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ABSTRACT

The performance of heat-driven binary separation processes with linear phenomenological heat
transfer law (g cc A(T™")) is optimized by using finite time thermodynamics. Two perfor-
mance indexes, the dimensionless minimum average entropy production rate and
dimensionless minimum average heat consumption of the heat-driven binary separation
processes, are taken as optimization objectives, respectively. The separation processes
are viewed as heat engines which work between high- and low-temperature reservoirs
and produce enthalpy and energy flows out of the system. The temperatures of the heat
reservoirs are assumed to be time- and space-variables. The convex optimization pro-
blem is solved using numerical method, and the average optimal control problem is
solved using Lagrangian function. The major influence factors on the performance of the
separation process, such as the properties of different materials and various separation
requirements for the separation process, are represented by dimensionless entropy pro-
duction rate coefficient and dimensionless enthalpy flow rate coefficient. The dimen-
sionless minimum average entropy production rate and dimensionless minimum
average heat consumption of the heat-driven binary separation processes are obtained,
respectively.

Keywords: Linear phenomenological heat transfer law; Heat-driven separation; Binary separation
process; Heat consumption; Entropy production rate; Finite time thermodynamics
PACS numbers: 05.30-d; 05.70.-a; 05.60.Gg

1. Introduction

Separation process is one of traditional industry
fields with high energy consumption. The thermody-
namic study of separation process is of great impor-
tance because of world-wide overdevelopment and
shortage of energy. Some thermodynamic studies have
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focused on the problem of decreasing the energy
consumption for separation process by using thermo-
dynamic theory, especially heat-driven separation
processes.

The performance bounds of heat engines, heat
pumps, and refrigerators have been studied with the
development of finite time thermodynamics [1-9].
Among them, the limits on the average power output
of heat engines are well known [10, 11]. The efficiency
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of a heat engine at the maximum power point is lower
than or equal to 1—+/T./Ty, where Ty and Tp
(Th > Tr) are the temperatures of high- and low-
temperature heat reservoirs. The efficiency is less than
the classical reversible limit 1 — T /Ty because of the
finite rate of the process with fixed nonzero average
power output. The result is also suitable for separation
process. Many heat-driven separation processes can be
analyzed by taking them as heat engines which work
between high-temperature heat reservoir Ty and low-
temperature heat reservoir T; and produce enthalpy
and energy flows out of the system (instead of power
output of the conventional heat engines). For separa-
tion process, there exists an upper bound on the aver-
age enthalpy flow rate of the system for fixed entropy
flow rate, or there exists a lower bound on the average
entropy flow rate of the system for fixed average
enthalpy flow rate. It implies that there exists an upper
bound on the average feed flow rate when proper
assumptions on input and output are made.

Finite time thermodynamics has been a powerful
tool for researching the performance of separation
processes [12]. Mullins and Berry [13] studied the
minimum average entropy production of perfect
separation process and imperfect separation processes.
The optimal locations of intermediate heat exchangers
that reduce entropy production are found. Brown et al.
[14] optimized the performance of a porous plug
separation system by taking “turnpike” (ie.,
boundary-singular-boundary branch) trajectory. The
minimum work required to move the plug from one
equilibrium position to another in a given time period
was optimized. And the lower bound for the separa-
tion work of gases by diffusion was obtained. Kazakov
and Berry [15] calculated the upper bound on average
productivity and efficiency and the low bounds on
entropy production of an irreversible cyclic separation
process with space-variable temperature and chemical-
potential reservoirs via the generalized formalism of
finite time thermodynamics. Tsirlin et al. [16] derived
the new thermodynamic limits on the performance of
irreversible separation processes, including work of
separation in finite time (a generalization of Van't Hoff
reversible work of separation for finite rate processes),
maximum productivity of heat-driven binary separa-
tion process, the minimum average dissipation and the
ideal operating line in an irreversible distillation col-
umn. The minimum dissipation level and the distilla-
tion column’s maximum productivity are achieved by
realizing the ideal operating line for the profiles of heat
supply/removal. The total entropy production of a
fully diabatic distillation column was minimized by
Schaller et al. [17]. The entropy production counts the
interior losses due to heat and mass flow as well as the

entropy generated in the heat exchangers. The results
show that a column design with consecutive interior
heat exchanger and only one exterior supply for each
of the two sections (stripping section and rectifying
section) is appealing. Koeijer et al. [18,19] improved the
model for minimization of entropy production rate in
diabatic tray distillation. Equal thermal driving force
distribution rule, linear with steam flow rate distribu-
tion rule, equal area distribution rule, and equal
entropy production rate distribution rule for heat
transfer area were studied. They found that heat
exchangers had a significant effect on the entropy pro-
duction rate and the minimum entropy production rate
was obtained when the heat exchangers were distribu-
ted with equal thermal driving force. Jimenez et al. [20]
carried out improvement on the model of the diabatic
distillation column. The diabatic distillation column
with fully controllable heat exchangers took place by
diabatic distillation column with sequential heat
exchangers. The exergy loss of diabatic distillation was
significantly reduced by sequential heat exchangers.
Shu et al. [21] improved the diabatic distillation model
and researched the optimal allocation of the heat
exchanger inventory for the sequential heat exchangers
in the diabatic distillation column. The optimal alloca-
tion of the heat exchanger inventory for the sequential
heat exchangers was obtained and the optimal perfor-
mance of the diabatic distillation column was achieved.

Orlov and Berry’s work [22] has been one of the
representative studies on heat-driven separation pro-
cesses by using finite time thermodynamic theory. The
separation process was assumed to be weakly periodic,
and simplified as a heat engine that works between
high- and low-temperature heat reservoirs and pro-
duces enthalpy and energy flows out of the system
(instead of power output of conventional heat engines).
The analytical expressions of minimum average heat
consumption and minimum average entropy produc-
tion rate for the process with fixed average enthalpy
flows and average entropy flows out of the system
were obtained. The minimum average heat consump-
tion problem for heat-driven separation process with
time-variable feed flow, time- and space-variable tem-
perature heat reservoirs was transformed to a convex
optimization problem and was solved with numerical
method.

Heat transfer law has effects on the performance of
various processes and devices [23-31]. Therefore, the
optimal performance of heat-driven binary separation
process with linear phenomenological heat transfer
law (g oc A(T1)) is studied in this paper based on Ref.
[22] by using finite time thermodynamics. Two perfor-
mance indexes, the dimensionless minimum average
entropy production rate and dimensionless minimum
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Fig. 1. Schematic diagram of a heat-driven binary separation
process.

average heat consumption of the heat-driven binary
separation processes, are taken as optimization objec-
tives, respectively. The temperatures of the heat reser-
voirs are assumed to be time- and space-variables. The
convex optimization problem is solved by numerical
method and the average optimal control problem is
solved by using Lagrangian function. The dimensionless
entropy production rate coefficient and dimensionless
enthalpy flow rate coefficient are adopted to indicate the
major influence factors on the performance of the separa-
tion process, such as the properties of different materials
and various separation requirements for the separation
process. The analytical expressions and the numerical
examples for the dimensionless minimum average
entropy production rate and dimensionless minimum
average heat consumption of the heat-driven binary
separation processes are obtained, respectively.

2. Physical model

A binary heat-driven separation process is shown in
Fig. 1. The heat transfer in the separation system
obeys linear phenomenological heat transfer law
(g x A(T71)). The flow rates of feed, product, and
waste are F, P, and W, respectively. The mass balance
equation of the binary separation process is

%:F—P—W,%:pr—xpP—xWW, (1)
where N and N, are the total mole numbers of the mass
and the volatile mass in the system, xr, xp, and xw are
the volatile mass molar fractions in the feed, separation

output, and the waste, respectively. The major
assumptions made in this paper are:

(1) The changes of potential energy and kinetic energy
of flows are neglected;

(2) The separation process under consideration is a
binary one;

(38) The molar fractions xr, xp, and xw, enthalpies hr, hp,
and hyy, and entropies Sr, Sp, and Sy are stationary (inde-
pendent of time);

(4) The process is weakly periodic in material, energy,
and entropy, that is, N(0) = N(z), E(0) = E(1),
5(0) = S(t), where time 7 is the period of the process.

Then, one can obtain the following equations:
P =F (xp —xw)/(xp — xw), (2)

W=F (xp — xp)/(xp — xw), 3)

where F, P, and W are the average molar flow rates of
feed, product, and waste, respectively. The energy bal-
ance for the heat-driven binary separation process with
linear phenomenological heat transfer law is

d—EZFhF—Php—th-i-J OCH(l—L>dﬂ
An(t)

dt
1 1

JAL(t) " (TL T) e,
where E(t) is the total energy of the separation process,
hr, hp, and hy are the molar enthalpies of feed, product,
and waste, respectively. oy = o(£) is the heat transfer
coefficient between the process and the high-
temperature heat reservoir, and o; = o (€) is the heat
transfer coefficient between the process and the low-
temperature heat reservoir. T(t,&), Tw(f,§) and
Tp(t,€) are the temperatures of the system, high-
temperature heat reservoir, and low-temperature heat
reservoir. Ay (t) and Ay (t) are the surface between the
process and the high-temperature heat reservoir, and
the surface between the process and the low-
temperature heat reservoir, and ¢ = (&1, &, §3) is a vec-
tor of coordinates of a point in the Cartesian system.
Integration in Eq. (4) is carried out over the area of the
surfaces Ay and A;.

The entropy balance of the system is as follows

gZFSF—PSp—WSW—FJ

dt AH(t> T
., (1 1>
N
_ J I o (8),
Au(h) T
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where S(t) is the total entropy production of the
system, and o(t) > 0 is the total entropy production
rate inside the system. The separation process is not
specified in this paper. They may be distillation, ther-
mal diffusion, absorption, or something else. The most
important thing is that ¢(#) > 0 holds for any specific
separation process.

The period of the process is 7. Let us now calculate
the classical reversible minimum average heat assump-
tion amount per cycle Qf. Temperatures Ty and T;,
are considered as constants in the calculation. Let

f=1] s ©

0
fh(t) = Php + Why — Fhg, (7)
fs(t) = Psp + Wsy — Fsr, (8)

where f,(t) and fi(f) are the molar flow rates of
enthalpy and entropy. From Eq. (6), one can obtain

fh:rhﬁaﬁ:rsﬁ7 (9)
where

ry = hp(xp — xw)/(xp — xw)

+ hw(xp — xp)/(xp — xw) — hr,
rs = sp(xp — xw)/(xp — xw)

+ sw(xp —xp)/

(10)

(xp —xw) —sF

According to Eq. (4), the average enthalpy flow rate for
a weakly periodic process can be written as follows

Qu — Qr = fu, (11)

1(° 1 1
where Qg = —J J oy (— — —) da dt is the average
T JoJan T Ty

heat flow rate from high-temperature heat reservoir to

1( 1 1
the system, and Q; = —J J oy (— — —) da dtis the
T Jo Jay T, T

average heat flow rate from the system to the low-
temperature heat reservoir. From Eq. (5), one can obtain

(12)

1 1\°
+ op|=——= ) dap dt.
JAL(t) L(TL T) }
It is easy to see that 6 <0 holds for the heat-driven

separation process with linear phenomenological heat
transfer law, and the equality holds for reversible

267
process. The heat consumption can be obtained
according to Egs. (11) and (12)

fu — T fs — Trd
1-Ty /Ty

Qu > (14)
The following equation is obtained according to Eq.

(14) and 0 <0 _ _
QH > f h— TL fs __ rev

21, — A (15)

The equality in Eq. (15) holds for a stationary process
because of net work W, > ABgep [15], where ABgep =
AH —TyAS is the change in exergy, W, =Qn
(TH — To)/TH — QL(TL — TO)/TL, and AH th, AS =fs.
The heat consumption for real separation processes
is much higher than the right-hand side of inequality in
Eq. (15). The more realistic higher bound of the heat
consumption for heat-driven binary separation process
with linear phenomenological heat transfer law is stu-
died in this paper, and the finite time of the process, the
corresponding finite flow rates of heat, and the finite
thermal resistance have been taken into account.

3. Optimization

If the temperature of the heat-driven binary separa-
tion system with linear phenomenological heat transfer
law is T(t, &), the average heat consumption is

1(° 1 1
=- og|=—=|da dt.
Qu T Jo JAH(t) H (T TH)

It seems that it is necessary to define the model more
accurately to find the temperature T (¢, ¢). However, this
will not be done in this paper. Instead, Egs. (4) and (5),
and the fact that T(¢,€) > 0 holds for any process, are
adequate for the study. The temperature T (t, ¢) is taken
as a control, and the following problems are solved.

Problem 1: Given functions f;(t) and f;(t), solving
the maximum of —Qp with constraints E(0) = E(t) and
5(0) = S(7).

Problem 1 is a typical average optimization control
problem, Orlov and Berry solved the similar problem
for heat engine [11] and heat-driven binary separation
process [22] with Newtonian heat transfer law by using
the same method. The difference between heat-driven
separation process and heat engine is the nonzero item
fs(t) = Psp + Wsyy — Fsr in Eq. (5). The upper bound of
criteria of problem 1 can be solved by using Lagrangian
function. There exist two constraints of problem 1 that
can be reduced to a two-dimensional convex optimiza-
tion problem by using Lagrangian function. However,
the problem will be simplified to a one-dimensional
convex optimization problem after solving problem 2.

Problem 2: Given function fs(f), solving the
maximum of Qy — Qp with constraint S(0) = S(z).

(16)
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Problem 2 is also a typical average optimization
control problem similar to the maximum average
power output problem in Ref. [11] and the maximum
enthalpy flow rate problem in Ref. [22]. The difference
between heat-driven separation process and heat
engine is the nonzero item f;(t) = Psp + Wsw — Fsr in
Eq. (5). There exists one constraint of problem 2 that
can be transformed to a one-dimensional convex opti-
mization problem by using Lagrangian function.

3.1. Transformation to convex optimization problems

The problem in this section is problem 2. The upper
bound of problem 2 can be solved by solving average
unconstrained problem 2’.

Problem 2’: Solving the maximum of L, over the
range of admissible control T > 0. The Lagrangian
function is as follows

O Al o01(1/T —1/Th)
fa= QH QL * T L{JAH(Q T da

(17)

_ O!L(l/TLfl/T) T
LLO)—T da}dt Mo,

where A\ < 0is Lagrangian multiplier, and the nonposi-
tive item A¢ is omitted. It is denoted that
¢, (Ty, TL;fs, A) = maxr » o Lp. The upper bound of ¢,
can be obtained analytically by maximization with
T > 0 under the constraints of A <0 and T > 0. The
upper bound is

T 2
¢2:1J ,J O‘H(TH+2)\) da
T Jo Ay 4XTH

_ J o (Tr, + \)°
Ay ANTL?

(18)
da}dt —Me.

The optimum upper bound is P(Ty, Tz;f;) = miny ¢,
(Tu, Tv;fs, A). Differentiating Eq. (18) with respect to
), the expression of optimum ), A can be written as
follows

TuTi/ vy + 7L

Ae
VT + 1T + AT T ,

;o (19

where ay(t) is the area of the surface Ay(t), ar(t) is the
area of the surface Ai(t), vy =agoy, and y; = aror.
Functions gy and gr are used here to define the aver-
aging value,

g =/ | (a) | gutgaadt,
. e (20)
gL = (1/1) L (1/ar) JA " gL(t, &)dadt.

Substituting Eq. (19) into (18), one can obtain
P(Tu, Ti; f) = o (T, Tusfoo A(Ta, T )

2 2 2 27
0 Tiviu 1 +\/VHTL + 1. T +4TH*Ty f5.72
4 \/ YuTi? + viTe® + 4T’ Ti* fo Tovim T

L TuvYu + L

4T \/YHTL2 + 7. T? + 4T T2 fe
} TuToyYu+ 70 £

\/YHTL2 + 7. TH? + 4T Ti 2 fe ’

\/“/HTL2 + v TH? +4TH*T, 2 f; )
TuvYu + 7L ’

(21)

where the first two arguments are functions Ty(f,&)
and Ty (t, &), the third argument is the scalar f; . And this
function solves the problem 2" and gives the estimation
under the condition of average enthalpy flow

f=0n-0QL

fi < P(T, Tuife). (22)
The inequality (22) will be used to get the value of
the maximum average feed flow into the system in
section 3.3.

3.2. The minimum average heat consumption problem

In this section, problem 1 is under consideration.
The upper bound for the criterion in this problem can
be obtained by solving the unconstrained averaged
problem 1’.

Problem 1’ is maximizing function L; over the range
of the admissible control T > 0

Li=—Qu+1(Qu—Qr)

Al o(1/T = 1/Th)
* T L {JAH(t) T da (23)

OCL(l/TLfl/T) - -
_JAL(t)fda}dt— Mo ~1fy,

where A < 0is Lagrangian multiplier, and the nonposi-
tive item Ag is omitted again. It is denoted that
¢1(Tw, TL fs, fu, A, 1) = maxr » o L1. The upper bound of
L can be obtained analytically by maximization with
T > 0 under the constraints of A <0 and T > 0. The
upper bound is

1 ag[(l— 1) Ty + AP
h = rL{LM( AT )d”

O(L(ZTL + )\)2 = -
+J —— 2 |da pdt — A —1fy.
Ault) ( —4TEA Jo=if

The optimum (least average) upper bound of
convex function ¢; can be obtained by minimizing
Eq. (24) with respect to variables A and . Firstly,

(24)
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minimizing ¢, with respect to the variable )\, one can

obtain ¥y (Tw, Tr;fs,fn,[) = miny ¢;. Using the expres-

sion of Eq. (21), when X gets the optimum in the follow-

ing form:

(= 1)y + Py,
VIHTL? + 1T+ 4THP T2,

the expression of function y; can be obtained

‘//1 (TH7 TL;ﬁaﬁ? l) =

TuTy

>

(25)

2
[—1)? 12
- l—l—TL\/ § )ZH+ -
YuTt + v T +4TuTi fs

- =12y + P
4THTL 2( ) YZI—I ’YLZ —
YuTr” + v Ta” + 4Ty TL" fs

2 (26)
T (1= 1yy + Py
YL H 2 2 2T 21
YuTr™ + v T +4Te T fs
ATyT, (I- 1)2YH + Py _
yuT + 7. Te” + 4TH Ti* s

+

T i
+ TuTLf \/ =—1Ify
VoyuT + v, T2 + ATH* T £,

Let lljl(THﬂTvaw,ﬁh ) < lp](TH7TL7fS>fh7 ) fOI' all
I>1. Then the upper bound for problem 1 is

¥1(Tw, Tr; fs, fu, ). The corresponding minimum heat
consumption in the separatlon process is QN (Ty,

Trifs,fn) =

estimate is

~1(Ter, Tr foo fi, 1) and the corresponding

Qu > QU™

Let us now consider some problems about the heat-
driven separation process obeying linear phenomeno-
logical heat transfer law (g oc A(T1)). It is easy to see
that Q™ (Ty, Ty; fs, ﬁ,) is a convex function in the vari-
ables f. and f,, and, 0Q"/df. = A, 0Qn/0f, = L.
From these equalities and the conditions A < 0 and
I>1, it is found that Q™ is a strictly monotonically

(27)

decreasing function in the argument f; and a strictly

It is also easy to see that dy,/dl —
The condition lim;_ .

existence of a minimum point. Using P(aTw,aT7; ﬁ) =
aP(Ty, Tr;fs) for a > 0, one can obtain the equivalent
condition P(Ty, Ty; fs) > fh , which is the strict form of
inequality (22). -

It is reasonable to assume that f;, > 0 for heat-driven
separation processes, which implies that P(Ty,Ty;
fs) > fu according to Eq. (22). The inequality gives the

lower bound for f,. In fact, P(Ty, Ty; fsmm) = 0. Then

fi > ™ because P is a strictly monotonically increas-
ing function in the argument f; .
From Eq. (22), one can obtain

’ AT T vy +71)

When the functions ay (), Tu(t,€), oL (€), and TL(t, &)
of the surfaces Ay (f) and A (t), and the corresponding
flows fi(t) and f,(t) are given, one can calculate the
minimum heat consumption by solving a one-
dimensional convex minimization problem for the
function . For constant-temperature reservoirs, this
minimization is carried out analytically as follows:

The best (least) upper bound of ¥ (Tw, T¢;fs, fu, I)

can be obtained by substituting [ into Eq. (26).

mm(TH7 TL7fS7fh) = _lljl(TH7TL;ﬁ7ﬁl7i)
. I—1)? E
) R Y S Gl ekt |
if YuTr™ + v Tu” +4Te T f;
= n— — —
(= Dy +1%y
4TuTy 2 2 27 2 F
YuTr" + v Tu” +4Ty T f;

2

- _ 2
> (= 1)yy +1%y,
V|l —Tu 2 2 27 27
yuTL” + v, Tu” +4Tu T f;

[— 1)y, +12 7
ATHT, U=Vt
yuTi™ + v Tu” +4Te T fs

7 [—1)yy +12
THTLfS\/ LGl e /A
yuTr® + v Tu” + 4Ty T f

- (29)
monotonically increasing function in the argument f; . )
—fu when [ — 1. where, [/ is as follows
Y1/l >0 guarantees the
Vil ~ATuT3 fi o+ i fu = f Ton)] + YL BTHPTL( £T2 = fi) + v0(Tor — T0))}
72 — — — —
VYL {—ATuTE T+ v (fi = f Tr)] + BT T AT = fu) + vu(Te — Tu)’]}

i [Terye + Te (2 T + v (30)

(Yu + YL){—4THT%[]?%12TH +vu( f

— £ Tu)) + Ve BT TL( £TL — fi) + vu(Te — To)?)}



270 L. Chen et al. / Desalination and Water Treatment 21 (2010) 264-273

3.3. The maximum feed flow rate problem

According to Egs. (12) and (14), one can obtain

min ~, fh TLf (31)
Ho 2 1-T. /Ty
According to Ref. [22], one can get that
min T
Qn (TH’EL’VSP’WF) rh;};@rs when F — 0. When

the heat transfer in the heat-driven separation process
obeys linear phenomenological law, it is easy to see
that the function Q(F) = Q" (Ty, Ty; rsF, r,F) is a con-
vex and strictly monotonically increasing function for
s < 0 and 7, > 0, which means that the average heat
consumption increases with the increase in the average
feed flow. Inequality (22) follows that the average feed
flow F could not be increased to infinity. There is an
upper bound for average feed flow F"*, which is the
solution of the following equation

ﬁ?’h = P(TH, TL; 1’515). (32)

In fact, the function P(F) = P(Ty, Ty;7sF) is a con-
cave, a strictly monotonically decreasing concave for
rs < 0and 7, > 0, and

These properties guarantee the existence and the
uniqueness of the solution of Eq. (32). Calculating
Q(F) at F™, one can obtain the following equation
by using Eq. (29)

Q(ﬁmax) _ mm(TH,TL,fsafh) = —l//l(TH,TL;fSaﬁlai)
_ irhﬁmax

2

2 (i_ 1)%yy + izYL
i-1-T1 -
VH < L\/yHT% oy, T2+ AT T2 P
I — 1)y +12
4THTL ( ) YH + Z’YL —
YuT? 4+ v T + 4Ty TirsF

2

7 (= 1y +1%y
VL I— Th ) ) 20, pmax
YuTi + v T +4Te TirsF

I— 1)y, +12%y ’
ATHT; - ( 3 LI,
vt + v T + 4Ty TirsF

— TyTprsF™ (= Dy + 12y,
’ YuT? + v Th + ATy Tor F™

P(0) = YH Tivye +vi LV T’ + YLTH (34)
4Ty fyuTi? + v, Ti? Tivyu +vr where the optimum [ is
L L Tuvvu + 71 n Tt + 7 TH’ -0
4T, /'YHTLZ + YLTHZ TH\/YH + 7L
(33)
Vil —ATHT2[(nE™ ) Tr + Y (mE™ — o F™Ty)] + Y ATe* To(rF Ty, — i) + v (T — To)]}
N \/ T {—4Tu T (nE™ ") Tr +27H(r,1pma — 1 F )] + v AT To (R F™ Ty — rF™) + vy (T — T1)?]}
. Try + To(2rF™ Ty +
Z _ [ HYL L( I'n H YH)} — (35)

(vu + YL){*‘LTHT%[(”thaX)ZTH + v (rF™

Eq. (34) is the analytical expression of the minimum
average heat consumption when feed flow rate reaches
its upper bound.

4. Numerical examples and discussions

The dimensionless minimum heat consumption
min' — Qmin /(v for propylene-propane distillation
column is Calculated. The temperatures of high- and
low-temperature heat reservoirs are Ty = 377.6 K and

—1sF TH)} + YL[4TH TL(}’SF TL — I’hF

™)+ vu(Tu = To)’)}

T; = 294.3 K. The heat transfer coefficients and contact
areas for this process are appointed physically reason-

Yy = apay = 13,000kW/(m*xK),

Y. = Y- The minimum entropy production rate f, smm
can be calculated according to Eq. (28).

According to Ref. [22], the dimensionless entropy
production rate and dimensionless enthalpy flow rate
which indicate the major influence factors for the per-
formance of the separation process, such as the

able wvalues, and
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Table 1 » . »
Dimensionless minimum average heat consumption Q"™ for different f, and f,
F\QE\F, 10 08 06 0.4 02 0.0
0.8 1.9761 1.6533 1.5503 1.4800 1.4260 1.3819
0.6 1.9539 1.5363 1.4141 1.3337 1.2733 1.2251
0.4 1.9333 1.4557 1.3239 1.2391 1.1764 1.1270
0.2 1.9142 1.3935 1.2562 1.1691 1.1054 1.0557

properties of different material and various separation
requirements for the separation process are adopted.
The dimensionless entropy production rate is assumed
to be f/_=f./f™, and the dimensionless enthalpy

flow rate is assumed to be f/, = f, /'P(TH7 TL;fsmin). The

parameters are taken as f, = f'.f." and f, = f,P(Th,

Tr;f,). The dimensionless minimum average heat con-
sumption Q@ = Qmin/Qev is calculated by using
Egs. (14) and (29).

Table 1 lists the dimensionless minimum heat con-
sumption Q@™ for different ', and f', . From Table 1
one can see that the dimensionless minimum average
heat consumption Q& varies from 1.0557 to 1.9761.
And the dimensionless heat consumption QM
increases with the increases in dimensionless entropy
production rate and dimensionless enthalpy flow rate.

Fig. 2 shows the dimensionless minimum average
heat consumption QWM™ versus the dimensionless
enthalpy flow rate f’, characterized by different
dimensionless entropy production rate f'.. Curves 1
to 4 correspond to the dimensionless entropy produc-
tion rates f’ ;= 02,04, 0.6, and 0.8, respectively. One
can see that dimensionless minimum average heat con-
sumption QW™ increases with the increase in the
dimensionless enthalpy flow rate ', . Moreover, Q"
increases with the increase in dimensionless entropy
production rate f'.

Fig. 3 shows the dimensionless minimum average
heat consumption QF™ versus the dimensionless
entropy production rate f', characterizes different
dimensionless enthalpy flow rates f/, . Curves 1 to 6
correspond to the dimensionless enthalpy flow rate
f’h = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0, respectively. It can
be seen that dimensionless minimum average heat con-
sumption Q&
sionless entropy production

increases with the increases in dimen-
rate f’, the
dimensionless enthalpy flow rate f', . Because f, <0,

and

the increase of ', means the decrease of f, . This indi-
cates that QI decreases with the increase on f, .

When Ty, T;, vy, and v, are other appointed physi-
cally reasonable values, the results are qualitatively
coincide with those in Table 1, and Figs. 2 and 3.
The minimum heat consumption of heat-driven binary
separation process with linear phenomenological
heat transfer law calculated by Eq. (29) is more realistic
than that of reversible heat-driven binary separation
process. For the process with time- and space-variable
temperatures of the heat reservoirs, Eq. (22) may be
employed to search the minimum heat consumption.

5. Conclusion

The performance optimizations of the heat-driven
binary separation process are carried out in this paper
by using finite time thermodynamics. Two perfor-
mance indexes, the dimensionless minimum average
entropy production rate and dimensionless minimum
average heat consumption of the heat-driven binary
separation processes, are taken as optimization
objectives, respectively. The heat transfer in the
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separation process obeys linear phenomenological
law (g < A(T™')) and the temperatures of the heat
reservoirs are assumed to be time- and space-
variable. The analytical expressions of minimum aver-
age heat consumption and minimum average entropy
production rate of the separation process with given
average enthalpy flow rate and entropy flow rate are
obtained. The analytical expression of minimum average
heat consumption of the binary separation process with
fixed average flow rate is also obtained. The minimum
heat consumption problem of the heat-driven separation
process with time- and space-variable temperature heat
reservoirs is transformed to a convex optimization
problem by using numerical method. The dimensionless
entropy production rate and dimensionless enthalpy
flow rate which indicate the major influence factors
for the performance of the separation process, such as
the properties of different material and various separa-
tion requirements for the separation process, are
adopted. As a special example, in the case of constant
temperature heat reservoirs, the analytical expressions
of dimensionless entropy production rate and dimen-
sionless minimum average heat consumption of separa-
tion processes are obtained. The numerical results
indicate that dimensionless minimum average heat
consumption Q™™ increases with the increases in
dimensionless enthalpy flow rate f/, and the dimen-
sionless entropy production rate f. min' jncreases
with the decrease in f, because of f, < 0. The purity
of reactants and feed is not taken as a constraint in this
theoretical optimization study. How to obtain more
practical results including purity constraint will be a
future subject.
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