed during the process, so
ALy = I I )=3.377433
RT. e R out*C,R,out M Xe R out ~ PR inXe R in M X Rin )= -
0

The algebraic sign indicates the vanishing (minus) and arising (plus) exergy parts.

Results matrix:

material (raffinate) extractant (extract)
Miin 10.00 6.00
T out 3.95 12.05
specie methanol water tri— methanol water tri—
Xikin 0.62 0.00 0.38 0.00 1.00 0.00
Xikout 0.073 0.006 0.921 0.488 0.492 0.020
aix 11.0603 —1008.3(3) | —11.1830 12.3975 —11.9094 302.50
biy 3.1426 10.00 14.2495 6.00 17.9094 6.00
XikK 0.547124 0.609025 0.260385 0.517173 0.275504 0.601634
K 9.193974 —604.1003 | 11.337650 | 12.411679 14.628347 187.994199
K? yes no no no no no
‘A,Ei”k 2.278939 - - - - -
RT,
‘A,Ei”k - - 3.377433 - - -
RT,
‘V,E” - 0.121249 - 4.218833 - 0.942797
RT,
‘V,Ej'k 0.069814 - - - 4.205017 -
RT,
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Thermodynamic effectivity of the extraction process equals to

_ Z(Z|AEj,k|) 5656372 _ o o1
CY(EvE|) 95T T

The numerical example in [18] is widened: the same batch extraction process is presented as a two
stage one, in which the extractant (water B) is led at the amount of 3 moles into each stage.
Appropriate numerical data are presented in the statement below.

Two stage extraction statement — the first stage (stage I):

material/raffinate (R):

XAR,in = 0.62 XARout — 0.180

XB,R,in — 0.00 XB,R,out — =0.022 HRin = 10.00 mol

Xcrin = 0.38 Xcrou = 0.798 NRow = 3.80 mol
extractant/extract (E):

XA,Ein — 0.00 XA,E,out — 0.600

XgEin = 1.00 XpEout = 0.314 ngin = 3.00 mol

XcEin = 0.00 Xcgout = 0.086 g ou = 9.20 mol

Two stage extraction statement — the second stage (stage II):

material/raffinate (R):

XAR,in = 0.180 XA,Rout — 0.013
XBR,in — 0.022 XB,Rout — 0.001 NRjin = 3.80 mol
Xcrin = 0.798 XcRout = 0.986 NRow = 3.04 mol
extractant/extract (E):
xA,E,in = 000 xAEout O 176
XB,Ein = 1.00 XB,E,out — 0.823 NEin = 3.00 mol
XCE,in = 0.00 XC,Eout — 0.001 NEout — 3.76 mol
extractant i A: 0 extractant i‘; (1)
1 B 1  B:
Ei.n,I : C: 0 Ei.n,II : C O
E Ryjui™ 3 mol A 0.180 i g™ 3 mol A: 0013
g: 8.62 2 B 0022 ~ B:0.001
: " C: 0.798 " C:0.986
€038 %, My sy n= 3.80 mol b 1y, = 3.04 mol
————————— in /‘9,?70 out ————————r —i————————————> in //0,%70 out |==—=—=—=—=———=>
n,,=10 e ’é% 7 raffinat material ’é% e raﬁnat
material » R, R, ?
Rm mlii > > oilﬁ v-‘
extract 1 A:0.600 extract 1 A:0.176
E | B:0314 E | B:0.823
out,] : C 0 086 L : C 0 00]
\:/ .= 9.20 mol \:/ .= 3.76 mol

Eoutl Eoutll

Fig. 5 Two stage batch extraction process — to the numerical example II1
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Results matrix for stage I of the two stage batch extraction:

stage I material (raffinate) extractant (extract)
i in 10.00 3.00
Tk out 3.80 9.20
specie methanol water tri— methanol water tri—
Xjk,in 0.62 0.00 0.38 0.00 1.00 0.00
Xj kout 0.180 0.022 0.798 0.600 0314 0.086
ajx 14.09(09) | —281.81(81) | —14.8325 10.33(33) -9.0379 72.0930
bix 1.2636 10.00 15.6364 3.00 12.03791 3.00
Xj kK 0.585333 0.615597 1.027275 0.546097 0.264585 0.596395
Tk K 9.511505 —604.1003 0.39926 8.643001 9.646606 45.995921
K? yes no no ves no no
=
= 1.808835 - 2.992568 - - -
RT,
AE],
= - - - 0.035598 - -
RT,
VE;,
— - 0.319077 - 2.855355 - 1.941136
RT,
VE;,
L—=11 0.017935 - - - 3.346277 -
RT,
Thermodynamic effectivity of the extraction process equals to
Z(Z|AEj,k|) 5.156078
&= = =0.6318
Y(Z|vE,|) 8160704 T
Results matrix for stage II of the two stage batch extraction:
stage 11 material (raffinate) extractant (extract)
Min 3.80 3.00
A out 3.04 3.76
specie methanol water tri— methanol water tri—
Xik.in 0.180 0.022 0.798 0.00 1.00 0.00
Xjk.out 0.013 0.001 0.986 0.176 0.823 0.001
ajx 4.5509 36.1905 —4.0425 4.3188 —4.2938 760.00
bix 2.9808 3.0038 7.0259 3.00 7.2938 3.00
XikK 0.497322 0.586827 0.287367 0.493323 0.285568 0.605547
MK 5.244101 24.241375 5.864259 5.130258 6.067617 463.215561
K? no no no no no no
[AES,
= | 1.0012945 0.298078 - - - -
RT,
[AES,
= - - 0.641990 - - -
RT,
VE;,
—— - - - 1.149657 - 0.025973
RT,
VE;,
—— - - - - 0.602802 -
RT,
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Thermodynamic effectivity of the extraction process equals to

= Z(Z|AEJJ<|) 1.299372 0.7306
TYS[vE,|) e TR

I

The total two stage batch extraction process can be rated using the thermodynamic effectivity
quotient (with the appropriate procedure) and it becomes

g = 5.156078+1.299372 = 0.6495
8.160704+1.778432 —

which means, any partition of a process into stages makes the thermodynamic conversion processes
more effective. Like it has been determined above, the thermodynamic effectivity of the one—stage
process equals to 0.5918. The general derivation of such an behavior has been already presented in
[19]. Appropriate mathematical weight coefficients can be calculated, namely

B 8.160704
8.160704 +1.778432

1778432
8.160704 +1.778432

=0.821068 and =0.178932

7

It means, the first stage thermodynamic effectivity is mostly decisive for the total process ther-
modynamic effectivity (for the presented energy conversion process in a two—stage batch extraction).
The total thermodynamic effectivity quotient for the above Example yields

o = V1 €1+ 7y €y = 0.821068-0.631818 +0.178932-0.730628 = 0.6495

which is the same numerical result as obtained above.

In fact, in [18] balance equations are not exactly solved. E.g. for the case of the one stage
batch process presented above, the correct numerical Xk ,—Vvalues for the raffinate components (at
given extract composition) should be equal to

material (raffinate) extractant (extract)
specie methanol water tri— methanol water tri—
Xjk,in 0.62 0.00 0.38 0.00 1.00 0.00
0.0809 0.0181 0.9010
Xj k,out instead of instead of instead of 0.488 0.492 0.020
0.073 0.006 0.921

Alas, graphically obtained values could not be verified. Nevertheless, the Example has been taken
from [18] because it shows that the presented method of exergy analysis and rating is correct and
enough flexible — the appropriate thermodynamic effectivity quotient for the corrected numerical
values of Xj oue yields

o 2.226271+3.305799 _5.532070 _ oo
0.065983+0.286827 +4.218834 +4.205017 +0.942797  9.719458 —

instead of determined above numerical value of 0.5918.

5 CONCLUSIONS

The up-to—date formulated exergy efficiency quotients for technological separation processes
by rectification, e.g. [20]-[21], contain in the denominator (expenditures) the so—called ,,exergy load”
(Eqres—Eq.con), but in fact they can be applied in a very limited scale. The variety of possible reali-
zations of these processes needs almost in every case special calculation procedures, but also special
thermodynamic analyzes, e.g. [22]. All existing calculation methods should be treated as approximate
ones and the results obtained as ,,enough accurate”. This inaccuracy is mostly due to inexact material
thermo—physical data.

218



In technological separation processes change not only mole concentrations of particular spe-
cies, but also flow quantities, temperatures and states of aggregation. All these changes are sources of
irreversibilities or exergy losses, which cannot be determined in a satisfactory way, e.g. [13].

In fact, thermodynamic analyzes can base only on parameters of the product supply (feed), products
on the top and in the column bottom. Thus, the flows inside the apparatus (reflux) are beside
analyzes. A certain time ago some exergy analyzes of technological separation processes have been
presented, e.g. [23]-[26]. Calculation procedure of these methods was extreme labor—consuming,
which required many simplifying assumptions. The in [23] presented exergy efficiency refers in
general to the thermodynamic effectivity quotient determined above in this Chapter, however, there
were not discussed any possible cases, e.g. if thermodynamic states of particular flows are different.
Additionally, exergy changes have not been parted into rising (or created: ,thermodynamic
advantages”) and diminishing (,,thermodynamic expenditures”) components. The total chemical
concentration exergy change has been treated as process thermodynamic advantages. Similar
analyzes have been presented in [14].

The extraction process has been analyzed, although its application in modern power systems is not
that interesting. It shows, however, the usability of the exergy approach with the thermodynamic
effectivity quotient and is important for such analyzes and ratings of chemical reactions of
combustion and gasification, which are of the first rank in the power engineering (e.g. [27]).
Especially the Figure 3 is important, because reactants change their amounts and molar fractions in
the reaction mixture. Besides, the numerical example does illustrate the behavior of processes while
parting them into stages: the appropriate exergy efficiency is higher [19]. For the first time this
opportunity has been reported by J.H. KEENAN in the year 1932 on the occasion of analyzing the
multi—stage steam turbine [28].

Worked out within the research project:
Evaluation, Verification and Interpretation of the Environmental Loads of the Czech Republic —
INTERVIRON 2B06068
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