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INTRODUCTION

Because of ever increasing fuel prices and ever decreasing avail-
ability of energy resources, it is important that any industrial process
or system be developed, designed or operated in an energy efficient
manner. Thermodynamic system analysis is an effective way for attaining
and promoting the goal of efficient energy utilization; it enables us
to identify the nature and sources of inefficient energy usage in
process systems, which are essential in designing and analyzing them.

One of the most important recent developments in classical thermo-
dynamics is establishment of the so-called single axiom approach, which
reconstructs logically the laws of classical thermodynamics (see, e.g.,
Hatsopoulos and Keenan, 1962, 1965; Haywood, 1980). This axiom, which
i1s called the law of stable equilibrium, is a statement accepted as a
truth without proof in accordance with our experience with physical
systems; this law implies the existence of irreversibility in natural
processes.

Another important development of classical thermodynamics is the
introduction of the concept of available energy involving the notions
of exergy and essergy; it naturally follows the single axiom approach.
The concept of the available energy, originated with Gibbs and Maxwell
over a century ago, has become increasingly important because of the ever
increasing emphasis on efficient utilization of energy. This concept
has been incorporated into a variety of methods and procedures for
thermodynamically evaluating process systems. (see, e.g., Keenan, 1941;

Rant, 1956; Denbigh, 1956, 1971; Szargut and Petela, 1965; Evans, 1969;
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Riekert, 1974; Haywood, 1974, 1980; Gaggicli and Petit, 1977; Gaggioli,
1980; Fan and Shieh, 1980).

The overall cobjective of this work is to develop a comprehensive
procedure for analyzing systematically a process system, based on the
law of mass conservation, and the first and second laws of thermodynamics,
leading to the energy and available energy balances for the system.
Then, the practical applications of the procedure are illustrated with
several examples in the area of energy conservation and conversion.

This thesis consists of seven chapters. The objective is stated
and the contents are summarized in the present chapter. In chapter 2,
the single axiom approach in thermodynamics is reviewed; thermodynamic
laws and definitions which constitute the foundation of classical
thermodynamics are deduced from the single axiom. Chapter 3 deals
with the specification of the reference state for measuring thermodynamic
properties, derivations of the governing equations for the system analysis,
and definitions of the mass utilization efficiency and the thermodvnamic
first-law and second-law efficiencies. A counter-current heat exchanger
is analyzed rigorously from the thermodynamic point of view with the
result illustrated numerically in chapter 4. In chapter 5, a biomass
pyrolysis system is systematically analyzed. The thermodynamic inefficiency
is identified, and the system efficiencies are evaluated for several
operating modes of the system. The procedure of the thermodynamic system
analysis is applied to an anaerobic sludge digestion system in chapter 6.
To gain deeper insight into its performance, a preliminary optimization
study is also carried out. Finally, the major conclusions are summarized

and recommendation for future work are made in chapter 7,
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SINGLE AXIOM APPROACH

All the relationships of classical thermodynamics can be deduced from
a single axiom called the law of stable equilibrium (see, e.g., Hatsopoulos
and Keenan, 1962, 1965; Haywood, 1980). 1In this chapter, the law of stable
equilibrium is reviewed, which is followed by the statements of the first law
of thermodynamics, the state principle and the second law of thermodynamics,
both deduced from it; they constitute the foundation of classical thermo-

dynamics,

LAW OF STABLE EQUILIBRIUM
The state of stable equilibrium is defined as (Hatsopoulos and Keenan,
1965):
A system is in a state of stable equilibrium if a finite
change of state of the system cannot occur without a corre-
sponding finite permanent change of state of its environment.
For brevity, the state of stable equilibrium is called simply a stabie
state,
The law of stable equilibrium is a statement of the existence of a
stable state; it is enunciated by Hatsopoulos and Keenan (1965) as follows:
A system having specified allowed states and an upper

bound in volume can reach from any given state one and only
one stable state and leave no net effect on its envircnment.

" from this statement gives rise to

Elimination of the words "and only one
the second law of thermodynamics. The statement of the law of stable equi-

librium quoted above also provides the sufficient condition for deriving

the first law of thermodynamics as will be discussed in the succeeding sectiomn.
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FIRST LAW OF THERMODYNAMICS

The first law of thermodynamics is a statement of the existence of a
property called energy. According to Haywood (1980), it can be stated as
follows:

The work is the same for all adiabatic processes between

two given stable states of a system.
This statement can be derived from the law of stable equilibrium given in
the preceding section. The adiabatic process is defined as a process
involving only work interactions between the system under consideration and
the environment or any one of other systems interacting with it.

To prove the statement of the first law of thermodynamics, we assume
that, contrary to the statement, system A can be transformed from stable

state Xl to stable state X_ by two adiabatic processes, A and B involving

2 12 12’
different amounts of work input., This work interaction may be performed by
lowering weights in a paddle-wheel process. We assume that adiabatic precess
Al is carried out by lowering two weights from a given height to the stable
position, while adiabatic process BlZ is carried out by lowering one weight.
Adiabatic process Bl2 can be followed by another adiabatic process through the
work interaction by the second weight; it carries system A from stable state
X2 to another stable state, namely, stable state X3' Considering a system
consisting of system A and two weights, we find this combined system reach
from the same initial state to the different stable states without leaving
any effect on the environment. This result violates the law of stable equi-
librium, Therefore, the work is the same for all adiabatic processes between

two given stable states of a system (see, e.g., Hatsopoulos and Keenan,

1965; Haywood, 1980).



By virtue of the first law, the work in an adiabatic process depends on
the initial and final states only} it represents the change in the value of
a property of the system, called energy, which is defined as (see, e.g.,

Hatsopoulos and Keenan, 1965; Keenan et al., 1975; Haywood, 1980)

where E is the energy and Wa the work done by the system (Wa > 0), or the
work done on the system (Wa < 0) in an adiabatic process transforming the
system from stable state 1 to stable state 2. Therefore, the adiabatic work

may be used as a measure of energy changes. For an isolated system, we have
W, = 0, (2)
and thus, equation (1) becomes
(El)iso = (Ez)iso (3)
or

(AE) ;... = 0 or (@E);.. =0 (4)

is0 1s0

These equations indicate that the energy of the isclated system remains

invariant. This is the law of conservation of energy.

STATE PRINCIPLE
The state principle is derived from the uniqueness of the stable state
in the law of stable equilibrium and the definition of energy; acccrding to
Hatsopoulos and Keenan (1965):
The stable state of a system bounded by a fixed surface and

subject to fields prescribed by the environment is fully deter-
mined by its energy.
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A system 1s called a constrained system when it is bounded by a fixed surface
and subject to fields prescribed by the environment, such as gravitational,
electric and magnetic fields, Therefore, it is deduced from the state principle
that a constrained system containing a specified quantity of energy can assume
only one stable state.

Suppose that two systems are individually in the stable states. If
they are not in mutual stable equilibrium, an interaction could still occur
between them. Such an interaction is called a heat interaction (see, e.g.,
Hatsopoulos and Keenan, 1962; Keenan et al., 1975). From the state principle,
the magnitude of the heat interaction, Q, during a process not Involving
work interactions can be expressed as the corresponding change in energy of

a system, say system A, between two stable states; in other words, we have
Q=E, - E (5)

Ccnventionally, the heat, @, is positive when it is transferred into system A,
and it is negative when it is transferred out of it.
By combining equations (1) and (5), the energy changes in a non-adiabatic

process 1s expressed as
Eh —E3p =Q-W (6)

From this expression, the law of comnservation of energy, equation (3) or (4),
can be derived for an isolated system, for which Q = 0 and W = 0, regardless

of the nature of the changes within the system.

SECOND LAW QF THEBRMODYNAMICS
The following statement of the second law of thermodynamics can be
directly derived from the law of stable equilibrium (Hatsopoulos and Keenan,

1965) :
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A system having specified allowed states and an upper

bound in volume can reach from any given state a stable

state and leave no net effect on the environment.
According to this statement of the second law of thermodynamics, a system
-may undergo a change of state from a non-equilibrium state to a final stable
state even if it is completely isolated from all interactions with its
environment and with any other systems. For example, we may observe that
a small ball moving around in an isolated rigid bowl (a non-equilibrium state)
settles to the bottom of it (a stable state), due to friction. From the law
of stable equilibrium, a system settled to the stable state can not depart

from it; thus, the system can not be restored to the initial state, while it

remains isolated.r Therefore, the second law of.thermodynamics indicates the
existence of irreversibility in natural processes, a measure of which is
called the entropy of a system (see, e.g., Hatscpoulos and Keenan, 1965;
Haywood, 1980).

Although the foregoing statement of the second-law of thermodynamics is
an unfamiliar one, the familiar statements can be deduced from it. For
example, let us consider system A which is initially at stable state 1 with

energy E then, it may be transformed from stable state 1 to stable state 2

l;
with energy E, by both the work and heat interactions with the work sink and

heat source (reservoir), respectively. The heat source is considered a

constrained system initially in a stable state (Ssl)_ Therefore, from equation

(6), we have
EZ-E]—'—"Q—W (7)

I1f we assume that the heat transferrad to system A could be completely con-

verted into the work produced from system A, we have



Q=W 8

E, = E &2

From the state principle, this equation implies system A remains at stable
state 1, while the heat source is transformed from the initial stable state,
S8

to an allowed state, AS In other words, it can be said that system A

1? 2’
is a eyeclic perpetual motion machine of the second kind (in contrast, a
perpetual motion machine of the first kind is a device which continuously
produces work without drawing upon any supply of matter or heat). The-
net work produced by system A in a complete cycle can be used to raise

a weight; since the state of system A remains unchanged at the end of the
complete cycle, the sole effect external to the heat source is the raising
of a weight. Then, the weight raised could be allowed to descend to its
original level, while doing work on the heat source. This results in a
non-equilibrium state of the heat source at the instant when the weight is
restored to its original level. Consequently, the heat source initialy in

the stable state, SS is transformed into some other allowed state, AS

1’ 3’
without leaving any net effect on the environment. This result viclates
the definition of a stable state. Therefore, it i1s impossible to comstruct
a cyclic perpetual motion machine of the second kind. This is ome of the

common statements of the second law of thermodynamics.

The law of stable equilibrium has been introduced as a single axiom cf
thermodynamics, from which the first law of thermodynamics, the state princi-
ple and the second law of thermodynamics can be deduced; in other words, all

the general relations of classical thermodynamics can be deduced from the
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single axiom. The logical structure of classical thermodynamics which may
be named the thermodynamic family tree is shown in Fig. 1; it has the law of

stable equilibrium at the head of the tree (see, e.g., Haywood, 1980).



NOMENCLATURE

E = energy

Q = heat

W = work

Wa = work involved in an adiabatic process
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THERMODYNAMIC MODEL
IN SYSTEM ANALYSIS

In analyzing a process system from energetic points of view, it is
highly desirable that we resort to the use of both the first and second laws
of thermodynamics; this leads to energy and entropy balances for the system,
respectively. To complete such balances, however, a reference state for
measuring the thermodynamic properties need be consistently and meaningfully
specified, because adoption of different reference states gives rise to
different values of the properties. Once the reference state is specified.
the energy and entropy contents of the system relaﬁive to the reference
state can be evaluated.

Combination of the energy and entropy balances with energy and entropy
contents, respectively, measured relative to the reference state gives rise
naturally to the available energy balance for the system; this eventually
yields the concepts and definitions of exergy and essergy. The meaningful
thermodynamic efficiencies of any system can be evaluated from the mass,

energy and available energy balances around the system.



=3

REFERENCE STATE

Transformation of a system from an initial state to a final state,
which is in equilibrium with the environment, is of particular interest
in carrying out the thermodynamic first~law and second-law analyses. The
state which is thermally, mechanically and chemically in equilibrium with
the enviromment is named the dead state; thus it is defined by specifying
the temperature, pressure and chemical compositions of material species
of the environment (see, e.g., Szargut and Petela, 1965; Riekert, 1974;
Gaggioli and Petit, 1977; Fan and Shieh, 1980).

Another state conventionally chosen as a reference state is the
standard state, where the temperature is the datum level temperature, the
pressure is the datum level pressure and every material species is pure
(see, e.g., Szargut and Petela, 1965; Riekert, 1974; Gaggioli and Petit,
1977). The environmental temperature and pressure are usually adopted as
the datum level temperature and pressure; for convenience, they are often
specified as 288,15 K and 1 atm, respectively.

While it is not explicitly defined in chapter 2, the environment of
any system of our concern is that collection of bodies including every-
thing external to the system. Unlike the definition employed in chapter 2,
the environment defined in this chapter, which is in equilibrium with the
dead state of the system of our concern, excludes the sources and sinks

for material, work and heat.



MASS, ENERGY, ENTROPY AND AVATLABLE ENERGY BALANCES

The procedure for analyzing a process system is based on the law of
mass conservation, and on the first and second laws of thermodynamics
leading to the energy and entropy balances, respectively; combination of
the last two balances gives rise to the available energy balance (see,
e.g., Keenan, 1941, 1951; Rant, 1956; Denbigh, 1956, 1971; Szargut and
Petela, 1965; Evans, 1969, 1980; Riekert, 1974; Gaggicli and Petit,
1977; Haywood, 1974, 1980; Fan and Shieh, 1980). TFor convenience, the
entire system shown in Fig. 1 is considered; it contains system A (an
open flow system), system ML (a heat source), system M2 (a heat sink),
system N1 (a work source), system N2 (a work sink) and the surroundings,
D. System A has multiples of the input and output streams in general,
and upon elimination of these streams, it is naturally transformed into
a closed system., Therefore, the equations of balances for an open flow

svstem reduce to those for the closed system.

Unsteady-State Open Flow System

System A shown in Fig. 1 is considered an unsteady-state open flow
system, transforming from state 1 at t = 0 to state 2 at t = t. The
detailed derivations of the mass, energy, entropy and available energy
balances for this system are elabcrated in appendix A. Furthermore, the
macroscopic balances for an unsteady-state open flow system in general
are derived from the corresponding microscopic balances in appendix E.

Mass balance

Application of the law of mass comservation to system A yields
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{MA2(t) - MAl}

t
=} {OI E [ (%), o (£)] dt}i

1

t
- Z {OI g [ (), (£)] dt}e

t
- % {Of g [ (), n, (£)] dc}g 1)

where
M, = mass in system A
Mw = molecular weight
n = molar flow rate through the system including both the
convective and diffusional flows at the inlet or exit of
system A
k = subscript designating material species
1 = subscript designating the inlet
e = subscript designating the exit

L = subscript designating leakage

Energy balance

Applying the first law of thermodynamics to system A, the energy
balance can be expressed as
- T — b
+ B[V, (8) - Vg1 - BaL(vg),,(8) = (V)]

‘ u)®
= { [ ] L@@ +gx(e) + B2+ L), 0 (6)] dt}
0k

¥ u(t)
= 4 { [T L(B) + gx(e) + o)y (8] dt}
e Mk

t
. { {8 (@) + gx(e) + el “(t) +a)y m (6] dt}i
2 0 k



t
+ OI [lo(e)] - |
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Q,(t)| - |Qy(e)|1at

t
+ OI [wy )] = W] = [) ey 1de (2)
where
EA = total intermal energy of system A
VA = volume of system A
PO = pressure of the environment
]Qll = heat transmitted from system Ml to system A
|Q2| = heat transmitted from system A to system M2
[QO| = heat loss from system A to the surroundings
|W1[ = work supplied from system N1 to system A
|W2[ = work supplied from system A to system N2
](W#)OI = work loss to the surroundings excluding that due to the
expansion of the boundaries of system A
R = partial molar enthalpy relative to the dead state

B is defined as (sece, e.g., Sz

Fan and Shieh, 1980)

Bzh—-ho,
and thus, it can be written as
E=h-R 4R -F
= =
=@ -h)+ [ |
TO
-0 T (sm
=B +[0I {ﬁ]?
T
where
-5

argut and Petela, 1965; Rodriguez, 1980;

(3)
T for P (.-
3k sh
(‘é‘f}P dT + f {ﬁ]T dP]
0
P
P -
ar + {%}T dP] (4)
0
P
(5)



From the defimition of h and the Maxwell relationship, equation (4) can

be rewritten as

T P .
=8+ | dT+ [ v - Tf@%
3T)P
0 50

] dp (6)
where superscript 0 refers to the standard state and subscript 0 to the
dead state; EO may be named the partial molar chemical enthalpy. The
derivations of this equation and the working formula for evaluating §0

are elaborated in appendix B.

Entropy balance

The statement of the second law of thermodynamics for the entire
system, including not only system A but also all other subsystems and
the surroundings shown in Fig. 1, can be expressed as

t

Of a(e)dr = [S,,(t) = 5,1 = [(8),,(t) = (55),,]

t
- {g oj % [y (£) nk(t)]dt}i

t
+ ] { [ 1 Do nkct)]dt}e
e ‘0 k

t
+ { Y [y (t) n ct>1dt}
% OI " k k %

e o @l Jeml ey

+ f + +
0 Tn1 Tuo Ty |

dt (7

where o is the created entropy or entropy generation in the system and ¥

is the partial molar entropy relative to the dead state; it is defimed

as (see, e.g., Szargut and Petela, 1965; Fan and Shieh, 1980)
?E's'—éo,

and thus, it can be written as
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v=5-50+3%-5,
- T a3 35
“ (a8 -5y + [ Of oy 4 OI ) 4] (8)
By letting : E
v =30 -5, 9)

and applying the definition of s and the Maxwell relationship to
equation (8), we have
T ¢ P .-
- _ =0 P oV
y=y + [ e de Of (g 4P (10)

TO P

where ;0 may be called partial molar chemical entropy. The detailed
derivation of this equation is shown in appendix B, including the

derivation of the working formula for determining ?0.

Available energy balance

Combination of equation (2), the energy balance, and equation (7),
the entropy balance, gives rise to
{[EAz(t) + PV, (8) - Ty8,,(t)]

- {[E., +PV,. ~-T

ALt PoVar ~ ToSaal - [E g + BPoVday = To(Sp) g1t

t 2
= § {of % [(e(t) + gx(t) + 3&%1_.+ v dy nk(t)]dt}i
£ _ a(8)?
-1 { f 1{{ [((t) + gx(t) + =5+ ...), nk(t)]dt}e
e 0
° 2 - u(t)z
- ) { f E [(e(t) + gx(t) + ——Em—-+ "')k nk(t)]dt}2
L0k ;
€ TO | TG
+ Of oy @ - 59 = [0 | -5 + W e)] - |wyce)|1ae
ml m2
t
- [ )] + (The(e))]de (11)
x°0 0

0



The left hand-side of this expression is the change in essergy of system
A, which is discussed in appendix A (alsoc see, e.g., Evans, 1969, 1980):
€ in the right-hand side is the partial molar exergy and is defined as

(see, e.g., Gaggioli, 1961: Szargut and Petela, 1965; Riekert, 1974; Fan

and Shieh, 1980)

mn

ez (h - EO) - TD(‘s' - 's'o), (12)

and thus, this equation can be transformed as

T T
TP & [ e (1.,59) dt
0
T
S 3v
# [ - 0=1) Gl @ (13)
,,,,,, gl M

where EO may be named partial molar chemical exergy defined as

2@ - 30) # TO('s'0 - 'EO) (14)

The derivations of equation (13) and the working formula for evaluating
¢ are detailed in appendix B.

Furthermore, the exergy may be also expressed in various ways: in
terms of the Gibbs free energy, the chemical potential and the availabi-

lity function ; it is derived in appendix C with a discussion of the

relationship between exergy and essergy.

Steady-State Open Flow Svstem

A system is called a steady-state open flow system if the state and
velocity of the fluid entering and leaving the system are invariable
with time and there is no change in the gtate within the system (see,
e.g., Keenan, 1941; Haywood, 1980). Suppose that system A shown In Fig.
1 is a steady-state open flow system, and thus, the mass, energy,

entropy and available energy balances are derived from the corresponding
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balances for the unsteady-state open flow system shown in the preceding
subsection; all terms representing the changes in the state properties
of system A vanish, and the integrants in the balances for the unsteady-
state open flow system become constant for the steady-state system.

Mass balance

From equation (1), the mass balance for the steady~state open flow

system becomes

E [E(Mw)knk]i =1 [E(Mw>knk]e + % fg(MW>k“k]z (15)

e

Energy balance

From equation (2), the energy balance becomes

2
{z [z (E"' gx+-§—-+ ---)k nk]i+ IQlI + lef}

2
ﬁ%w+y+~+.%%] mwww}

2

{Z ([} B+ gx + o+ + oo, ] z}

+ {IQOI + l(wk>0|} (16)
If the potential energy, kinetic energy, etc. are negligible, equation

(16) reduces to

[} B ndy + ol + W]
3 kK

= [2 (E Ek nk)e * lel T ]WZI] + [ (z Ek nl')i’,]
e k £ k y

e
+ oyl + Wl an
Suppose that il (or 12) number of the inlet streams can be
identified as the streams which lose (or gain) enthalpy contents to
become e (or e2) number of the exit streams and 21 (or lz) number of

the leakage streams, during their passage through system A. Then,
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equation (17) can be expressed as

b G Bn), +1 G Ba)d, 1+]q +w}
{ g L By i gz L By i, oy + 1w

1
- 5 - 1
L e L GRen) ol )
+{[ ) Bn), +}) (B )}+{IQ|+IcW)}
El g Kk’ ey %2 E K"k 22 0 x ol (18)

Since the separately identifiable material streams act either as energy
sinks or as energy sources to system A, 1t is often convenient to
rewrite this equaticn in the so-called incremental form, by grouping the

corresponding terms, as

< = 2 )
3 QBayd, -1 GBn), -1 (QBEn)d, 1+0le]+[wll]
1 q B0y, -1 @B, - [ Aoy )+ tlayl + 1410
=<0} QB + ) QBn), =) G Bn) 1+ (|0 +W]}
{ 22 g K'k’e, %2 g K'k’s, Ez % Kk, 01 + W,
3 {iQOI + I(Wx>0|} (19)

Entropy balance

Equation (7) reduces to

|oq
TG Yon), =
. v /1 T
o, ] o,
3 T5ah +1 0 50), ot~ g (20)
; E kKk’a % X Kk’ L Tm2 TO

Available energv balance

From equation (11), the available energy balance for the steady-
state open flow system becomes

2
{g [E (e + gx +‘%— oo mly

Ty
+ ol @ -5+ w1}
m
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2
- u
= {Z [E (e + gx + 5—-+ ...)k nk]e

To
+ [o,| a - T )+ Iwzl}
m

2
+ {g [E (e + gx + %—-+ ...)k nk]ﬂ}

+ {I(Wx)ol + (Tocr)} (21)
This equation can also be obtained by combination of the energy balance,

equation (16), and the entropy balance, equation (20). If the potential

energy, kinetic energy, etec. are negligible, equation (21) reduces to

T
= 0
0O er), +0] Q-=+wl]
E E kK'k’1 | ll Tml I l!

T
=11 QEa), + 10, @ -2+ w1+ (] ga),l
e k m2 Lk

+ )] + (Tyo)] (22)
Similar to the incremental form of the energy balance, equation
(19), it is often convenient to rewrite equation (22) as

7 ¢ &ga), -1 (&)
{g Ekkil e Ekkal

-1 Q Eknk)ﬂ, ]
1 1 b R

1
Ty

* {[Qll (1 --T"'l') + iW1|]
m

=41y Jegn) +) (O &n)
{ Z E k'k e.2 22 i k'k’2

- g <E € )y ]
2

2 1, 2
%o
+ 3] @ = E) + W1+ {|(wx)0| + (TOU)} (23)

Furthermore, if the leakage is negligible, equation (22) can be

transformed into (see, Appendix D}



Ts T,
+ ol @ e lo,| 1 ") (24)
m m

where [Wn rl denotes the net reversible work and b, the partial molar
?

k
availability function of substance k; they are expressed, respectively,
as

[y b= 1yl - Tw ]+ o)l + (1) (25)
and

bk = hk - Tosk (26)
Equation (24) is identical to the expression obtained by the so-called

lost work analysis, which is discussed in appendix D (also see, e.g.,

Nevers and Seader, 1980; Nevers, 1982),

Unsteady-State Closed System

A closed system does not exchange materials with the surroundings;
it may exchange heat and work with the surroundings. Suppose that
system A shown in Fig. 1 is an unsteady~state closed system which does
not contain the input and the output streams. Then, the mass, energy,
entropy and available energy balances can be obtained from the corres-
ponding balances given in the preceding subsection for the unsteady-
state open flow system, by omitting all terms representing mass, energy,
entropy and available energy asscciated with the material flows.

Mass balance

From equation (1), we have

Myg = Myy (27

The mass contained in the clesed system, obviouslvy, remainsg constant,
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Energy balance

Eliminating the terms associated with the material flows in

equation (2), we have
[EAz(t) - EAl] - [(Eo)Az(t) - (EO)Al]

+ PV, () = Vil = BL(V) ,,(8) = (V)]

t
. OI [lo e)] - [o ()] - [oy(t)|lar

t
+ [ orwe] = Iwye ] - )] 1de
0
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(28)

This is the energy balance for the unsteady-state closed system, system

A, with its energy contents measured relative to the dead state.

Furthermore, note that the changes in the properties of a closed

system at the dead state are zero, and thus, we have
[(ED)AZ(t) - (EO)Al] =0

and

[(V) 4o () = (Vp),;1 =0

Substituting these expressions into equation (28), we have

[Egp(t) = Epg] + BolVyp(t) = Vyyl

t
= Of [lo )] = lay(0)] = [g ey 1de

t
+ [ ot - el - Ja) e flae
0

Entropv balance

(29)

Omitting the terms associated with the material flows in equatioen

(7), we have

[ oce) dt
0



t o, )] o ey o)
+ f [- ; + % + OT
0 nl m2 0

ldt (30)

This is the entropy balance for the unsteady-state closed system, system
A, with entropy contents measured relative to the dead state.
Again note that the changes in the properties of a closed system at
the dead state are zero, and thus, we have
[(54)4p(t) = (Sg) g1 = O
Therefore, equation (30) reduces to
- o S

[ o) dat
0

= [SAZ(t) = SAl]

£ : log @ loyee)] [oye)]

& $ 1 dt (31)
0 Tl T2 To

+

Available energy balance

Eliminating the terms associated with the wmaterial flows in
equation (11), we have
{{EAZ(t) + POVAZ(t) - TOSAZ(t)]
- [(EQ) 1, (6) + By(Vg) ,,(8) - To(so)Az<t>]}

+ P.V

{[(EAI oVa1 ~ ToSarl - EEluy * BolVolyy - TO(SO}Al]}

ft | ! 0 ] I R 1
= (10, ()] (1 -~ =) - |Q,(t)| (L - =—)]dt
0 ' Tml 2 TmZ
t
+ [ oUwpo] - wye)|1de
0

t
- [ @) + (T o(e))]de (32)
0
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This is the available energy balance for the unsteady-state closed
system, system A. The left-hand side of this equation is the change in
essergy of system A, which is discussed in appendix C.

Since

|
o

and

[(S4) 49 (E) = (Sg)5q1 = 0,
equation (32) reduces to
[EAz(t) + POVAZ(t) - TOSAZ(t)}

- [E,, + PV

a1 ¥ Po¥a1 — ToSa1!

t T0 TO
= | o] a-79 - le®] a-791d
0 ml m2

t
+ [ U@ - Juye)|ar
0

t
= OI [[(Wx)o(t)] + (T, o(t)]de (33)

Note that the left-hand side of this equation indicates the change in
the avallable enexrgy contents of system A; however, an individual term

grouped by square brackets by itself is not the available energy.

Steady-State Closed Systen

System A shown in Fig. 1 is considered a steady-state closed
system. For example, suppose that heat conduction is occuring at a
constant rate through a rod whose ends are fixed at different tempera-
tures; then, the rod itself is a steadv-state closed system, The mass,

energy, entropy and available energy balances can be derived from the



corresponding balances for an unsteady-state closed system; the con-
dition of steady state requires that the changes in the properties of
system A depicted in Fig. 1 vanish, and the integrants in the balances
for the unsteady-state open flow system become constant for the steady-
state system.

Mass balance

The mass balance is same as that for an unsteady-state closed
system. Thus, we have
MAZ = MAl (27a)

Energy balance

For the steady-state system, system A, equation (28) reduces to
[l + [l = tleyl + [wy |1 + [logl + [ ),[] (34)

Entropy balance

From equation (30), the entropy balance is expressed as

o 1yl iyl

+
Lia Taia Ts

- g (35}

Available energy balance

From equation (32), we have

To
ol @ -z= + [w]]
ml

T
O il
= (lg,| @ - Tt [Wol1 + [(Tyo) + | W) ,l] (36)
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THERMODYNAMIC EFFICIENCY

Qualitatively speaking, the efficiency of a system is the
effectively utilized fraction of mass, energy, available energy or any
other quantity or commodity, which has been supplied to the system.
Ffom the thermodynamic point of view, three broad classes of
efficiencies can be defined: they are the mass utilization efficiency
and the first-law and second-law efficiencies. As the most practical
case, these efficiencies are defined for the steady-state open flow

system, system A, shown in Fig, 1.

Mass Utilization Efficiency

The mass balance for system A is expressed by equation (15):

§ {E CONMN =§ [E (M), n, 1 +% [E o), my 1, (37)

It is not uncommon that one or more of the exit streams are dis-
carded because they contain by-products considered to be useless or
wastes. Therefore, equation (37) can be conveniently rewritten as

IM, = L + I} + Z 8
LMi Me,u 1\'Ie,d MR (38

In this expression, the left-hand side, IM is the overall input of

1?
mass, corresponding to the left-hand side of equation (37); the first
and second terms in the right-hand side, EMe,u and EMe,d’ are the usable
and discarded parts of the mass output, respectively, collectively
corresponding to the first term in the right-hand side of equation (37);
and the third term, EME’ is the leakage, corresponding to the second
term in the right-hand side of equaticn (37).

From equation (38), the mass utilization efficiency can be

expressad as
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o= —t (39)

First-Law Efficiency
By assuming that potential energy, kinetic emergy, etc. are negli-

gible, the energy balance is expressed by equation (17):

[} Q8 n), + || + |w]]
gékki|llil|
. [Z <E B m. * 10, + [0,]1 + tg c; B, )1

+ Loyl + J w01 (40)
When one or more of the exit streams are discarded to the environ-

ment as wastes, equation (40) can be conveniently expressed as

(Z(H )41 = [Z(Hav)e’u + E(Hav)e,d} I )1+ (2 ) ]

(41)

The left-hand side, Z(Hav)i, in this equation is the total energy input
in forms of enthalpy, heat and work; the first term in the right-hand
side, Z(Hav)e 0’ the usable portion of the energy output in forms of

>

enthalpy, heat and work; the second term, I(H )

av’e,d’ the portion of the

energy output associated with the discarded material streams; the third
term, Z(Hav)m, the energy associated with the material leakage; and the
last term, Z(Hav)c, the energy consumption which consists of heat less
through the wall, IQOI, and the work loss, I{WX)OI. There exists a
one-to-one correspondence between the equivalent terms in equations (40)
and (41), all bracketed by [ ].

The so-called incremental form of the energy balance can be

expressed by equation (19):
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[l QB -1 QBm), -1 QBa), 1+ (e +w}
] Pos - L qhee, - ] Qs+ tlal + )

1 1
- {[g Py, * Ez(géknk)zz ] P) + (ol + w11}
+ {IQOI + l(wx>0|} (42)
This equation can be rewritten as
{E(Hav)i}D = {E(Hav)e}n + {Z(Hav)c} (43)

where {Z(Hav)i}n is the energy transferred to system A from energy
sources, including heat sources, work sources and process streams which
lose energy contents during their passage through the system, fZ(Hav)e}D
is the energy transferred by system A to energy sinks, including heat
sinks, work sinks and process streams which gain energy contents during
their passage through the system, and {Z(Hav)c} is the energy
consumption due to the loss through the walls of gsystem A. In other
words, there exists a one-to—-one correspondence between the equivalent
terms in equations (42) and (43), all grouped by brackets, { }.

The first-law process and incremental (or extractive) efficiencies
of a process system can be expressed from equations (41) and (43),
respectively, as

(zqu, 5, 1

(n ) = —_——tV e,u (44)
Ve = TG, ]

and

{X(Hav)e}D
o " @, T, 4

v'i D

Second-Law Efficiency
The available energy balance around svstem A, with nepligible

potential energy, kinetic energy, etc. is expressed by equation (22):
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T
) Eknk)i + IQl] (1 - TQ—) + [wll]
i k ml

s
= [ (§ &0 + Q] @- 2y 4y 11+ 1) § 0,1
L KK e 2 T /) AR

+ W), ] + (Ty0)] (46)
Similar to equation (41), equation (46) can be compactly expressed as

[Z(Aex)i} = [Z(Aex)e,u + I(A )e’d] + [Z(Aex)z] + [Z(A_ ). ]

ex ex’dis

(47)
where subscript dis stands for the available energy dissipatien due to
all kinds of irreversibility. Obviously, [E(Aex)i] corresponds to the

left-hand side of equation (15), and [E(Aex)e’u + E(Aex)e’d], {E(Aex)ﬁ]

and [Z(A ] correspond, respectively, to the first, second and third

ex)dis
terms in the right-hand side of equation (46), all bracketed by [ ].

Again similar to equatioms (42) and (43), equation (46) can be rewritten

as
37 Gen), -3 Gen) -V (egn), ]
To
+ilol -5+ lel}
ml
=40 (G En). +1 G en), -1 (gn), ]
{ 52 o 'k e2 £2 X k"k £2 i2 K k'k 12
+ o, -5+ Iwzll}
m2
+ {}(wx>0| + (Toc)} (48)
and
{z(Aex)i}D = {E(AEK)E}D + {E(Aex}dis} (49)

where {Z(Aex)i}D is the availabe energy transferred to system A from the
energy sources, including heat sources, work sources and process streams

which lose available energy contents during their passage through the
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system, {ECAex)e}D is the available energy transferred from system A to
the energy sinks, including heat sinks, work sinks and process streams
which gain available energy contents during their passage through the
gystem, and {E(Aex)dis} is the available energy dissipation. In other
words, there exists a one-to-one correspondence between the equivalent
terms in equations (48) and (49), all grouped by brackets, { }.

The second-law process and incremental efficiencies can be
expressed from equations (47) and (49), respectively, as

(z¢a_ ), 1
ex’e ? (50)

(ny)p = TG,

and

{z(a_ )}
ex’'e D (51)

(ny)p = TG, 1

The expressions of the efficiencies derived for a steady-state open
flow system reduce to those for a steady-state closed system in a
straightforward manner. TFurthermore, since accumulation (or reduction)
of mass, energy or available energy in the system raises (or lowers) the
potential capable to do work, it should be added to the useful output
(or the input). Thus, the efficiencies for an unsteady-state open flow
or closed system can be derived by the same procedure as given in this
section.

The thermodynamic process efficiency as defined by equatiom (44) or
(50} is mainly concerned with the conservation of energy or availatle
energy, and it is useful for assessing systems which process raw
materials to obtain fuel or useful products. On the other hand, the

thermodynamic incremental efficiency as defined by equation (45) or (51)
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is concerned mainly with the transformation of energy or available
energy, and it is preferred for evaluating thermodynamic efficiencies of
systems which generate work or which exchange energy or available
energy.

Obviously, thermodynamic efficiencies can be defined in a variety
of ways different from those given in this section; nevertheless, their
significance is best understood in the light of the mass, energy and
available evergy balances presented in the preceding section. Natural-
ly, strict caustion need be exercised in comparing the thermodynmaic

efficiencies based on different definitions.
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NOMENCLATURE
0 = subscript representing the dead state

0 = superscript representing the standard state

A = system A

(Aex)i = available energyv input per unit time, J/sec

(Aex)dis = available energy dissipation per unit time, J/sec

(Aex>e,d = discarded portion of the available energy output per unit
time, J/sec

(Aex)e,u = ysable portion of the available energy ocutput per unit time,
J/sec

(Aex )Q = available energy leakagé per unit tiﬁé:_&fse; -

{(Aex)e}D = available energy transferred from system A to energy sinks
per unit time, J/sec

{(Aex)i}n = available energy transferred from energyv sources to system
A per unit time, J/sec

E = total internal energy, J

e = ogutput streams

gx = specific potential energy, J/kmol

(Hav)c = energy consumption per unit time, J/sec

(Hav)e,d = discarded portion of the energy output per unit time, J/sec

(Hav)e,u = usable portion of the energy output per unit time, J/sec

BRauy = energy input per unit time, J/sec

(Hav)g = energy leakage per unit time, J/sec

{(Hav)e}D = energy transferred from system A to energy sinks per unit
time, J/sec

{(Hav)i}D = energy transferred from energy sources to system A per unit

time, J/sec
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partial molar emnthalpy, J/kmol

input streams

material species

leakage

discarded part of mass output per unit time, kg/sec
usable part of mass output per unit time, kg/sec

mass input per unit time, kg/sec

mass leakage per unit time, kg/sec

molecular weight, kg/kmol

molar flow rate including both convective and diffusional
flows, kmol/sec ’

pressure, atm

heat loss to the enviromment per unit time, J/sec

heat transmitted from system M1 to system A per unit time,
J/sec

heat transmitted from system A to system M2 per unit time,
J/sec

entropy, J/K

partial molar entropy, J/kmol-+K

temperature of system A, K

temperature of system M1, K

temperature of system M2, K

specific kinetic energzy, J/kmol

volume, m3

work loss to the environment except that due to the expan-

sion of the boundaries of system A per unit time, J/sec



GREEK

work supplied from the work source, system N1, to system
A per unit time, J/sec
work supplied from system A to the work source, system N2

per unit time, J/sec

partial molar enthalpy relative to the dead state,
J/kmol

partial molar chemical enthalpy, J/kmol

partial molar entropy relative to the dead state,
J/kmol K

partial molar chemical entropy, J/kmol-K

partial molar exergy, J/kmol

partial molar chemical exergy, J/kmol

mass utilization efficiency

thermodynamic first-law incremental efficiency
thermodynamic first-law process efficiency
thermodynamic second-law incremental eificiency
thermodynamic second-law process efficiency

created entropy per unit time, J/K.sec
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CHAPTER 4

THERMODYNAMIC ANALYSIS OF

A COUNTER-CURRENT HEAT EXCHANGER



THERMODYNAMIC ANALYSIS OF
A COUNTER~-CURRENT HEAT EXCHANGER

A counter-current heat exchanger under consideration, which is

steadv-state open flow system, is shown in Fig. 1. For simplicity, it is

assumed that each stream consists of a pure material and no phase change

occurs in the stream during the passage through the system.

MASS BALANCE

Application of the law of mass ccnservation leads to

whera

<4
£

[(Mw)hnhli + {(wa:nc]i

[ (M), ny s T [(MW)C nc]e + [(MW)h nh]2 o [(Mw')c “c]z

molecular weight, kg/k mol

molar flow rate including toth the convective and diffus

fiows, k mol/sec,

and subscripts stand for:

1=

(]

9]

-
a

[

€1)



Note that

h = M = }

mmmi (Iw)h’e uwh (2)
and

() o= O = () €3)
and thus, eqn. (A4-1l) becomes

(Hw)h nh,i + (Mw}c n ’

= () P M N '
(Jw)h nh’e + (Mﬁ)c nc,e'+ (Jd)h nh’z + (Iw)c nh,l (4)

Furthermore, assuming that no leakage exists, the material balance can

be reduced t¢ the expressions:

un
—

n, . =n =n,.
T3 h,e n (

and

n_ o, =n = 1 (6)
853 c,e

'®)

ENERGY BALANCE

Application of the first law of thermodynamics to the system having

negligible potential energy, kinetic energy, etc., and no leakage, leads to

s T i 2 Al
] - [Bny, + Bay,

——

0 = [(3, nh)i + (3, n)y

+ W_ o+ W

. -ty < 1ol
p1! sl = 140 = 10y (7

Becausa of esquations (5) and (6), this equation becomes



0= (Bh,inh * Bc ng) - (sh,enh ¥ Bc,enc)

,i%¢c
f I |
* ]wPll + IWPZI - iQ[JI - l(wx)0| (8)
where
|wPl| = work supplied to pump Pl
IWPZ[ = work supplied to pump P2
](Wx)ai = work loss from the walls of the system to the environ-
ment except that due to the expansion of the boundaries
of the system
|Q0| = heat loss from the walls of the system to the environment

3 specific enthalpy relative to the dead state

3 1s defined as (see, e.g., Szargut and Petela, 1965; Fan and Shieh, 1980)
3=h-~hy (%)

and its dependence on temperature and pressure is shown to be:

(h - hg) - (ho - n.)

o= O)
T p
. 0 To.an. © L3k
= (v -hy 7 &gt 5 @G gy
U J = cP T
TU PO
T P "
= 0 ehy s o ar+ . w-18Y ] @
D P 50 31°pP (10}
T
where superscript O refers to the standard state and subscrist 0 to the
dead state.
By letting,
.0 O
37 = - hy (11}
T
g 7 I Tyl (12)
L



l_\
|
Ln

and

3, = 1 v-189,] @
? 20 -5 (13)

equatioﬁ (10) is expressed as

0
3 = B +3,+3, (14)

i

ENTROPY BALANCE

Application of the second law of thermodynamics to the svstem leads

)

to
g = . y T N - % Y i o SO . .z
[Crgm )y refedsd = [lrnd, + (v a0, = ot 5

o1

; 0|

s = =(v. .m + - o ol . G o M
( n,it T Te, 1% (rn,a“n Yc,enc} T (135)

v = 3peciiic encropy relative to the dead stacs

v 13 definad as (see, e.g., 3zargut and Petela, 1963; Fan and Shieh, 1980}

4 =2 s - 30 (17)
and ios depandence co the temperaturs and orsssure czn e shown oo ba:
2 J
¥ o= 45— F) % (58 —~ 5.
U
J = 2
{ = .38 -
pa 5 - 732 : 23 -
T s =md g Gs T L p ). dF]
2 g TS 5 ¥ T
T ?
o - =2
'D — '_..: ® A'.f
I « . e 3 . BN
= 8 — 5 = Er = & el 27 i
\ G) 43 7 o .r (E‘T)P (J.S,



inus, by lacting
0 _ 0
7 = 3 - =
- 3
T
L C.ﬂ
r E ] JF...._"..d""'
aal -
g T
-0
&
and
D
£ ,,‘v
J
g ™ - 1 GDp 4P,

AVAILABLE ENERGY BALANCE

Eliminacing IQ

!
a ]

s By r ’ - .
) 2 b (8. o ™ ITom o« b n, B o o~ T
9/ Cha - T O(n,L) 2 ( Tyl 8]
- Tn, (8 w Tow.  § dea 44 "
““h ““n,e 0'hya’ ¢ Te,s
-1 . ¥
+ DWW, W = )
Lippl T g = 1]
Rearranzemenc zivas
[{T.=) + 1 (W '] o= (o= +n e ) o=
L\A-b_r) N x)o‘, s 1, 1 .:_C!;) \.-Lh
- fre [ re
"1 "oz
where ¢ Is the specilic axergy; it is Zafined as (see,
Gaggioli, 1%61; Szargut and Petala, 1963; Riskert, 1974;

rom equations (8) and

(21)

(15), we have

.
Ny
Syt
‘-
b
A a
Q,s
(23)
-z}
h,e £72, 8

2.2., Kesnan, 1941;

rif

N

an and Shieh, 15450)
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"
i

(h - no} - TO(s - SO)

]
w
1
= |

QT (25)
and, from equations (11) through (14) and equations (19) through (22),

its tamperature and pressurs dependencs is

0 0 t T9
e = (3 -yl F ¢ o 1.5 dr
TO
P .
5V
- -7 E;—-"l ] ar s
+ OJ' [‘V \T ..O) K\ET/PJ - (a-a)
2
Therefore, by letrzing
o G . 0
R ¥ ) R27)
T T
0
Em = I {1 ~ =) 4T
2 . S L= d (28)
T /
and
? -~
g = L lv-T-1) (1 e, (29)
9‘9 O o -

equation (26} becomes
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IRREVERSIBILITY
Substituting equatiom (39) into equation {24), we have
+ ]G
(T + | ()]

Q . ;
=y Ly g ¥ ey Gepdy gl + (6D |+ (e L+ (e, 13

y g Cc,1

0
SO IGE) * ey ey, T4 lGD e ) )

+ IwPli + |W

22| (31)
Note that
0 0
(e)y,y = (€, (32)
and
Q 0
(e )C’l = (e )c,e {33)

and thus, equation (31). beccmes

(T, + (V) ]

Two special cases ares considered:

a. Suppose that the pressure drop in each stream betwesn the inlet and

outlet is negligibls; we have

CGodp,s = Gplye (35)



and

and thus, equation (31) becomes

[(Ty9) + [ (00,11

= 1y [legdy 3 = Ceply I Fm Do) ;= (e ]

SR LIPS

If the specific heat,

» 8 I
Em cy [(T-T) - TO in 5 ]'

~
&

Substituting this expression into equation (37)

(@) + ()]

h,i
= n_ c 5y - - TL: et
hS,n (Tht " The! ~To 2 T ]
Tc
+ T, - - T insSE
R CP,c L I Tc,e) B¢ Any !
c,e
N P | -
T-irPl‘ + EWPZ[

(37)

Cps is constant in each stream, equation (28) becomes

(29)

4-9

b. Suprose that the snergy loss from the walis of the system to the en-

& F3 D S A 2% )
virorment, [iGyi + VW)

%<0
beccmes
0=¢(3 .. +3 .n) - (8 =g, B
““h,i'n c,ic ,en “c,ec
+ w1 oa in
in?li ‘WPZ

Subscitution of equation (14) in+to this exprassion gives

1, is negligible; the energy balance,

equation (8)
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g

- 0 50
0= fm L&Dy 4 + By 3+ (Bpdy (1 +n [, + (B g+ Bp) 41l

T’h,1

- in (@Y, + (3 + (8, 1+a Y  + 3.
®h h,e T’h,e P’h,e c Gy T g,e

3 3

+ (BP)c,e]} + [, |+ iwpzi (41)
Note that
8%, ;= @Yy, (42)
and
8%, 4 = 6%, (43)
and thus, equation (41) becomes
0 = m (LGB 4 = Gy 1+ 1), ;= )y D
+a i, ;- B, T+ 16, 4 - B, 1
+ gw?l| + W (445
If the specific heat of mach stream is constant and the pressure drop
along each stream between the inlet and outlet is negligible, we have
3p = S(T-19 (45)
and
(SP)i & (EP)a (56)
and thus, equation (44) beccmes
g = nh“?,h (Th,l - Th,a) ” nb :P,c (Tc,l - Tc e)
FWpy | + WL, G7)
Substitutiocn of this equation into equation (39) yields
(Tz) =T, [a.c_ . ln:‘:—h'—a-i-n c 1n£_:—£_1 (43)

| 0 h P,k *n,i ¢ P,c

0
-
[



THERMODYNAMIC EFFICIENCIES

Qualitatively speaking, the efficiency of any process svstem can be
expressed as the effectively utilized fraction of mass, energy or avail-
able energy which has been supplied to the system. Therefore, three
broad classes of efficiencies can be defined. Thev are the mass utili-
zation efficiency and the thermodynamic first-law and second-lawv effic-
iencies,

From the mass balance, equation (1), the energy balance, equation (8)

and the available energy balance, equation (24), the mass utilization

"

fficiency, Ny s and the thermodvnamic first-law and second-law process
4

efficiencies, (w-) ., and (n.,)_, are expressed, respectivelv, as
b Wi i P

_ (usable mass output)
m (mass input)

_{usable anerzvy output)

("1)9 (energy input)
(a3 (usable available energy output})
12'p (available enerzv inpuc)

ror instance, if both the hot-stream and cold-scream oufputs are recovers
4

oy usable, Ty (ry, )5 and (121? are:

(%), n.] —~ [(_:'z'v..-:}C n_|

(108

- n nh'e c
- = - -
v (’.1; = . P 1
jul {\LJ)h nhji [ )c..cji
ra a4 = 5
{3. v T E o
(n) Hhoe T Pa, s Vet
nl o '(Q . B R 1 A ET" T
~ n, T 2 n ) t W + W 1
“hoi Th T Ce,i e’ TRl T Mp2y
and
(= L T~ £ A )
(nn)P _ *“h,e h c.2 o
= = T T T T
{z, ., n_*t = o) T oW R W,
h,i 'k c,i Ve 1'pLl {72
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(49)

(30)

{31)

(52)

{53)

(54)
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Also from equations (8) and (24), the thermodynamic first-law and second-

law incremental efficiencies, (nl) and (nz)D, are derived, respectively, as

D
o Gpyi ~ Bped Yo P2 |
and
n (s -
in.). _c _c,e c,i (56)
£ R N Tt lell i ‘szl

Note that all the development presented so far, which is for single-
component systems, can be extended to multi-component systems in a straight-

forward way.
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NUMERICAL EXAMPLE

A gas—to—ailr heat exchanger is often used te preheat combustion air
through heat exchange with hot flue gas. The flue gas has the following

characteristics.

M = 20,000 kg/hr
413 = 1033.15 K

n,i
Th,e = 853.15 K
cP,h = 0.35 kcal/kg X
Eh,i = 1.0 atm

P = 1,079 atm

h,e

0

3 = 147.2 keal/kg
<0

= 45.93 keal/kg
Mw = 25.6 kg/kmol

The characteristics of the combustion air are as follows:

M, = 9,500 kg/ar
T . = 2%8.15K
&yl
T = 813.153K
c,e
CP,c = 0.23 keal/kz K
2, = 1.0 atm
L
P = 1.09%4 atm
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0 =0
EO = 0
Mw = 29 kg/kmol

Work requirements for blowers Pl and P2, are as follows:
= LA ord -
’WPli 44,100 kecal/nhr

W = 13,500 kecal/hr

22|

Assuming ideal gas behavior for both the flue gas and combustion air, we

have from equations (12), (13), (28) and (29)

0
= i
By p (T -T7)
p
Bp = f [v-T % ] dp
20
= 0
. N T
sp = LP [(T T TO LN 0 ]
and
P
— ™ .'31*13
g T I [v - (T = TO) p 1 cf
o0
P
= T R in—=
0 PO
Thersfora,
] = - 7 —_2.1_
(pf)h,i 0,35 (1333.153 98.13)
= 257.3 kecal/kg
(ﬁP)h g - 0



(3p/

c,e

0.35 [(1033.15 - 298.15) - 298.15 gn +33:32

298,

127.6 kcal/kg
0
0.35 (853.15 - 298.15)

194.3 kecal/kg

0
853.15
- — 9 S22.12
0.35 [(853.15 298.15) 298.15 2n 293.15 ]
84.54 kcal/kg
1.987 . 1.079
298.15 x 35.6 on 1
1.760 keal/kg
0
o]
0
0
0.25 (825,15 - 2¢98.15)
131.8 keal/kg
0
; . 825.15
0.25 [(825.15 - 298.15) - 298.15 ain 593.15 ]

55.87 keal/kg

1.987 . 1.0
29 U1

298.15 x

1.835 kcal/kg
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By letting HaV and Aex indicate the energy and available energy contents,

respectively, we have

0
Hav = B * BT + BP)
and
A= MG e el
“ex P Sp © Rp
Therefore,
= 72 D)
(Hav)h,i 20,000 (147.2 + 257.3 + Q)

= 8,090,000 kcal/hr

(Hav)h,e = 20,000 (147.2 + 194.3 + Q)
= 6,830,000 kcal/hr
(Hav)c,i =1
(Havjc’e = 9,500 (0 + 131.8 + 0)
= 1,252,000 kecal/hr
= 20.0 5.03 4 127
(Aex>h,i 20,000 (45.93 + 127.6 + Q)
= 3,471,000 kecal/nr
(4 ), = 20,000 (45.93 + 84.54 + 1.760)
ex’'n,e
= 2,645,000 kecal/hr
A )y . =20
ex'c,1
(Aex)c,e = 5,500 (0 + 53.87 + 1.835)

= 548,200 kecal/nr



4-17

Therefore, from the energy balance of the system, the energy loss from the

walls of the system to the environment is

+ (B D). ]

[|QDI * [(Wx)ol} av)h,e aviec,e

[y g + W), 41 - [

avic,i

Wy |+ Wy

(8,090,000 + 0) - (6,830,000 + 1,252,000)

+ 44,100 + 18,500

(]

70,600 kcal/hr

From the available energy balance of the system, the available energy diss-

ipation is

[(Ty?) + [ W )gl] = (A, .+ G, J- 1@, _+ @ ]

ex h,i ex’c,i , e gx’c,e

+ (Vo |+ (W5,

(3,471,000 + 0) - (2,645,000 + 548,200)

+ 44,100 + 18,300

340,400 keal/hr

For the case where both stream outputs are not exhausted to the environment,

i.e., operating mode Pl, the mass utilization efficiency, (nm)PT’ and the
£ -

thermodyranic first-law and second-law process afficiencies, (n and

)Pl

|

(nq)Pl, can be calculatad from egquations (52) through (54) as

20,000 + 9,500 .,
(ng?p1 = 35,000 + 9,500 * *9%°

= 1004



fo % . 6,830,000 + 1,252,000 150
N1’p1 8,090,000 + O + 44,100 + 18,500 =

= 99.13%
e 2,645,000 + 548,000 100
M27pl 3,471,000 + 0 + 44,100 + 18,500 = *

= 90.37%

For operating mode Pl, the mass, energy and available energy flow diagrams
for the counter=-current heat sxchanger under consideration are shown in

Figs. 2, 3, and.4, respectively. Similarly, for operating mode_P2

where only the hot-stream output is usable, we have

(n)p, = 67.80%
(n)p, = 83.78%
(nz)Pz = ?4-85%

and for operating mode P3 where only the cold-stream output is usable, we

have
(nm)P3 = 32.20%
(ql)P3 = 15.36%
(HZ)PB = 15.52%

The thermodynamic first-law and second-law incremental efficiencies can be

calculatad by equations (55) and (56) as

(1,252,000 = 0)

- = — x 100
(ny)p (8,090,000 - 6,830,000) + 44,100 + 18,500 .

54.66%

(548,200 - 0) .
‘ = : = x 100
(y)p (3,471,000 - 2,645,000) + 44,100 + 18,300

6l.69%
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ex

GREEK
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available energy, J or kecal

specific heat at constant pressure, J/kmol-K or J/kg«K
energy, J or kecal

molar enthalpy, J/kmol

mass flow rate, kg/sec or kg/hr

molecular weight, kg/kmol

molar flow rate imcluding both the convective and diffusional
flows, kmol/sec or kmol/hr

pressure, atm

heat loss from the system per unit time, J/sec or kecal/hr
molar entropy, J/kmol

temperature, K

specific volume, m3/kg

work per unit time, J/sec or kcal/hr

work loss to the environment except that due to the expansion
of the boundaries of the svstem per unit time, J/sec or

kcal/hr

enthalpy relative to the dead state per unit mole or mass,
J/kmol or kecal/kg

chemical enthalpy per unit mole or mass, J/kmol or kcal/kg
pressure enthalpy per unit mole or mass, J/kmol or kecal/kg
thermal enthalpy per unit mole or mass, J/kmol or kcal/kg
entropy relative to the dead state per unit mole or mass,

J/kmol+K or kcal/kg-K



(nz)D

SUBSCRIFTS

Pl
B2
SUPERSCRIFTS

0

chemical entropy per unit mole or mass, J/kmol-K or
kecal/kg K

pPressure entropy per unit mole or mass, J/kmol.K or
kcal/kg-K

thermal entropy per unit mole or mass, J/kmol.K or
keal/kg K

exergy per unit mole or mass, J/kmol or kcal/kg

chemical exergy per unit mole or mass, J/kmol or kecal/kg
pressure exergy per unit mole or mass, J/kmol or keal/kg
thermal exergy per unit mole or mass, J/kmol or kcal/kg
mass utilization efficientcy

thermodynamic first-law incremental efficiency
thermodynamic first-law process efficiency

thermodynamic second-law incremental efficiency
thermodynamic second-law process efficiency

created entropy per unit time, J/K.sec or kcal/K.lr

dead state

cold stream
outlet

hot stream

inlet

leakage

pump or blower Pl

pump or blewer P2

standard state

4-20
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Fig. |, Counter-current heat exchanger,
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THERMODYNAMIC ANALYSIS OF
A BIOMASS PYROLYSIS PROCESS

A great deal of effort has been devoted to the development of processes
for utilizing biomass as an energy source because of the continual decline in
the availability of natural resources. The biomass pyrolysis system
under consideration consists of a pyrolizer and a burner-boiler; it recovers
energy from refuse by producing steam.

Several articles have been published dealing with energy comservation
in the pyrolysis process. Lewis (1976) discussed several configurations
of the process and made comparative analysis based on the material and
energy balances. Otoma and Gotoh (1979) applied the second law of thermo-
dynamics for analyzing the system. Recently, formulas for estimating more
precisely the energy and available energy contents of structurally compli-
cated materials, such as coal and biomass, have been developed (Shieh and
Fan, 1982); these formulas are yseful for analyzing process systems, e.g.,
the pyrolysis system under consideration, based on the first and second laws
of thermodynamics.

The purposes of this chapter are:

1. to establish the rigorous mass, energy and available
energy balances for the pyrolysis system by taking
into account the material leakage, energy loss and
available energy dissipation from the system to the
surroundings,

2. to evaluate the thermodvnamic first-law and second-law
efficiencies of the system, based consistently on the

balances, and



3. to identify sources of thermodynamic inefficiency in
the system indicated by the balances and efficiencies,
and to propose some possible means for reducing or

eliminating such sources of inefficiencies.

For convenience, some of the governing equations for this system analysis,

derived in Chapter 3, are repeated in the succeeding sectiom.



THERMODYNAMIC BACKGROUND

For ease of presentation and convenience, let us visualize a system
shown in Fig. 1. This overall system contains several systems including
system A, which is a steady-state open flow system with multiple input and
output streams, system M1, a heat source at temperature Tml’ system M2, a
heat sink at temperature Tm2’ system N1, a work source, system N2, a work
sink, and even the environment surrounding all these systems, D. As the
preliminaries to the present work, equations of the mass, energy, entropy and
available energy balances around the open flow system of our concern, system A,
in Fig. 1 are presented as well as the definition of the mass utilization
efficiency and those of the thermodynamic first-law and second-law efficiencies
of the system (see, e.g., Keenen 1941, 1951; Rant, 1956; Denbigh, 1956, 1971;
Szargut and Petela, 1965; Evans, 1969, 1980; Riekert, 1974; Gaggioli and
Petit, 1977; Fan and Shieh 1980; Fan et al., 1982). Since we are concerned with
a steady-state flow system, all the resultant balances are independent of time.
For convenience, however, all the terms involved in these balances are considered
to be on the unit time basis.

Mass Balance

Application of the law of mass conservation to system A leads to
= 7 M 7 T
%{Z(Mw)knk]i L[Z(Jw)knkje + L[F(Mw}knk]SL (1)
ik e k U 4
where
Mw = molecular weight

n = molar flow rate through the system including both the convective
and diffusional flows at the inlet or exit of system A

k = subscript designating material species
i = subscript designating the inlet
e = subscript designating the exit

2 = subscript designating leakage



It is not uncommon that one or more of the exit streams are discarded
because they contain by-products considered to be useless or wastes.

Therefore, equation (1) can be conveniently rewritten as
IM; = IM_ 4+ IM_ .+ IM (2)

In this expression, the left hand side, ZMi’ is the overall input of mass,
corresponding to the left hand side of equation (1); the first and

second terms of the right hand side, EMe, and EMe,d’ ara the usable and dis-
carded parts of the mass output, respectively, collectively corresponding to
the first term of the right hand side of equation (1); and the third term,
EME’ is the leakage, corresponding to the second term of the right hand side

of ‘equation (1).

Energy Balance

Apﬁlyiug the first law of thermodynamics to system A and assuming

that potential energy, kinetic energy, etc. are negligible, we have

[z By my + 1]+ Iy
ik

= [ B mde TGl + 1+ e B o))
+ Loyl + Tyl (3)
where
{Qll = heat transmitted from system Ml to system A
lQ9l = heat transmitted from system A to system M2
]Qol = heat loss from system A to the surroundings
|W1] = work supplied from system N1 to system A
|W2] = work supplied from system A to system N2
[(Wx)oi = work loss to the surroundings excluding that due to the

expansion of the boundaries of system A



8 = partial molar enthalpy relative to the dead state

8 is defined as (see, e.g., Szargut and Petela, 1965; Rodriguez, 1980;
Fan and Shieh, 1980)

8=h - _o’ (4)

and thus, it can be written

= =l s

=h-nh +h - hy
- T h
=(h—h0)+[f(—"—)d1‘+4( )dP]
0 T
N P
-0 T . P
= 3 +[f( )dT+J"( )dP] (3)
T B E
where
70 .50
8" = h ho (6)

From the definition of h and the Maxwell relationship, equation (5)

can be rewritten as

'I‘ ey
3=80+ /T + [V - T35 1dP (7
0 50 P

where superscript O refers to the standard state and subscript 0 to the
-0 ; :
dead state; 8 may be named the partial molar chemical enthalpy.
When one or more of the exit streams are discarded to the environment

as wastes, equation (3) can be conveniently expressed as

(28, ). 1= (2@ ) +EE ) ]+ [E@)I+EE )] @

av’i avie,u av'e,d v'e

The left hand side, E(Hav)i’ in this equation is the total energy input
in forms of enthalpy, heat and work; the first term of the right hand

side, Z(H. )e , the usable portion of the energy output in forms of

s U

enthalpy, heat and work; the second term, h(H the portion cf the

e a’

energy output associated with the discarded material streams; the third
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term, E(Hav)g’ the energy associated with the material leakage; and the last
term, E(Hav)c‘ the energy consumption which consists of heat loss through
the wall, IQO" and the work loss, E(Wx)ol. There exists a one-to-one cor-
respondence between the equivalent terms in equations (3) and (8), all
bracketed by { ].

Suppose that il number of the inlet streams can be identified as the
streams which lose their enthalpy contents to become el number of the exit

number of the leakage streams, and i, number of the inlet

streams, and 2 2

1

streams as the streams which gain their enthalpy contents to become ey
number of the exit streams and 29 number of the leakage streams during their

passage through system A, Then, equation (3) becomes

{(z(B,n), + Z (En). 1 +|qQ |+ W]
ilkkkll iq,kk“klz__ 9 1

= {{Z (Zg,n ) + T (B&n) 1+ |q |+ W]}

- kknk e | L ke, 2 2
1 2

+ {[Z (zgknk)ﬁ + % (Egknk)ﬂ., + |Q’O] + W ) 1} (9)

El k 1 22 2

Since the separately identifiable material streams act either as energy sinks
or as energy sources to system A, it is often convenient to rewrite this equa-

ticn, by. grouping the corresponding terms, as

([2@em), = 2(n) - 1(28n) 1+ Clag i+ wylh
i, k 1 e, k 1 1.k I
5 1 1
- trasmg, * IGRRg, - DRI, 1+ [1Qp] + [W, |1}
e, k 2 22 ke 2 i, k 2

+ oyl +lw ol (10)
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This equation can be rewritten as

(z(H_ ).}

i = EE ) F{TE )} (11)

D ol

where {Z(Hav)i}D is the energy transferred to system A from the energy sources,
including heat sources, work sources and process streams which lose energy
contents during their passage through the system, {E(Hav)e}D is the energy
transferred by system A to the energy sinks, including heat sinks, work sinks
and process streams which gain energy contents during their passage through

the system, and {E(Hav}c} is the energy consumption due to the loss through

the walls of system A. In other words, there exists a one-to-one corres-
pondence between the equivalant terms in equations (10) and (11), all grouped
by brackets, { }I.

Entropyv Balance

The entire system shown in Fig. 1, including the surroundings, is iso-
lated; thus, the statement of the second law of thermodynamics can be

expressed as

5] i
— i l
t(Zy,m )}, +
ik 2 .rml
T S 12,1 191
B b(EYknk)e L(z!knk%f+ 7 tor T (12)

e k 2k ) m2 0

where g is the created entropy or entropy generation in the system and ;
is the partial molar entropy relative to the dead state; it is defined as
(see, e.g., Szargut and Petela, 1965; Fan and Shieh, 1980)

Y = s - sq,

and thus, it can be written as



§=§—§0+‘§O-E
0
T - P —
-0 - 3s 3s
= 5 - + ——— —-—
=3 ¥ L1 (Gpdp dT+ 1 (35 ), aF] (14)
T P
By letting
—0 =) ==
Y ] -—SO (15)

and applying the definition of s and the Maxwell relationship to equation (14),

we have

T = P
- 0 P
Y = y +1 —dr -1 (XY gp (16)
5 T ,eT P
T P

=
where y may be called partial molar chemical entropy.

Available Energy Balance

Combination of the energy balance, equation (3), and the entropy bal-

ance, equation (12), gives rise to
m

= _ 0

T
s 0 e
= [z(fen) + |Q (1 -=—) + |W |] + [z(en),]
stk e 19,1 T, [, | e 3
F O] + (o] (2%

where ¢ is the partial molar exergy.and is defined as (see, e.g., Gaggioli,

1961; Szargut and Petela, 1965; Riekert, 1974; Fan and Shieh, 1980)
€= (h-H,) - Ts(s =5 (18)
a - (h ho) TO(S So),

and thus, this equation can be transformed as
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of
T T
. i D - 0
(30 TOY)+IcP(1—T)dT
0
T
P —
v iv-(r-T) (X1 (19)
0 0 oT "P
P
By letting
—0 -0 0
s = 8 - I 5 (20)
we have
T T
- -0 —
E = ¢ *+ Cp (1 - . ) dT
0 T
T
P _ g“j
+1 [v-(T-7T) (££).] ap (21)
0 5T "P°
0
P
—0 . ;
where ¢ may be named partial molar chemical exergy.
Similar to equation (8), equation (17) can be expressed as
[Z(Aex)ij - [E(Aex)e,u % E(Aex)e,d} + [Z(Aex)z] * [Z(Aex)dis] (22)

where Z(Aex)i is the total available energy input associated with the ma-

terial streams, heat and work, Z(Aex)a

the usable portion of the available

energy output associated with the material streams, heat and work, :(Anx)e 4
o 3
the portion of the available energy output. associated with the discarded ma-

terial streams,.Z(Aex)x the available energy associated with the material

. - D . . . . . . . |,‘ l
Jleakage, and L(Aex)dis the available energy dissipation containing ’(MK)G and

(TDO)' All terms grouped by square brackets, [ ], in equation (22)
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correspond in order to those in equation (17). Also similar to equations

(10) and (11), it is often convenient to rewrite equation (17) as

{[z (Ze,n), -1 (Ze.m) %
ilkknkil elkkkel.z

To
+ [lQl[ (1 = N ) {WIIJ}
ml

+

= {[z (Zg,n,) +3: (fe.n) -5 (fe,n ). ]
ezkkkez PR R S i g kK1,
2 2
e )
+ [, @ - :f;;) W, |1+ (W) ] + (Tyo)} (23)
and
{E(Aex)i}D = {E(Aex)e}D+ {Z(Aex)dis} (24)

whers {E(Aex)i}D is the available energy transferred to system A from the

energy sources, including heat sources, work sources and process streams

which lose available energy contents during their passage through the sys-

tem, {(I(A x)e}D is the available energy transferred from system A to.the energy
sinks, including heat sinks, work sinks and process streams which gain avail-

}

able energy contents during their passage through the system, and {E(Aex)dis
is the available energy dissipation. In other words, all the terms grouped

by brackets, { }, in equation (24) correspond in order to those in equaiten
(23).

Thermodynamic Efficiencies

Qualitatively speaking, the efficiency of a system is the effectively

utilized fraction of mass, energy, available energy or any other gquantity or



LAF.

commodity, which has been supplied to the system. From the thermodynamic
point of view, three broad classes of efficiencies can be defined: they are the
mass utilization efficiency and the first-law and second-law efficiencies.

From equation (2), the mass utilization efficiency can be expressed as

L Me u

n M
m Z g

The first-law process and incremental (or extractive) efficiencies of a

process system can be expressed from equations (8) and (11), respectively,

as
(£, ), ]
(npp = [”(Hav) - 26
“Vay’ i ] (26)
and
(n.) s {Z(Hav)e}D
T p (ZCH ).}, (27)

Similarly, the second-law process and incremental efficiencies can be

expressed from equations (22) and (24), respectively, as

[z¢a_ ) ]
.) = .__.._'?'_Jf_f_’_l‘.‘_. (28)
Y [L(Aex)i ]
{zA_ )}
(n ) = -_.__._e_:.{__e__.D.. (29)
2y {Z(a )i}D

The thermodynamic process efficiency, as defined by equation (26) or (28),
is mainly concerned with the conservation of energy or available energy. In
contrast, the thermodynamic incremental efficiency, as defined by equation
(27) or (29),is mainly concerned with the transformation of energy or

available energy.
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COMPUTATIONAL PROCEDURE

Equations (2), (8), (11), (22) and (24) indicate that, broadly
speaking, the causes of thermal inefficiency are: (a) energy loss
from the walls of the system to the surroundings, [Z(Hav)c], (b)
available energy dissipation due to all types of irreversibilities,

[Z(A {(c) combined effect of the energy loss associated with

ex)dis]’

the discarded material streams and the material leakage, and that

from the walls of the system to the surroundings, [IZ(H +

av)e,d

E(Hav) + E(Hav)c]’ and (d) combined effect of the available energy

L

loss assoclated with the discarded material streams and the material

leakage, and the available energy dissipation due to all types of

irreversibilities, [Z(A ) + Z(Aex)l + Z(A ) g

ex’e,d ex’dis
Explicit inclusion of the expression for the mass balance, equation
(2), and that for the mass utilization efficiency, equation (25},
in the present approach has been prompted by the fact that the material
wastage and leakage can affect drastically and negatively the thermo-
dynamic efficiencies of the process system as indicated by equations
(26) through (29)., Furthermore, [Z(Hav)c] is imbedded in [Z(A ) ]

ex’dis

" . .
and [E(Hav)e,d + E(Hav>£ . Z(Hav)c], and these quantities, in turnm,

la ) ]. Thus, the principle

e T
are imbedded in [Z(A ) + “(Aex) ex’dis

ex’e,d 2 *

of cptimality (Bellman, 1957) indicates that a logical sequence exists

for thermodynamically analyzing a process system to identify the nature

and sources of thermodynamic inefficiencies. The sequence is as follows:
Step 1. Evaluation of the material wastage, ZMe,d’ and the

material leakage, EME’ by equation (2) and the mass

utilization efficiency, N by equation (25).



Step 2, Evaluation of the energy consumption, [Z(Hav)c], and

the first-law incremental efficiency, (nl)n, by equations
(11) and (27), respectively.
Step 3. Evaluation of the available energy dissipation, [E(Aex)dis],

and the second-law incremental efficiency, (nZ)D’ by
equations (24) and (29), respectively.

Step 4. Evaluation of the energy loss, [Z(Hav)e, + E(Hav)z

d
e EfHav)c], and the first~-law process efficiency,

(nl)P, by equations (8) and (26), respectively.
Step 5. Evaluation of the available energy loss, [E(Aex)e,d
+ E(Aex>2 + Z(Aex)dis]’ and the second-law process efficiency,
(ny)p, by equations (22) and (28), respectivley.
The results will indicate the possible remedial measures for reducing
or eliminating the sources of thermodynamic inefficiencies identified.

The large values of [Z(Hav)clanﬁ {E(Ae ] tend to give rise to low

x)dis
first-law and second-law incremental efficiencies, respectively, and

i
* “(Aex)

L

L + ‘
the large values of [E(Hav)e,d +I(H ), E(Hav)c] and [chex)e,d

+ E(Aex)dis] tend to yield low first-law and second-law process

efficiencies, respectively.
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PROCESS DESCRIPTION

The process under consideration consists of three subsystemns,
namely the pyrolizer, the pump, and the burner and boiler as shown in Fig.
2. This process is fed with 1,000 kg/hr (2,205 1b/hr) of refuse to gener-
ate 1,772 kg/hr (3,907 1b/hr) of steam which is used for power generation
(see, e.g., Kaiser and Friedman, 1967; Lewis, 1976; Otoma and Gotoh, 1980).

Pyrolizer subsystem

The pyrolizer is of the indirectly heated and rotary kiln type. The
refuse, which is composed of carbon, hydrogen, oxygen, moisture and ash, is
fed into the pyrolizer to produce char, which is discharged at 1,033.15 K
(1,860° R), and pyrolysis gas. A portion of the pyrolysis gas is burnt
in the pyrolizer to maintain its temperature. The remainder of the pyrolysis
gas together with the exhaust from the fire box of the pyrolizer is the
product gas at 1,033.15 XK (1,860°R) which is used as fuel gas in the burner
and boiler subsystem. The compositions of the refuse and the char assumed
here are shown in Table 1 and the components and their concentrations of the
product gas in Table 2.

Pump, and Burner and Boiler Subsystems

The pump subsystem consumes 1.45 x 103 kcal/hr (1.686 kwh/hr) of energy
to compress water from 1 atm (l4.7 psia) to 25 atm (367.5 psia), and sup-
plies the high pressure water into the burner and boiler subsystem.

In the burner and boiler subsystem, the product gas mixed with air is
combusted to generate steam at 533.15 K (960° R) and 20 atm (294 psia).

Flue gas, whose components and their concentrations are tabulated in Table
2, is discharged at 533.15 K (960° R).

Operating Modes

In this work, four operating modes are congelved for the biomass

pyrolysis system under consideration. They are the following:



Mode P1.

Mode P2.

Mode P3.

Mode P4.
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Steam is recovered as the only useful product from the
entire svstem.

Steam and flue gas are recovered as useful products from
the entire system.

Steam and char are racovered as useful products from

the entire system.

All the products are recovered as useful products from

the entire system.
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RESULTS AND DISCUSSION

Computational results are presented in Tables 1 through 4. Table
1 gives the compositions, the specific chemical enthalpies, BO, and the
specific chemical exergies, eo, of the refuse and char (Fan and Shieh,
1982). In Table 2 the components and thelr concentrations, and the
specific chemical enthalpies and exergies for the product gas and
the flue gas are listed. Table 3 gives the flow rate, temperature,
pressure, enthalpy relative to the dead state and exergy of each
process stream, and work requirement. Table 4 contains the energy
consumptions, [Z(Hav)c], their percentage contributions to the total

1,

energy consumption, the available energy dissipatioms, [E(Aex)dis
their percentage contributions to the total available energy dissipation
and the thermodynamic first-law and second-law process and incremental
efficiencies of each subsystem and the overall system for the four
operating modes, Pl, P2, P3 and P4.

As a whole, the biomass pyrolysis system under consideration requires
1,000 kg/hr (2,205 1b/hr) of refuse, which has 2,583 x lO3 kcal/hr
(10,812 x lO3 kJ/hr or 10,247 x 103 Btu/hr) of energy and 2,685 x 103
kecal/hr (11,242 x 103 xJ/hr or 10,654 x 103 Btu/hr) of available energy,

3 kJ/hr or 428.7 x 103 Btu/hr)

and loses 108.1 x lO3 kcal/hr (452.3 x 10
of energy from the walls of the system to the surroundings and 1,372 x 103
keal/hr (5,741 x 103 kJ/hr or 5,441 x 103Btu/hr) of available energy due

to all kinds of irreversibility. This system produces steam at a rate of
1,772 kg/hr (3,907 1b/hr), which has 1,196 x 103 kcal/hr (5,006 x 103 kJ/hr
or 4,744 x lO3 Btu/hr) of energy and 409.12 x 103 kecal/hr (1,713 x 103 kJ/hr

or 1,623 x 10° Btu/hr) of available emergy. Figures 3, 4 and 5 illustrate

the mass, energy and available energy flow diagrams; respectively, for oper-

ating mode P4 of the system.
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Energy Consumption, [Z(Hav)c]’ and First-Law Incremental Efficiency, (nl)D

Table 4 in conjunction with Fig. 4 indicates that the pyrolizer sub-
system consumes the largest amount of energy , 101.65 x 103 kcal/hr (94.06%
of the total energy consumption). However, this amount of energy con-
sumption is relatively small compared with energy entering this subsystem,
i.e., 3.93% of the energy input as shown in Fig. 4. Furthermore, the
energy consumption in either the pump subsystem or the burnmer and
boiler subsystem is much less than that in the pyrolizer subsystem.
Therefore, only a slight improvement in the first-law incremental
efficiency of the overall system can be attained from enhancing the in-
sulation to reduce the energy consumption.

As no process stream gains energy contents in the pyrolizer sub-
system, it is not meaningful to identify the thermodynamic first-law
incremental efficiency, (nl)D, for this subsystem. The thermodynamic
first-law incremental efficiencies of the pump subsystem, the burner
and boiler subsystem and the overall system are 71.127%, 99.50% and
91.71%, respectively.

Available Energy Dissipatiom, Z(A , and Second-Law Incremental

ex)dis

Efficiency, (nz)D

The available energy dissipations in the burner and boiler subsystem and
the pyrolizer subsystem are substantial as indicated in Table 4 and Fig. 5.
Quantitatively speaking, the burner and hoiler subsystem dissipates the
largest amount of available energy, 703.16 x 103 kecal/hr (51.247% of
the total available energy dissipation), which corresponds to 26.17%
of the total available energy entering the system. This gives rise
to the rather low second-law incremental efficiency of 36.72%.

The pyrolizer subsystem dissipates available energy at a rate of



668.78 x lO3 kcal/hr (48.73% of the total available energy dissipated), cor-
responding to 24.89% of the total available energy entering the system. In
contrast, the available energy dissipation in the pump subsystem is negligib-
ly small, which leads to the relatively high second-law incremental efficiency
of 71.12%. The second-law incremental efficiency of the overall system is
22.97%.

As mentioned previously and also shown in Table 4 and Fig. 4, the amount
of energy consumption in the burner and boiler subsystem and that in the
pyrolizer subsystem are relatively small compared with the energy input to
the system. Therefore, the available energy dissipation in beth the sub-
systems is mainly due to intermal irreversibility, as expected from the nature
of the processes occurring in both t¢he subsystems. A possible way to reduce the
internal irreversibility is to change the operating conditions and/or to
modify the process equipment employed in these subsystems.

L + T ;
Energy Loss, [ (Hav)e,d E(Hav)c], and First-Law Process Efficiency, (nl)P

Table 4 gives the first-law process efficiencies of the subsystems
and the overall system, calculated for the four operating modes, P1, P2, P3
and P4. The char is discarded from the pyrolizer subsystem to the environ-
ment in the operating modes, P1 and P2. In these operating modes, the
pyrolizer subsystem loses the largesc amount of enmergy, at a rate of
838.40 x lO3 keal/hr (32.83% of the total energy input), which leads to the
lowest first-law process efficiency of 67.54%, which is (nl)Pl or (ql)P2 in
Table 4. Note that 87.88% of this loss is the energy associated with
the discarded char, and the rest represents the heat loss from the wall
which is relatively small. Obviously, to improve this first-law process
efficiency, the char should be recovered to the maximum extent possi-

ble. With the char recovered in the operating modes, P3 and P4,
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the first-law process efficiency of the pyrolizer subsystem is elevated to
96.06%, which is (nl)P3 or (n;)p, in Table 4. As expected, the energy
loss from the pump subsystem, which has the first-law process efficiency
of 71.72%, is negligibly small compared with other subsystems.

The flue gas is discarded frem the burner and boiler subsystem in the
operating modes, Pl and P3. 1In either of these modes, the energy loss from

this subsystem, [z(H A+ z(Hav)c], is 549.8 x lO3 kcal/hr (21.27% of

av)e,d
the total energy input), leading to the first-law process efficiency of
68.,50%, which is (nljpl or (nl)P3 in Table 4. In this case, the heat loss
from the wall of this subsystem to the environment is negligibly small;
specifically, it corresponds to 1.1% of the energy loss from this subsys-
tem. Thus, to improve substantially the first-law process efficiency of
this subsystem, the energy loss associated with the flue gas need be reduced.
This can be accomplished by installing an energy récovery unit for the flue
gas. If the steam and flue gas are utilized in the operating modes, P2 and
P4, the first-law process efficiency of this subsystem is: upgraded to
99.66%, which is (nl)PZ or (nl)P4 in Table 4.

For the overall system,the first-law process efficiencies, (nl)Pl, (nl)PZ,
(nl)P3 and (”l)P4 corresponding to the four operating modes, P1, P2, P3 and
P4 are 46.27%, 67.31%, 74.78% and 95.82%, respectivelv. Obviously, installing
energy or material recovery units in the system automatically improves the
first-law process efficiency for the entire system. In practice, however,
this is counterbalanced by the increment of capital cost of the system. A

trade-off analysis need be made for the detailed design.
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Available Energy Loss, [g(Aex)e d + (A ,» and Second-Law Process
3

ex)dis]

Efficiency, (nz)P

Table 4 lists the second-law process efficiencies for the subsystems
and the overall system, calculated for the four operating modes, P1, P2, P3
and P4. The pyrolizer subsystem discards the char in the operating modes,
Pl and P2. 1In these modes, the available energy associated with the dis-
carded char and the available energy dissipation are, respectively,

740,22 x 103 kcal/hr and 668.78 x 103 kcal/hr. The former corresponds to
27.55% of the total available energy input, and the latter 24.89%. This
implies that both Z(Aex)

and Z(Aex) need be reduced substantially to

e,d dis
improve the second-law process efficiency in this subsystem. The way to
reduce the available energy dissipation has been discussed earlier and the
available energy loss associated with the char can be reduced by recovering
it as a useful by-product. In the operating modes, P3 and P4, the char is
recovered so that the second-law process efficiency of this subsystem 1s
improved from 50.22% to 77.79%Z.

The burner and boiler subsystem dissipates the available energy at an

appreciably high rate; [ XA ] of this subsystem is 703.16 x 103 keal/hr,

ex)dis
which corresponds to 26.177% of the total available energy input. In the
operating modes, Pl and P3, the available energy loss assoclated with the
discarded flue gas is 165.35 x 103 kcal/hr, corresponding to 6.15% of the
total available energy input. Therefore, reducing the available energy

dissipation, which has been discussed earlier, is more important. In the

operating modes, P2 and P4, the flue gas is recovered so that the second-law

process efficiency is increased from 32.02% to 44.96%.
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For the entire system, the second-law process efficiencies, (HZ)PI’
(ny)pgs (Ny)pg and (ny)y,, corresponding to the four operating modes, Pl,
P2, P3 and P4, are 15.23%, 21.38%, 42,77% and 48.93%, respectively. It
should be noted that around 50% of the available energy input to the entire

system 1s dissipated due to all kinds of irreversibility.
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CONCLUDING REMARKS

The biomass pyrolysis process has been systematically analyzed from
the thermodynamic viewpoint. The energy loss, the available energy loss,
and the thermodynamic first-law and second-law process and incremental
efficiencies have been evaluated for the four operating modes of the
system,.

The second-law efficiency has been found to be appreciably lower than
the first-law efficiency, indicating the necessity of including the avail-
able energy balance in process analysis and design. The process efficiency
has been f?pndito be substantially different from the incremental efficiency,
indicating the necessity of considering both energy conservation and trans-
formétion in process analysis and design.

Recovering the energy associated with the char and flue gas is essen-
tial for improving the thermodynamic first-law process efficiency, while
recovering the available energy of the char and reducing the available energy
dissipation due to all kinds of irreversibility are essential for improving
the thermodynamic second-law process efficiency. Approximately 50% of the
available energy entering the system is dissipated due to the irreversibility.
The extent of energy loss from the walls of the system to the surroundings

is relatively small compared with the energy entering the system.



NOMENCLATURE

(a_.)

ex’i

(B

ex’dis

(Aex)e,d

(A, )

ex’e,u

(A )

ex 2

{(a )}

ex'e D

{(a_ ).}

ex"1°D

(H )

av' c

(Hav)e,d

(H

av)e,u

(H._ 3.

av' 1

(Hav)ﬂ

D Lk

avie D

{0, b

av’'i'D

5-24

system A

available energy input per unit time, J/sec or kecal/hr
available energy dissipation per unit time, J/sec or kcal/hr
discarded portion of the available energy output per unit
time, J/sec or kcal/hr

usable portion of the available energy output per unit time,
J/sec or kcal/hr

available energy leakage per unit time, J/sec or kcal/hr
available energy transferred from system A to energy sinks
per unit time, J/sec or kecal/hr

available energy transferred from energy sources to system A
per unit time, J/sec or kcal/hr

cutput streams

energy consumpticn per unit time, J/sec or kcal/hr

discarded portion ¢f the energy output per unit time, J/sec

or kcal/hr

usable portion of the energy output per unit time, J/sec or
kcal/hr

energy input per unit time, J/sec or kcal/hr

energy leakage per unit time, J/sec or kcal/nr

energy transferred from system A to energy sinks per unit time,
J/sec or keal/hr

energy transferred from energy sources to system A per unit

time, J/sec or kcal/hr
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partial molar enthalpy, J/kmol or kcal/kmol

partial molar enthalpy at the dead state, J/kmol or kcal/kmol
input streams

material species

leakage

discarded part of mass output per unit time, kg/sec or kg/hr -
usable part of mass output per unit time, kg/sec or kg/hr
mass input per unit time, kg/sec or kg/hr

mass leakage per unit time, kg/sec or kg/hr

molecular weight, kg/kmol

molar flow rate including both convective and diffusional
flows, kmol/sec or kmol/hr

pressure, atm

heat loss to the environment per unit time, J/sec or kcal/hr
heat transmitted from system M1 to system A per unit time,
J/sec or kecal/hr

heat transmitted from system A to system M2 per unit time,
J/sec or kecal/hr

specific entropy, J/kmol:K or kcal/kmol-K

specific entropy at the dead state, J/kmol*K or kcal/kmol*'K
temperature of system A, K

temperature of system M1, K

temperature of system M2, K

temperature at the dead state, K

work loss to the environment except that due to the expansion

of the boundaries of svstem A per unit time, J/sec or keal/hr
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(nl)D
(nl)
(nz)D

(nz)P
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work supplied from the work source, system N1, to system A
per unit time, J/sec or kcal/hr
work supplied from system A to the work source, system N2

per unit time, J/sec or keal/hr

partial molar enthalpy relative to the dead state,
J/kmol or kcal/kmol

specific chemical enthalpy, J/kmol or kcal/kmol
partial molar entropy relative to the dead state, J/kmol*K
specific chemical entropy, J/kmol-K or kcal/kmol°'K
partial molar exergy, J/kmol or kcal/kmol

specific chemical exergy, J/kmol or kcal/kmol

mass utilization efficiency

thermodynamic first-law incremental efficiency
thermodynamic first-law process efficiency
thermodynamic second-law incremental efficiency
thermodynamic second~law process efficiency

created entropy per unit time, J/K+Sec or kcal/K:hr
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0

Table 1. and € ° of
refuse and char.
Refuse Char
(wr k) (wtZ**) .
& 26.0 24,29
H 3.5 0,57
0 20.5 371
Moisture 25.0 —_
Ash 25.0 71.43
Total 100 100
Refuse Char
0% i
37, kecal/kg 2,583 1,951
0%
¢, kecal/kg 2,686 1,038
* 0
B = h™ - hO’
0 . .0 0 _ .
> = (h” - ho) - To(s co).
x%

Total weight or wet basis.
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Table 2. Components, their concentrations,

Bo and so of product and flue

gases.
Product Gas Flue Gas
(weZ**) (wtZx%)
CO2 (g) 10.4 12.5
CZHA (g) 0.7 —
N._7 (g) 38.3 60.5
Hzo (g) 42,9 2942
Organic (g) 2.6 —_—
0, (2) — 1.8
Total 100 100
s r—
Producrt Gas Flue Gas
0* |
8", keal/kg 1,169 147.2
EO*’ kcal/kg 847.9 45,93
0 - 0 _ o _ .
e = (h - hO) To(s co).

*% Total weight basis,
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o - o 5 )
Table 4. Energy consumption, (Hav)c, energy dissipation, (Aex)dis, and
efficiencies of each subsystem and the overall system for each
operating mode.
, Burner
Pyrolizer Pump apid Overall
Boiler System
By
(10° kecal/hr) 101.65 0.4174 - 6.0026 108.07
z @ 94,06 0.39 5.55 100
(Aex)dis
(103 kcal/hr) 668.78 0.4174 703.16 1372.4
z P 48.73 0.03 51.24 £ 100
i i g
| |
)y ”~ = 7 ;"'
(n‘l)Pl 4 | 67.54 7112 68.50 46,27
"1)pg ; 7 ! 57.54 71.12 99.66 67.31
| ] | _
(n,)p3 i l 96.06 71.12 68.50 } 74.78
= F . | ?
' ! 1
(ndp, » % 96.06 ! 71.12 99.66 i 95.82
(n4) 4 50.22 71.12 32.02 | 15.23
ng Pl 3 o * ] e - ; o =
X 50,2 1.1 44,56 21.38
(nz)Pz y 50,22 | 7 2
5 . f 5 71.12 02 | 42,77
("]2).?3 3 /o 77.79 } fd 32 i =+ !
a - - - - J I3 E
(ny)ay » % { 77.79 71.12 ; 44.96 48.93
j i | |
% ‘ -- Tl.i2 9%.50 91.71
(ﬂl)D 3 ] s , 1[
Boeds w B | - 71.12 i 36.72 | 22.97
55 | | |
a) Percentage ccntribution to the total energy consumption.
b) Percentage contributicn to the toral awvailaple enmerzy dissipation.
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Fig.l. Schematic diagram of an open flow system.
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CHAPTER 6

THERMODYNAMIC ANALYSIS OF

AN ANAEROBIC DIGESTION PROCESS
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THERMODYNAMIC ANALYSIS OF
AN ANAEROBIC DIGESTION PROCESS

Anaerobic digestion in wastewater treatment has the function of
stabilizing organic sludges and reducing the sludge volume for ultimate
disposal (see, e.g., USEPA, 1979; Grady and Lim, 1980). The gas produced
in this step éf wastewater treatment contains mainly CH4, CO2 and HZO;
the gas produced has been exploited for various end uses ever since the
discovery of its combustibility. Several means are available for utilizing
this by-product of anaerobic digestion. It can be used directly by means
of combustion for lighting, heating and cooking. It can be also conver-
ted into mechanical shaft work or electricity (see, e.g., Iwai g;_gg,,_1974;
Pacific Worthwest Laboratory, 1981l; Owen, 1982). User requirements, economy,
social demand and environmental concern would govern the mode of utili-
zation of the digester gas.

In this chapter, thermodynamic analysis and preliminary optimization
studies have been carried out for the anaerobic digestion process. The
procedure employed determines the efficiencies of the system from the
viewpoint of the thermodynamic first and second laws; it also enables
us to identify the nature and location of the thermodynamic inefficiency.
The effects of structural modification of the process through incorporaticn

of a gas engine and variation in the operating scheme have been examined.
For covenience, some of the governing equations for this system analysis,

derived in Chapter 3, are repeated in the succeeding section.
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PROCEDURE

The procedure employed in this work is based on the law of mass conser-
vation and on the first and second laws of thermodynamics, which lead to the mass,
energy and entropy balances of a process system. The combination of the energy and
entropy balances gives rise to the available energy balance which, in turn,
yields the concept of essergy under unsteady-state conditions and that of
exergy under steady-state conditions (see, e.g., Keenan, 1%L, 1951: Rant,
1956; Evans, 1969; Gaggioli, 1980; Fan and Shieh, 1980).

In this section, the expressions of the mass, energy, antropy and
available energy balances of an unsteady-state open flow system are present-
ed, and then they are reduced to the corresponding balances of a steady-state
open flow system. The definition of the mass utilization efficiency and
those of the thermodynamic first-law and second-law efficiencies of the steady-
state open flow system are also given (see, e.g., Denbigh, 1956, 1971; Szargut
and Petela, 1965; Riekert, 1974; CGaggioli and Petit, 1977; Fan et. al., 1982).
Figure 1 illustrates an overall process system identified for the purpose
of writing explicitly such balances. It includes system A (an un-
steady=~state open flow system with multiple input and output streams), system
M1l (a heat source at temperature Tml)’ system M2 (a heat sink at temperature
Tmz)’ system N1 (a work source), system N2 (a work sink), and the surroundings,
D,

Mass Balance
Applying the law of mass conservation to system A, transforming from

state 1 at t = 0 to state 2 at ¢ = £, yields



M, () - My 2
t
= I {/¢Z [(Mw)knk(t)] dt}i
i 0k
t
-2 {J L [(Mw),n (t)] dt}
e 0k k'k e
t
- {/ T [(Mw),n (t)] dt}
¢ 0k k k ) (1)

where n is the molar flow rate including both the convective and diffusional

flows. For a steady-state system, this equation becomes

fr Mw),n. ], = Z[ZI (Mw),n, ] + Z[Z (Mw),n, ]

ik k'k'i & & k'k'e Py kk'2 (2)
or

M, = me,u 5 EMe,d + M (3

where 1 stands for the input streams, e for the output streams, u for the
recovered or usable streams, d for the wasted or discarded streams and £
for the leakage streams.
Energy Balance

Applying the first law of thermodynamics to system A, the energy bal-

ance can be expressed as



[Egp(6) = Eyql = [(Bp) o (8) = (B ;]

+ BV, (8) = Vg1 = PR o (8) = (V)]

- o LT U(t)?
=L ; [(B(t) + K (£) + =5—+ .0 n, (£)Jdt},
i 0
t - U(t)?
-i {é lzc [(p(t) + Xg(t) + > + ...)k nk(t)]dt}e
— 2
-5 £2* [(B(t) + Xg(t) +9—%?——+ ...)k Ank(t)]dt}z
2 0 k

=
+ /[ (e) | = [Qe)] - [Qq(t) |14t
0

: (4)
RO LA ONERICANOIIEE
5 ;

where 8 is the partial molar enthalpy relative to the dead state:defined

as

= h-h (5)

|

and subscript 0 stands for the dead state. Provided that the potential energy,
kinetic energy, etc. are negligible, for a steady-state system, equation (&)

reduces to

[2 (23,n). + [Q | + W, |]
ik k ki 1 T

= [Z(B.n) +]Q,| + |W,|] + [L(ZB,n),]
ok Ke 152 2 kKD

+ [l + [ 1] (6)
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When one or more of the exit streams are discarded because they contain
useless by-products or wastes, the first term of the right hand side of this
equation, {E(Egknk)e + ]Q2| + |Wél], can be divided into the recovered or
usable parteindicated by subscript u and the wasted or discarded part in-

dicated by subscript d. Therefore, equation (6) can be rewritten as

(2, )] = (2@ TR, ]+ B )T+ (2, ) @)

av e,u
where subscript { indicates the leakage and subscript c¢ the consumption.

Obviously, [E(Hav)i] corresponds to the left hand-side, and [E(Hav)e’u

L(Hav)e,d]’ [Z(Hav)z]’ and [L(Hav)c] correspond, respectively, to the
first, second, and third terms of the right hand side of equation (6),
all bracketed by [ ].

Suppose that i, (or iz) number of the inlet streams can be identified

1
as the streams which lose (or gain) enthalpy contents to become‘el
(or ez) number of the exit streams and 21 (or £2} number of the leakage

streams, during their passage through system A. Then, equation (6) can be

expressed in the so-called incremental form as

([Z (28,0 - L (Bm),_ - & (En), 1+ o] + [wD
kkkl - K ey Zkkk
1 1
e =g 2, & "2 i, k 2 °
2 2 2
RN IR ICRNE ®)
This equation can be rewritten as
{Z(H_).}, = {s(H_) )} + {Z(d_ )} (9)

av’ i D av'e D av’c



where {Z(Hav)i}D is the energy transferred to system A from energy sources,
including heat sources, work sources and process streams which lose energy

contents during their passage through the system, {Z(H

}

av)i D is energy

transferred by system A to energy sinks, including heat sinks, work sinks and
process streams which gain energy contents during their passage through
the system, and{Z(Hav)c} is the energy consumption due to the loss through
the walls of system A. In other words, there exists a one-to-one corres-
pondence between the equivalent terms in equatioms (8) and (9), all grouped
by brackets, { }.
Entropy Balance

The statement of the second law of thermodynamics for the entire
system, including not only system A but also all other subsystems and the

surroundings shown in Fig. 1, can be expressed as

t .
t —
-{r 5 I [y, (t) n, (t)idtl},
i 0k k k g 5
t —
+ {1 T [y () n (t)ldt}
e 0k k k o
t —
+ {71 Z [y, (t) n (t)]dt}
2 0k k k 2

| (t) Q,(t)
jt o EQl(t)L_*_ ‘QZ ; l+Lg t l ]at (10)

0 Tal T 0

where o denotes the created entropy or entropy generation, and y is the partial

molar entropy relative to the dead state defined as



v = ; - ;0 (11)

For a steady state procsss, =2quation (10) reduces to
l
- ‘Q ! IQD'

z T (Zy, ) -gq (12)
iE = 1k x T2 s

Available Zznergy Balance

Combination of equation (4), the energy balance, and equaticsn (10),

she entropy balance, givas rise to

S~ - o
'.L‘-'Az(\-} o Q(t) ODAZ(C)]
- [ (F -+ P 7 -
-{{E,, +2 7, =T - [( -2 - T I}
(B * Po¥yy = ToSapl — [EQ) 4y +25(g) 5 = Ty(Sg) g 1o
¢ v *, ’ :(:)2 N P |
= Doyrop ((ele) & X (¢) =5 oty Byllz) J8eF,
i 0k . x s L
L= . u( . e
- L {1z iele) + -s’-,,i‘-'-) = i A lt)jde;
5 3% 3 - =~ = 2
-, iy o BT .
- T i z(lz(s) + X () + (7 — o ) Tdim .
g 2 & A L4 A
b L, I ‘ ‘
v [Q88) =3 = 3} = (o)) (L = =) = W, (2} = V.{£)]d:
a - L az -
TP - . (ET
- EI(*X)OKZ); % {~D3L:));ct /

“ [
1
—
"
]
|
)
p—
[}

“w
§
—
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For a steady-state system having negligible kinetic energy, potential

energy, etc., equation (13) reduces to

T
[Z(zen ), + Q] (L -=2) + |, |]
1k k'k'1 1 Tml I 1|
= [i(igknk)e + e, - %—) + W, |1+ (ZZen),]
+ [[W)s] + (Tg0)] (15)

Similar to equation (7), equation (1l5) can be compactly expressed as

dls]
(16)

[(Z(a ;) = [E(Aex)e,u % E(Aex) g TG D)+ (2G4,

where subscript dis stands for the available energy dissipation due to
all kinds. of irreversibility. Obviously, [E(Aex)ﬂ corresponds to the left

, r =
hand side of equation (15), and LE(Aex)e,u + Z(Aex)e,d]’ [ (Aex)g} and

[Z(A

e dl&] correspond, respectively, to the first, second and third

terms of the right hand side of equation (15), all bracketed by [ ].
Again similar to equations (8) and (9), equation (15) can be rewritten

ac

{ [Z (iek k)l T L {Zen ) = R (EETH} ]

! ToarRRe gk

T
0y .
+ [[QII (i - T ) ,Wl|]}

= {Iz uu trEgn) -5 Gen) |
e ) Kk i

2 2 2 £ 2 kkki
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%o
Ll A== + W, |1
m2

+ {I(WX)OI + (T,0)} (17)
and

{z(Aex)i}D = {z(Aex)e} + {z(A_ ) } (18)

D ex’dis

where {Z(Aex)i}D is the available energy transferred to system A from the
energy sources, including heat sources, work sources and process streams
which lose available energy contents during their passage through the
system, {Z(Aex)e}D is the available energy transferred from system A to
energy sinks, including heat sinks, work sinks and process streams
which gain available energy contents during their passage through the
system, and E(Aeﬁ)di; is the available energy dissipation. In other
words, there exlsts a one-to-one correspondence between the equivalent
terms in equations (17) and (18)., all grouped by brackets, { }.
Fhermodynamic Efficiencies

The mass utilization efficiency and the thermodynamic first-law and
second-law efficiencies can be defined meaningfully on the basis of the mass,
energy and available energy balances, respectively. From squation (3),

tne mass utilization efficiency can be expressed as

(19)

The first-law process and incremental (or extractive) efficiencies of a

process system can be expressed from equations (7) and (9), respectively, as

(za_ ). ]

(n:) = .2V e,u (20)
1°p [E(Hav)i 1
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{E(H_ )}
(n ) = _____S._Y_____g (21)
1'D {E(Ha‘v)i}D

Similarlv, the second-law process and incremental efficiencies can be

expressed from equations (15} and (18), respectively, as

(), = (E%xe,ul (22)
= 5 3y H -
- P {-‘ (Aex}i .I

{Z(s }
(2]

)
x e’D
(ngp = TE_J,T, (23)

1]



6-12

Computational Steps

Equations (3), (7), (9), (16) and (18) indicate that, broadly speaking,
the causes of thermal inefficiency are: (a) energy loss from the walls
of the system to the surroundings, [E(Hav)c], (b) available energy dis-
sipation due to all types of irreversibilities, {E(Aex)dis], (¢) combined
effect of the energy loss associated with the discarded material streams

and the material leakage, and that from the walls of the system to the sur—

+ E(Hav)C], and (d) combined effect of the

roundings, [Z(Hav)e,d + Z(Hav)l

available energy loss associated with the discarded material streams and
the material leakage, and the available energy dissipation due to all types
of irreversibilities, {Z(Aex)e,d + E(Aex)l + Z(Aex)dis].

Explicit inclusion of the expression for the mass balance, egquation
(3), and that for the mass utilization efficiency, equation (19), in the
present approach has been prompted by the fact that the material wastage
and leakage can affect drastically and negatively the thermodynamic ef~

ficiencies of a process system as indicated by equations (20) through (23).

Furthermore, E(Hav)é is imbedded in E(Aex)dig and [E(H )

-
av’e,d + h(hav)i

+ Z(Hav)cl, and these quantities, in turn, are imbedded in [Z(Aex)e,d

Z(Aex)l + L(Aex)dis]' Thus, the principle of optimality (Bellman, 1957)

indicates that a logical sequence exists for thermodynamically analyzing a

process system to identify the nature and sources of thermodynamic inef-

ficiencies, The sequence is as follows:

Step 1. Evaluation of the material wastage, IM 3’ and the
e!

material leakage, IM,, by equation (3) and the mass

2,5

utilization efficiency, N by equation (19).
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Step 2. Evaluation of the energy consumption,fZ(Hav)c], and
the first-law incremental efficiency, (nl)D, by
equations (9) and (21), respectively.

Step 3. Evaluation of the available energy dissipation,
{Z(Aex)disj, and the second-law incfemental efficiency,
(nZ)D, by equations (18) and (23), respectively.

Step 4. Evaluation of the energy loss, [Z(Hav)e’d + Z(Hav)£
+ Z(Hav)c}, and the first-law process efficiency,
(nl)p, by equations (7} and (20), respectively.

Step 5. Evaluation of the available energy loss, [Z(Aex)e,d

+ Z(Aex)l + (A ) ], and the second-law process

ex’ dis
efficiency, (nz)p, by equations (16) and (22), re-
spectively.

The results will Indicate the possible remedial measures for reducing or

eliminating the sources of thermodynamic inefficiencies identified.
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PROCESS DESCRIPTION

The process under consideration is an anaerobic sludge digestion
process in which organic sludges are stabilized and anaerobically converted
mainly into methane (CHA) and carbon dioxide (COZ) (see, e.g., Iwail et
al., 1974; USEPA, 1979; Grady and Lim, 1980). The influent to the digester
tank is a mixture of primary sludge and activated sludge, and its rate of
flow is 120,000 kg/day (264,000 lb/day) with a total solid percentage of
3.0% as shown in Table 1. This table also shows that the solid contents
in the influent consist. of 36.50% carbon, 5.35% hydrogem 4.35% nitrogen,
25.00% oxygen and 28.807% ash by weight. The anaerobic digestion process:
is a conventional one, consuming 50% volatile solids to produce digester
gas at a rate of 1,459 kg/day (3,200 lb/day). The effluent rate from the
digester tank is 118,540 kg/day (261,000 1b/day) with a total solid per-
centage of 2.0% as shown in Table 1. The elemental analysis of the efflu-
ent is also shown in the table. To attain an optimal digestion rate,
the sludge in the digester tank is mixed mechanically and heated by hot
water to maintain a temperature of 308.15 K (95°F).

The generated digester gas is taken as a useful by-product for off-
site usage in the basic process of the system consisting only of a digester,
as shown in Fig. 2. While the digester gas can be consumed directly for
a variety of purposes, we are often faced with the need of con-
verting at least part of its energy content into different forms, i.e.,
electrical or shaft power (see, e.g., Ward, 1974; Pacific Northwest Lab-
oratory, 1981; Owen, 1982). Thus, the basic process is modified according
to the procedure described in the succeeding part. The modified process

is generated by coupling a gas engine and a heat exchanger with the basic process
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(Fig. 3). The digester gas is sent to the gas engine to be converted into the
mechanical and/or electrical energy which may be used to power pumps and blow-
ers. The rest. of the digester gas is supplied for off-site usage. Hot water
from the cooling jacket is pumped to the heat exchanger where it is heated
further by the flue gas from the engine; the hot water is utilized to maintain
the temperature of the digester tank. The flue gas from the heat exchanger
is discarded to the surroundings at 473.15 K (392°F). Several operating
schemes of the modified process are considered. They are as follows:
Scheme 1. Less than 48.78% of the digester gas produced is
allocated to the gas engine. Since the hot water
from the gas engine subsystem is insufficient
for heating the sludge, it is supplemented from an
outside source,
Scheme 2. 48.78% of the digester gas produced is allocated to
the gas engine. Energy requirement for heating the
sludge and energy supplied by the hot water are
exactly balanced.
Scheme 3. More than 48.78% of the digester gas produced is
allocated to the gas engine. The hot water recovered
from the gas engine subsystem exceeds the requirement
for heating the sludge. Two variants of this operating
scheme are considered, namely, scheme 3-P1l where
excess hot water is discarded to the surround-
ings, and scheme 3-P2 where excess hot water is
recovered for usage outside the system.
Scheme 4. 100% of the digester gas produced is allocated to

the gas engine. Similar to scheme 3, two variants,
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scheme 4-Pl, corresponding to scheme 3-P1l, and
scheme 4-P2, corresponding to scheme 3-P2, are
considered.
Obviously, both structural modification of the process and variation in the

operating scheme will affect the thermodynamic efficiency of the system.
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RESULTS AND DISCUSSION

The results are summarized in Tables 1 through 10, and illustrated in
Figs. 1 through 8. Table 1 lists the flow rates and compositions for the
influent and effluent cf the digester tank. The compositions of the di-
gester gas produced and the flue gas exhausted from the gas engine
are tabulated in Table 2. The flow rate, temperature, pressure, energy
content and available energy content of each stream for the basic process
shown in Fig. 2, and the operating schemes, 1, 2, 3 and 4, of the modified
process shown in Fig. 3, are summarized in Tables 3, 4, 5, 6 and 7, res-
pectively; Table 8 lists the work requirements and generations, and Table
9 gives the energy consumptions, the available energy dissipations, and the
efficiencies for these processes. In operating schemes 2 and 4, the
fractions of the digester gas allocated to the gas engine, x, are fixed as
mentioned in the previous section; they are 0.4878 (or 48.78%) and 1 (or
100%), respectively. For operating schemes 1 and 3, they are con-
strained in specific ranges; thev are 0 < x < 0.4878 for operating scheme 1
and 0.4878 <x. < 1 for operating sclieme 3, For simplicity and convenience
in comparison, however, Tables 4, 6, 8, 9 and 10 contain only the results

for x = 0.25 (or 25%) and x = 0.75 (or 75%) for schemes 1 and 3, respectively.

Digester Gas Production

Tables 1 through 3 reveal that the anaercbic gludge digester itself
processes the sludge at a rate of 120,000 kg/day, which has the energy
content of 112.5 kcal/kg and the available energy content of 114.2 kcal/kg,
and yields digester gas with relatively high energy and available energy con-

rents of 5,196 kcal/kg and 4,891 kcal/kg, respectively, at a rate of 1,459 kg/day.
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These tables also reveal that almost half of the elementary carbon, hy-
drogen and oxygen in the feed sludge is converted inte the gaseous product
from the digester, containing 38.89% methane, 57.58 carbon dioxide
and 3.53% water vapor by weight, and the elementary nitrogen remains
uncoverted. The sludge is withdrawn from the digester at a rate of 118,540
kg/day, which has energy and available energy contents of 60.55 kcal/kg and
52.39 kcal/kg, respectively. Therfore, during the passage through the digest-
er, the reductions in emergy and available energy contents of the sludge
are around 46% and 54%, respectively. The generated gas can be directly
.consumed as fuel, as in the case of the basic process, or can be conveyed
to the gas engine for conversion into the shaft work or electricity as in
the case of the modified process as stated earlier.
Work Generation

It is assumed that the efficiency of the gas engine employed in the
modified process is such that it converts 30% of the energy or 32% of the
available energy in the digester gas supplied to it. Part of the work ge-
nerated in the gas engine is used for pumping the process streams and for.
mixing the sludge in the digester tank as indicated in Fig. 3 and Table
8; consequently, the net amounts of work generated from the modified process
are 517.4 x 103 kcal/day (601.6 kwh/day), 1,056 x 103 kcal/day (1,228 kwh/dcy),
1,650 x 103 kcal/day (1,919 kwh/day) and 2,218 x 103 kecal/day (2,579 kwh/day)
for the operating schemes, 1, 2, 3 and 4, respectively. The hot water from
the gas engine subsystem is utilized to heat sludge; besides, it is use-
ful for outside usage, e.g., heating buildings.

Approximately 40% of the energy content of the digester gas is re-

covered in the gas engine subsystem by cooling water; however, the extent
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of recovery of the available energy content is only around 6%, Obviously,
the difference between them is substantial. For the operating schemes,
3-P2 and 4~P2, the rates of heéted cooling water rescovered from the gas
engine subsystem for the outside usage are 11,640 kg/day and 22,730 kg/day,
respectively, at 368.15 K, which has the energy content of 70.05 kcal/kg
and the low available energy content of 7.170 kcal/kg., The flue gas
exhausted from the gas engine supsystem has the energy and available
energy contents of 104.8 kcal/kg and 45.01 kcal/kg, respectively, in
..all schemes.
Energy Consumption, Available Energy Dissipation and Efficiencies

Table 9 lists the energy consumption, available energy dissipation
and efficilencies for the bhaslc process and each operating scheme of the
modified process. The energy consumptions in the overall systems are
as follows: 171.6 x 103 for the basic process, and 375.6 x 103, 568.5 x103,
782.9 x 103 and 986.6 x 103 kecal/day for the operating schemes, 1,
2, 3 and 4, of the modified process, respectively. The available

enerzy dissipations in the owverall systems are as follows: 610.2 x 103

for the basic process, and 1,569 x 103, 2,477 x 103, 3,519 x lO3 and

4,507 x 103 kcal/day for the operating schemes, 1, 2, 3 and 4, of

the modified process, respectively. The energy consumption and avail-

able enexrgy dissinarion in the digester subsystem for each operating scheme
are constant, while those of the gas engine subsystem are increased
considerably as the fraction of the digester gas allocated to the

gas engine, x, increases. The thermodynamic first-law process efficien-
cies of the overall systems are 46,48%, 41.63%, 36.45%, 26.167 and 16.37%,
and the thermodynamic second-law process efficiencies are 50.86%, 42.237%,

34,25%, 24,987% and 16,13% for the basic process, and operating schemes, 1,

2, 3-P1 and 4~Pl, respectively. For the operating schemes, 3-P2 and 4-P2,
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the first-law process efficiencies increase to 32.17% and 28.11% and the
second-law process efficiencies to 25.587% and 17.31%, respectively, because
the hot water is considered to be usable outside the system. The
first-law and second-law process efficiencies of the overall system
decrease as the fraction of the digester gas allocated to the gas engine,
¥, Increases because the conversion ratio of the digester gas to work
is low, i.e., around 30%Z; the energy consumption and available energy
dissipation increase considerably as mentioned above.
- The thermodynamic first-law-incremental-efficiencies of the

overall systems are 57.94%, 67.75%, 75.21% and 80.01%, and the second-
law incremental efficiencies of the overall systems are 24.80%, 30.12%,
33.00% and 34.65% for the operating schemes, 1, 2, 3 and 4, respectively.
As a whole, the energy loss associated with the effluent from the digester
tank is the substantial inefficiency for the first-law process efficiency,
while the available energy loss associated with the effluent and the
available energy dissipation in the gas engine subsystem are the main
inefficiencies for the second-law preccess efficiency. A high avail-
able energy dissipation gives rise to a relatively low second-law
incremental efficiency for each operating scheme, The mass, energy
and available energy flow diagrams are illustrated in Figs. 4, 5 and
6, respectively, for the operating scheme, 4-P2,
Optimization Study

To gain deeper insight into the system performance as it is affected
by the structural modification, the variation in the operating scheme,
the relative wvalues of the digester gas and work form of energy pro-~
duced, and the interaction among them, an optimization study has been
carried out. Specifically, the available energy content of the digester

gas directly supplied for off-site usage, the net work generated by
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the gas engine for off-site usage and the available energy dissipation
in the system are taken into account as objectives. For the operating
schemes of the modified process, 3-P2 and 4-P2, the available energy
content of the hot water from the gas engine for off-site usage is also
considered.
The optimization problem posed here is stated as:

Maximizing the objective or profit function

JO = wlfl(x) + W2f2(x) - w3f3(x) + w4f4(x) (24)

subject to

0 <xx<x1

where fl is the available energy content of the digester gas directly
supplied for off-site usage, f2 the available energy content of the hot
water recovered from the gas engine subsystem for off-site usage,

f3 the available energy dissipation, f4 the net work generated by the
system for off-site usage and x the utilization ratioj it is defined as the
fraction of the total digester gas, which is allocated to the gas engine.
Note that Wy Wo, w3 and w, are the weighting coefficients, each repre-
senting the degree of importance of the corresponding cbjective

to the decision maker; they can be interpreted as prices. f and

1 T

f3 are the available energy contents of the process streams or the

dissipations; for simplicity, therefore, it is assumed that

and thus, equation (24) can be rewritten as

~
R
(%)
~—

J = fl(x) + fz(x) - f3(x) + wfé(x)

where w is the relative weighting coefficient. Comsidering that the

work form of energy is at least as valuable as the available energy
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content in the digester gas produced, w has been parametrically changed
in such a way that its value is not less than 1; in fact, it has been
varied parametrically between 1 and 6.

Because of the simplicity of the optimization problem posed, the
exhaustive search has been employed. Table 10 contains the values of
the objective function, J, for the basic process and for all the ope=
rating schemes of the modified process for different values of the relative
weighting coefficient, w. These values are also plotted in Fig. 7;
the region where the objective function, J, is not a monotonically in-
creasing or decreasing function is elaborated in Fig. 8.

Figures 7 and 8 indicate that when w is less than 4.7, J decreases
monotonically; it has the maximum value (optimal solution) at x=0, which
corresponds to the basic process, and the minimum value (lowest profit)
at x=1, which corresponds to operating scheme 4. When w is greater than
4,7 and less than 5.4, J is not a monotonic function and has the maximum
value at x = 0 for w less than 4.9 and at x = 1 for w greater than 4.9.
The trajectory of the minimum points is identified in Fig. 8 for operating
scheme P2, When w is greater than 5.4, J increases monotonically;
it has the maximum value at x = 1 and the minimum value at x = 0, Since
a portion of the hot water generated in the system is discarded in operating
scheme P1l, the values of J are less than those for operating scheme P2
when x is greater than 0.4878, as illustrated by the dotted lines in

both Figs. 7 and 8.
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CONDLUDING REMARKS

The thermodynamic analysis and parametric coptimization study have
been carried ocut for an anaerobic sludge digestion system. The energy
consumption, the available energy dissipation and the thermodynamic
first-law and second-law process and incremental efficiencies have
been evaluated. The procedure employed has enabled us to identify the sources
of thermodynamic inefficiency; the energy and available energy losses
assoclated with the effluent from the digester and the available energy
dissipation in the gas engine subsystem are the main Inefficiencies in
the system.

The second-law efficiency has been found to be appreciably different
from the first-law efficiency, indicating the necessity of including both the
energy and available energy balances in process analysis and design. The
process efficiency has been found to be substantially different from the
incremental efficiency, indicating the necessity of considering both the
energv conservation and transformation in process analysis and design.

The approach employed in the optimization study is rather simple
in comparison with other approaches (see, e.g., Reistad and Gaggioli,

1980; Evans, 1980). Nevertheless, the information obtained from this
study should be useful in a preliminary or conceptual design of an anaerobic

digestion system of the type considered in this work.
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NOMENCLATURE
A = gystem A
(Aex)i = available energy input per unit time, J/sec or kcal/day
(Aex)dis = available energy dissipation per unift time, J/sec or kcal/day
(Aew)e qa = discarded portion of the available energy output per unit
s time, J/sec or kcal/day
(Aex)e = usable portion of the available energy output per unit time,
e J/sec or kecal/day
(Aex)l = available energy leakage per unit time, J/sec or kcal/day
{LAex)e}D = available energy transferred from system A to energy sinks
per unit time, J/sec or kcal/day
{(Aex)4}D = available energy transferred from energy sources to system A
- per unit time, J/sec or kcal/sec
E = internal energy. J or kecal
e = output streams
" = energy consumption per unit time, J/sec or kcal/day
(B, ). - i Jf kcal/d
(Hav)a i - discarded portion of the energy output per unit time, J/sec
. or kcal/dav
(Hav)e a - usable portion of the energy output per unit time, J/sec or
* kcal/day
= energy input per unit time, sec or Kca ay
(Hav)i i i 1 J/ keal/d
= energy leakage per unit time, sec or kecal/day
(H ), gy leak it &4 J/ kcal/d
{(H_ ) }_ = energy transferred from system A 2o energy sinks per unit
av'e’D

time, J/sec or kcal/day

{(Hav)i}n

energy transferred from energy sourcées to system A per unit
time, J/sec or kcal/day

h = partial molar enthalpy, J/kmol or kcal/kmol

EO = partial molar enthalpy at the dead state, J/kmol or kczl/kmol
i = input streams

J = objective function

k = material species
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leakage

discarded part of mass output per unit time, kg/sec or kg/day
usable part of mass output per unit time, kg/sec or kg/day
mass input per unit time, kg/sec or kg/day

mass leakage per unit time, kg/sec or kg/day

molecular weight, kg/kmol

molar flow rate including both convective and diffusional
flows, kmol/sec or kmol/day

pressure, atm
pressure at the dead state, atm
heat loss to the environment per unit time, J/sec or kcal/day

heat transmitted from system Ml to system A per unit time,
J/sec or kcal/day

heat transmitted from system A to system M2 per unit time,
J/sec or kcal/day .

entropy, J/K or kcal/K

specific entropy, J/kmol.K or kcal/kmol-K

specific entropy at the dead state, J/kmol-K or kcal/kmol:-K
temperature of system A, K

temperature of system M1, K

temperature of system M2, K

temperature at the dead state, K

specific kinetic energy, J/kmol or kcal/kmol

work loss to the enviromment except that due to the expansion
of the boundaries of system A per unit time, J/sec or kcal/day

work supplied from the work source, system N1, to system
A per unit time, J/sec or kcal/day

work supplied from system A to the work source, system N2,
per unit time, J/sec or kcal/day
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w = relative weighting coefficient

Xg = gpecific potential energy, J/kmol or kcal/kmol

x = utilization ratio

GREEK

B = partial molar enthalpy relative to the dead state, J/kmol
or kcal/kmol

EO = gpecific chemical enthalpy, J/kmol or kcal/kmol

Y = partial molar entropy relative to the dead state, J/kmol-R
or kcal/kmol-K

;O = gpecific chemical entropy, J/kmol'K or kcal/kmol-'K

€ = partial molar exergy, J/kmol or kcal/kmol

EO = gpecific chemical exergy, J/kmol or kecal/kmol

U = mass utilizatlon efficiency

(nl)D = thermodynamic first-law incremental efficiency

(nl)P = thermocdynamic first-law process efficiency

(nz)D = thermodynamic second-law incremental efficiency

(nZ)P = thermodynamic second-law process efficiency

o = created entropy per unit time, J/K'sec or kcal/K-day
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Table 1. Flow rates and compositions of
influent and effluent,
(:) Influent (:) Effluent
(kg/day) (wtZ) (kg/day) (wt %)
Water 116,40C 27.00 116,100 97.97
Total Solid 3,600 3.00 2,400 2.03
Total Flow Rate{ 120,000 100 118,500 100
Solid (kg/day) | (wtlZ%) (kg/day) (wtZ*)
Components l
@ 1,314 36.50 657.0 27.41
q 132.6 5.35 78.3 3.27
N 156.6 4,35 156.6 6453
0 90C.0 25.00 468.0 19.53 |
|
1
Ash 1,036.8 28.80 1,038.3 43,26
M f
|
1 Total 3,600 160 2,400 100
|

* Dry basis



Table 2. Components of the digester
gas and flue gas.
@ Digester Flue
Gas Gas
(wt Z) (wt %)
CH4 38.89 —
CO2 57.58 21.41
HZO (g) 3.53 L1.37
N2 - 67-22
Total 100 100
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CHAPTER 7

CONCLUSION AND RECOMMENDATION



CONCLUSION AND RECOMMENDATION

The single axiom approach of thermodynamics has been reviewed, and a
systematic procedure for thermodynamic system analysis has been developed.
It has been shown that the laws and general relations of classical thermo~
dynamics can be deduced from a single axiom which is called the law of
stable equilibrium. Thus, classical thermodynamics is seen as an exten-
sion of the concepts of stable equilibrium and of the unigueness of the
stable state. The single axiom approach indicates directly the existence
of irreversibility of a process system; consequently, it is naturally
followed by the concept of available energy.

The procedure of system analysis developed enables us to determine
the efficiencies of a process system from the viewpoilnts of mass utilization
(mass balance), thermodynamic first law (energy balance) and thermo-
dynamic second law (available energy balance). The procedure also enables
us to identify the nature and location of the thermodynamic inefficiency
and irreversibility of the system. Its use has been illustrated with
several examples, namely, a counter-current heat exchanger system, a biomass
pyrolysis system and an anaerobic digestion svstem.

In practice, the installation of the energy or material recovery units
in a system is counter-balanced by an increase in the capital and operating
costs. Therefore, to optimize the design, the costs and other constraints
need be taken into account, and whenever possible, s detailed trade-off

analysis among the different criteria should be carried out.



APPENDIX A, DERIVATION OF THE MASS, ENERGY, ENTROPY AND
AVATLABLE ENERGY BALANCES FOR AN UNSTEADY-STATE OPEN FLOW SYSTEM

The mass, energy, entropy and avallable energy balances are
rigorously derived for an unsteady-state open flow svstem. The first
and second laws of thermodynamics lead to the energy and entropy
balances, respectively. Provided that the energy and entropy contents
of materials involved are measured relative to the dead state, the
combination of these two balances gives rise to the available energy
balance, and the concepts and definitions of essergy and exergy.

An overall system illustrated in Fig., A-1 1s considered for the
purpose of writing explicitly the balances. The overall system contains
an unsteady-state open flow system with multiple input and output
streams (system A), a heat source at temperature Tml (system M1l), 2 heat
gink at temperature Tm2 (system M2), a work source {system N1}, a work

sink (system N2) and the surroundings at temperature TO and pressure

Py (D).

MASS BALANCE

The law of mass conservation can be expressed for system A as

accumulation mass input mass output
of mass in | = to - from
system A | system A system A
[ieakage
- | from (A-1)
system A

This expression can be rewritten for system A, transforming from state 1

at £t = 0 to state 2 at t = t, as



A-2

{Maz(t) - MAl}

t
- of { £ 0 @), 3, (t,a)] dai} dt

{ k

t
- { [ I tos), 5, (c,a)] dae} de

0 2k
e
t
B of { é g [ (M) jk(t,a)]daz} dt (4-2)

2

where

=
i

mass in system A

Mw = molecular weight

j = molar flux (rate of flow per unit surface)
1 = control surface which the matter crosses
a = unlt area of Q

and the subscripts stands for:

i = input streams

e = output streams

4 = leakage streams
k = material species

By introducing the molar flow rate including both the convective and

diffusional flows, which is expressed as

n‘k_ = I jv da, (A_3)

equation (A-2) can be rewritten as



{MAZ(t) - MAl}

t
= § {of E [ (), m (£)] dt}i

t
w Z {of  [@fw),n, (£) dt}e

k
t
- E {of E [ (), n, (£)] dt}2 (A-4)

ENERGY BALANCE

Applying the first law of thermodynamics to system A, we have

-

accumulation energy input energy output
of energy in| = to - from
system A system A L system A

energy losg
- from (A-3)
system Ad

The energy loss from system A includes the energy loss associated with
material leakage, and heat and work losses through the walls of the
system to the surroundings. This expression can be written for the cime
interval considered as (see, e.g., Keenan, 1941; Hatsopoulos and Keenan,

1965; Denbigh, 1971)
{EAZ(t) - F‘Al}

-ft [ 5 1) + © + 5927 0y ] da ) @
-O gX 2 lnokjkt,a ai t

Qi k

t t
i {Of lo, (©)] at + O[ ENOY dt}



- ~-where -

t 2
OI { f ): [(h(t)+gx(t) + u(;) + ...)kjk(t,a)]dae} dt

ik
e

t t
{ f IQz(t)l dt + | IWZ(t)l dt}
0 0

2

t
- u(t)
“Of { [ ] [((e)+gx(e) + =5—+ ...)kjk(t,a)]dag} dt

f

Qg k

t t
{f log(e)] dae + [ [wg(e)] dt} (A-6)
0 0

total internal energy of system A including kinetie
energy, potential energy, etc.

partial molar enthalpy

specific potentilal energy

specific kinetic energy

heat transmitted from the heat source, system Ml, to
system A per unit time

heat transmitted from system A to the heat sink,
system M2, per unit time

heat loss through the walls of system A to the
surroundings per unit time

work supplied from the work source, system N1, to
system A per unit time

work supplied from system A to the work sink, system
N2, per unit time

work loss through the walls cof system A to the
surroundings per unit time



By applying equation (A-3), this expression can be rewritten as

{EAZ(t) - EAl}

= Z[It2<'ﬁ<t>+ (t>+3(—tﬁ+ ) (t) dt]
= i 0 k gx 2 e . knk i

t t
+ L lgol s [ o ot

t
- { ¥ [OJ' ) (m(t) + gx(t) + “(t) +.00)y m (8) dt]
e k

t t
NGRS A ENCT ac}

t
- { ERINUOEECE u<§> 0 n (0) atl

t t
+ [ o logee)f dae + [ Juge)] dt} (A-7)
0 0

The work, |w|, can he expressed in terms of not only mechanical
work, which consists of tangential (rotating) and perpendicular
(reciprocating) works, but also electric work, magnetic work, etec.

Therefore, we have

Wl = gl + ]+ Wl + I ]+ e
or

lwl = lwp| + [w| (A-8)
where

= |

Wl = Tl + el + Tl + e

|WP[ = perpendicular work

lW | = tangential work



L}

electric work

magnetic work

Similarly, the work loss to the surroundings can be expressed as

Iwo‘ = |(WP)OI ¥ I(Wx)ol (A—Q)
where
I(WX)OI - I(wt)Ol * l{We.lec)ol * l(Wmag)ol R L

and ‘(WP)OI is the work loss due to expansion of the boundary of

system A, which is expressed as

t
Of | (pdpled [ae = Bo(v,, ~ ¥,1) (A-10)

where PO is the pressure of the environment and VA the volume of systenm

A. The work and volume terms, appearing in equations (A~8) through
{A~10) are, in general, functions of time. Substitution of equatious

(A-9) and (A-10) into equation (A-7) gives, after rearrangement,

[Epp(£) = Byl + BylVyp(8) = Vyyl

t

2
- ; [OJ’ ch @er) + gx(e) +£‘%—)—+ cen )y m e atly



¢ = u(t)2
-3 [Of ch B(E) + gx(e) + 252+ .., o (8) dt]
e
R )2
- % EOI E ((e) + gu(r) + 2+ ..0) n (6) dt],

+

t
OI [lo )| = [oe)] = [Qy(e) |1 ae

+

t
Of g )] = ] = [@),]7 at (A-11)

Suppose that all the systems under consideration are at the dead
state, where the systems are in equilibrium with the surroundings as
ragards pressure, temperature, ccmpositions, electricity, magnetism,
etc., and thus, no heat or work is transferred between system A and any
one of other systems or the surroundings. We may, however, imagine the
material streams entering or leaving system A reversiblly as a limiting
process; this gives rise to the indefinitely slow expansion of the
boundary of system A under an unsteady-state condition, which results in
work done against the surroundings, TFor this process at the dead state,

the energy balance can be written as

t

=1 0]} (o) n(e) dely
i 0 k

t
-1 0] ) Gy (o) o (e) de]]
e 0 k

t t
Y1 I Gy, n(e)dt]l, - [ JR, D.(0)] de (A-12)
% o &0 Tk t 7, 0,p’0

where subscript 0 inside the brackets denotes the dead state and



I( 0,p O(t)l is the reversible expansion work at the dead state

expressed as
t
Of | Glg plo(®)] dt = PoL(Vg),, (8) = (Vg) ]
Substitution of this expression into equation (4~12) gives
[(Eg) 4o (8) = (Ep) q) + Byl (V) 1o (8) = (V)]
£
=3 [ ] Gy, () n (t) dt]
R e i

t

- LU L Gy e n(e) del,
e 0 k

t
- ( (h), (£) n, (t) dt]
% OI E 0’k Ty 2

(A-13)

(A-14)

Subtracting each side of equation (A-14) from that of equation (A-11),

we have
P lVap () = Vgl = BllUg)yp () = (Vg) g ]
£ (t)?
=Z{f L L) - By(e)) + gx(t) + 5=+ ...] m (€) dt}
i % K k 1

t 2
= E { f Z [(h(t) - Eb(t)) + gx(t) + Eigl— + ...]k nk(t) dt}e
e

0 k
* u(e)?
= E {OI & [(h(t) - h o(E)) + gx(t) + g Sa- k. SEPRS S ¢S dt}£
£
+ [ ot - leyed] - [oy(ed]1 e
0

t
+ [ ruge] = fuye)] = ) )] de
0

(A-15)



By defining the partial molar enthalpy relative to the dead state as

B=h-h, (A-16)
equation (A-15) becomes

=} ftZ{(‘§<t)+ (t)+——“(t)2+ ) )] 4
= R gx 5 ey nk(t ] dt "

t 2
) {OI MCOREOR B4 ()] dt}e
e

. 2
-1 {OI T [(B(E) + gx(t) +‘-‘%-)-—+ )y ()] dt}z

g k
t
+ OI [lo ()] - loye) | - [Qp(e)]] at
t
+ of lwgce)| = [wy e = [ [1 at (A-17)

This is the expression of the energy balance for an unsteady-state open
flow system.
ENTROPY BALANCE

The principle of the increase of entropy states (see, e.g., Keenan,
1941): "The entropy of an isolated system increases or in the 1imit
remains constant.'" We can, therefore, write

(48);, 20 (4-18)

where subsecript iso stands for the isolated system. It is often
convenient to convert this relation into an equality by introducting a
non-negative quantity, o; for a time interval considered, we may write

(see, e.g. Denbigh, 19586)



t
| o(v) dt
0

(As)iso =

(A-19)

where o is understood as the rate of entropy created in the isolated

system.

shown in Fig., A-1 can be expressed as (see, e.g., Denbigh, 1956;

Haywood, 1974).

[created entropy in the isolated system]

= [change in entropy in system A (ASA)]

+ [change in entropy

[change in entropy
in
in

in

[change entropy

entropy

[change

+
.3

+ [change
+ entropy
o

[change in entropy

and each term in the right-hand side can

AS, = SAz(t) = S,

in
in
in
in
in
in

be

system B (ASB)]
system C (ASC)]
system L (ASL)]
system M1 (ASMl)]
system M2 (ASMZ)]
gystem D (ASD)]

written as follows:

g —Oft { éi Z fg%(t) 3y (£,2)] dai} dt
t —
AS, = Of { ée 12 [5, () 3, (t,2)] dae} dt
a8, = Oft { éz E f&k(t) 3 (t,2)] daz} dt
t [Q (t)]
BSyq ™ T dt
M2 o Tm2
AS_ = thc
D T

0 0

Thus, the entropy balance around the isolated overall system

(A-20)

A-10
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where
Tml = temperature of the heat source, system M1l
Tmz = temperature of the heat sink, system M2
T0 = temperature of the surroundings.

Note that AS_, AS. or ASL corresponds respectively, to the change in

B* °C

entropy accompanied by the migration of material between system A and
system B, C or L. Substitution of the corresponding expressions into
equation (A-20) gives

t

OI o(t) dt = [S,,(t) - S,;]

t
o f { / [s, () j, (t,a)] da } de
0 nilzc k k i

t
+ { [s, (t) 3, (t,a)] da } dt
of é E L B

e

t
+ f { [ 1 [s,.(8) 3 (t,a)] dan} dt
0

&’22 kk
t o) e, oy
$ [t ] at (a-2D)
0 ml m2 0

By using equation (A-3), this expression can be rewritten as
t

of o(t) dt = [S,,(t) = S,,]

t
- [s. () n (t)] dt}
g {of E R Tk 1
e
+ [s, () n, ()] dt}
s kg K Sk k e

t
{ / E [5,(t) n, ()] dt}2

)
L 10
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N O I O TN Y

+ [ 1 + +
0 L g To

1 dt  (A-22)

Similar to the energy balance, considering the overall system at
the dead state, where the process streams are imagined to occur
reversibly, we have

c=20
and thus, the entropy balance becomes
0 = [(84),5() = (S5),;)

t
- g {oj E [(sg)y (£ m (£)] dt}i

Tt
+ [(s.), (t) n (t)] dt}
{1 160 mo e

t
+ { [(s.), (£) n, ()] dt} (4-23)
E of é 0’k k )

where subscript O denotes the dead state,

Subtracting each side of equation (A-23) from that of equation

(A-22), we have
t

t —
) {OI I 5 - Gl m dt}i

t
+1 { [ ] [5) - G5 (e, my dt}e
e ‘0 k

k
+ [s(t) - (sy) ()], m, dt}
{1 SICIREALY S

t o, ()] Q, () |0, (r)
+ [ - - L | : | o l] dt  (A-24)
0 ml n2 ‘0
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By defining
Y=s-8, |, (A-25)
equation (A-24) reduces to
t

Of o(t) dt = [S,,(t) = S;31 = [(5)) () = (S),,]

o) { ft ERORENGY dt}
il kK 1

t =
+1 {OI E (v (£) my (£)] dt}e

e
e

+ [v, () n, (t)] dt}
Pl &'k By 2

t o ) e ()] o) ]
+ [ [~ ; + z‘: + OT
0 ml m2 0

] dt  (A-26)

This is the expression of the entropy balance relative to the dead state
for an unsteady-state open flow system.
AVATILABLE ENERGY BALANCE

Combination of the energy balance, equation (A-17), and the entropy
balance, equation (A-26), gives rise to (see, e.g., Denbigh, 1956, 1971;
Szargut and Petela, 1975; Riekert, 1974; Gaggioli and Petit, 1977; Fan
and Shieh, 1980)

{[EAz(t> = Byl = LB o (8) = (Bg) ]

(£) = V1 = BylV) ,n () = (V)]

t _ 2
) {DI ] [B@)-Tov(e (o) + 2B n ()] dt}i

t 2
= E {OI % [(BO-T ¥ (O+ex(e) + L2+ L) a0 ()] dt}e
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t

- - u(t)
E {OI E [(B(E)-Tyy(t)+gx(t) + =5~ + ...), n, (8)] dt}g

t
+ [ ofw@] -y ]] de - [t Do) + (Telenlde
0 0 (A-27)

By introducing the partial molar exergy defined as

Es@-%)-%é-%)
= E - To? ’ (A-28)
we have
{mzw)+rgﬁw TS, (t)]

- {[EAl *PoVa1 " ToSarl - [(Elyg + Bo(Vgdyy - TO(SO)AL}}
£ -
= § {OJ g [(e(t) + gx(t) + 3—5—— + ey B ()] dt}i

2
— ult)
= E {Of L [(ett) + gx(e) + st )y ()] dt}

£ _ 2
{1 R e 2k e ),
L
t T0 TO
DI o ()] @ = =3-]0, () [(1 - F=)+|w (e) [=[w, (&) |1 dt
ml m2
t
- [ o)) ] + (Tyo(e))] de (4-29)
0

This is the expression of the available energy balance around an
unsteady-state open flow system.

The concept of available energy, essergy, Aes’ is defined as (see,
e.g., Evans, 1969, 1930)

= (E+ PV - T,8) - é mkgﬁo)k (A-30)
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where (z-so)k is the chemical potential of substance k at the dead state
and w the number of moles of substance k. Thus, we have

A = (E+P
s

» vV - TOS) -G

0 0
= (E + POV - TDS) - (E0 + POVO - TOSO) (A-31)
Comparing this expression with equation (A-29), it can be stated that

the left hand side of equation (A-29) is the change in essergy of system

A between state 1 and state 2.
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NOMENCLATURE

0] = gubscript reprasenting the dead state

0 = superscript representing the standard state
A = gystem A

a = unit area of the control surface, m?

Aes = essergy, J

E = total internal energy, J

e = putput streams

gx = gpecific potential energy, J/kmol

N = partial molar enthalpy, J/kmol

i = input streams

hj = molar flux, kmol/sec - n?

k = material species

3 = leakage

M = mass, kg

Mw = molecular weight, kg/kmol

n = molar flow rate including both convective and diffusional

flows, kmol/sec

P = pressure, atm

!QDI = heat loss to the surroundings per unit time, J/sec

]Qll = heat transferred from system Ml to system A per unit time,
J/sec

]Qz] = heat transferred from system A to system M2 per unit time,
J/sec

S = entropy, J/K

s = partial molar entropy, J/K * kmol

3 = temperature, K

T = temperature of system M1, K

ml
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A-17

temperature of system M2, K

time, sec

specific kinetic energy, J/kmol

volume,

e
-
m

work lost to the surroundings per unit time, J/sec

work supplied

J/sec

work supplied

J/sec

electric work

magnetic work

perpendicular

work loss due
unit time, J/sec

from system N1 to system A per unit time,

from system A to system N2 per unit time,

per unit time, J/sec
per unit time, J/sec
work per unit time, J/sec

to expansion of the boundary of the sytem per

tangential work per unit time, J/sec

work lost to the surroundings except that due to expansien
of the boundary of system A per unit time, J/sec

partial
parital
partial
partial
partial
partial
created

control

molar

molar

molar

molar

molar

molar

enthalpy relative to the dead state, J/kmol
chemical enthalpy, J/kmol

entropy relative to the dead state, J/K -« kmol
chemical entropy, J/K + kmol

exergy, J/kmol

chemical exergy, J/kmol

entropy per unit time, J/K * sec

surface
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APPENDIX B, DERIVATION OF THE EXPRESSIONS FOR

CALCULATING B, v AND €

Formulas for evaluating the partial molar enthalpy relative to the

dead state,.E, the partial molar entropy relative to the dead state, v,
and the partial molar exergy, €, are derived. For this purpose, 1 mol
of the constant-composition mixture is taken as a closed systém. For
this system, the first law of thermodynamics is, conventionally,
expressed in differential form as

du = 6Q ~ &W (B-1)
where u is the molar internal energy, Q the heat transferred to the
system, W the work done by the system; symbol d stands for infinitesimal
changes of state properties and symbol & for infinitesimal changes of
path variables.

Suppose that the process is reversible; then, eaquation (B-1) can be

rewritten as

du = aQrev - 6wrev (B-2)
If it is assumed that the system is capable of performing the work only
through a change in volume of the system, we have

5Wrev = Pdv (B-3)
wehre P is the pressure of the system and v the molar volume. Applying
the second law of thermodynamics to this reversible process, we have

6Qrev = Tds (B-4)
where T denotes the temperature of the system and s the melar entropy.
Combining equations (B-2)through (B-4), we have

du = Tds - Pdv {B-5)

Note that this equation contains only the state propertiles of the
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mixture and is independent of the path of the process; thus, it is valid
not only for reversible processes, but also for irreversible processes.
For the constant-composition mixture under consideration, we have the
same expression as equation (B-5) for the corresponding partial molar
properties of any component or material species in the mixture.
Therefore, we can write
du = Tds - Pdv (B-6)

The molar enthalpy and partial molar enthalpy are defined,

respectively, as

h

u+ Pv (B-7)
h=u+pPv (B-8)

Thus, the differential of h is

dh = du + Pdv + vdP
Substitution of equation (B-6) into this expression for du yields

dh = Tds + vdpP (B-9)

The partial molar entropy, s, may be expressed as a function of

temperature and pressure., Thus,
s = s(T,P)

or, in differential form,

& 122 (25 -
és = [BT}P dT + [BPJT dp (B-10)

For expanding the above equation, the specific heat at constant
pressure, Cp, and the partial molar Gibbs free emergy, g, need be

considered. The specific heat of any component of the mixture at

constant pressure, EP’ is defined as

E% = [g%JP (B-11)

Dividing equation (B-9) by dT, we have, under restriction of constant



pressure,

sh) _ .[es
[‘é’f]? - T[a—f]p

Combination of this equation with equation (B-10) yvields

ot

3s) . P
TP " T

The partial molar Gibbs free energy, g, may be expressed as

function of temperature and pressure, and thus,

g = g(T,P)

or, in differential form

Since

the differential of g is

dg = dh - Tds - sdT

From equation (B~9), this equation becomes

dg = vdP - sdT

Comparison of this equation with equation (B-14) gives

- g
vE {5%)T

and _ a3
{BTJP

B-3

(B-12)

(B-13)

(B-14)

(B-153)

(B-16)

(B-17)

(B-18)

(3-19)

Turther differentiation of these two expressions gives, respectively,

= 2o
vi .38
[BT]P 3P3T

s -
_|3s| .38
[BP]T aToP

TP aP|T

This is one of the Maxwell relations.

and

Therefore, we have

(B-20)

(B-21)

(B-12)

Substituting equation (B-13) and (B-22) into equation (B-10), we
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have _ cP P
ds o dT - {§TJP dp (8-23)

Substituting this expression into (B-9), we have

p 4T + [v - T(%%}P] dp (B-24)

The partial molar enthalpy relative to the dead state, B, is

dh = ¢

defined as

5:h- R, (B-25)

where subscript 0 stands for the dead state; letting superscript 0

denote the standard state, we have

B= G-+ @ -8y
=%+ @G-80 (B-26)
where
80 =50 - By (B-27)

Substituting equation (B-24) into equation (B-26), we have

. P o=
B+ [ cpdT+ ] [v- T[E%}P] ap (B-28)
0 0

T P

where the first, second and third terms in the right-hand side may be
named, respectively, the partial molar chemical enthalpy, partial molar
thermal enthalpy and partial molar pressure enthalpy,

For obtaining a formula to estimate the partial molar chemical
enthalpy, EO, we consider a steady-state open flow system, system A,
shown in Fig. B-1l, which carries out a chemlcal reaction. It is assumed
that no heat loss or material leakage to the surroundings exists and
only the thermal form of energy is transmitted between system A and a
heat source or sink, Provided that system A is under the condition of

the standard state, we have, at the inlet and the outlet of system A,



B=5

T =10 = 298.15 K

P = PO =1 atm
and

X = xg =1

where X is the mole fraction of material species k.
According to the stoichiometry of the chemical reaction under

consideration, the energy balance around system A can be expressed as
=0 _ =0
ik e k

where Yy is the stoichiometric coefficient of substance k, and Q the
heat transferred between system A and the heat source or sink.
Conventionally, Q is regarded as positive when it is transferred inteo
system A and as negative when it is transferred out of it. It should be
noted that, in equation (B-29), Q is specified in such a way that it is
transferred in the time period during which vk,i moles of reactant

k(k=1,2,...,r) enter system A and v moles of product k(k=1,2,...,p)

k,e
exit from system A. Also note that
_ a0
Q = AHr (B=-30)
because AHg is the heat reaction at the standard state and it is
positive if the reaction is endothermic, and negative if it is

exothermic., Therefore, equation (B-29) can be rewritten as

RO} Eg Ve dy * gng =3 Eg v ), (B-31)
i k e k

Equations (B-28) and (B-3l) are the working formulas for determining the
enthalpy relative to the dead state.

The partial molar entropy relative to the dead state, ?, is defined

=<1
1
[}
|
0l

0 * (B-32)
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and thus, it can be written as

v=G-39+ 6 -5
=P+ G-39 (B-33)
where
V=% -5, (B-34)
Substitution of equation (B-23) into equation (B-33) yields
T c P
S B S %
o7+ [ Fa [y, e (8-35)

PO
where the first, second and third terms of the right-hand side may be
termed, respectively, the partial molar chemical entropy, partial molar
thermal entropy and partial molar pressure entropy.
To obtain a formula for estimating the partial molar chemical
entropy, ?0, the entire system shown in Fig., B-1 is considered. The

entropy balance around system A can be expressed as
. 0 9 3
o ==) Q¥ vyt 1A Y v, -3 (8-36)
i k e k m

where o denotes the created entropy and Tm the temperature of the heat

source or sink. Rearrangement of equation (B-36) gives

-0 0 -0
g (12( Wi i dy o (—T: + o) = Z(g e Ve (B-37)

The entropy change of reaction at the standard state, ASS, is defined as
the difference between the entropy of the products and that of the
reactants when they are all at the standard state. Thus, by definition,
Asg corresponds to the second term in the left-hand side of equaticn
(B-37), i.e.,

(B-38)

QL— = CO
(Tm + o) Aur

Therefore, equation (B-37) can be rewritten as
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=0 0 _ =0
Z (Z LY Vk)i + 48 = Z(X Yi Vk)e (B-39)
ik e k
Equations (B-35) and (B-39) are the working formulas for determining the
entropy relative to the dead state,

The partial molar exergy, €, is defined as

€ £ (h - ho) - To(s - so)
BT Y s (B-40)
and thus, substituting equations (B~28) and (B-35), we have
T T
e= (B0 -1 ) + [ c,a - =2y ar
0 P T
0
T
P om 3%
+ g [v - (T - TO){ngP] dp (B-41)
P
By defining
P=8-1, 7, (B-42)
we have
T T
- =0 - 0
e =¢c + é Cp (1 - -Eﬂ dT
T
g v
+ g [v - (T - TO){ET]P] dP (B-43)
P

where the first, second and third terms of the right-hand side of this
equation may be named, respectively, the partial molar chemical exergy,
partial molar thermal exergy and partial molar pressure exergy.

Subtracting equation (B-39) multiplied by TO from equation (B-31),

we have
v =0 0 -0
E(ﬁ g M)y T A6 = 1(] E n)y (B-45)
ek

where AGr is the Gibbs free energy change of reaction at the standard

state., Equations (B-43) and (B-45) are the working formulas to

determining the exergy.
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NOMENCLATURE

0 = gubscript representing the dead state

0 = superscript representing the standard state

Ei = gpecific heat, J/kmol « K

e = putput streams

AGS = Gibbs free energy change of reaction at the standard
state, J

1 = partial molar Gibbs free energy, J/kmol

AHS = heat of reaction at the standard state, J

h = molar enthalpy, J/kmol

h = partial molar enthalpy, J/kmol

i = input streams

k = material species

P = pressure, atm

Q = heat, J

ASS = antropy change of reaction at the dead state, J/k

8 = molar entropy, J/K * kmol

s = partial molar entropy, J/K + kmol

T = temperature, K

Tm = temperature of heat source or sink, K

u = molar internal energy, J/kmol

u = partial molar internal energy, J/kmol

v = molar volume, mslkmol

v = partial molar volume, mB/kmol

W = work, J

X = mole fraction of substance k
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partial
partial
partial
partial
partial
partial

created

molar enthalpy relative to the dead state, J/kmol
molar chemical enthalpy, J/kmol

molar entropy relative to the dead state, J/K + kmol
molar chemical entropy, J/K * kmol

molar exergy, J/kmol

molar chemical exergy, J/kmol

entropy per unit time, J/K + sec
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APPENDIX C. VARIOUS EXPRESSIONS OF THE AVAILABLE ENERGY

The available energy balance for an unsteady-state open flow system
gives rise to the definitions of exergy and essergy, as shown in chapter
3 and appendix A; the exergy is often expressed in terms of the.Gibbs
free energy, chemical potential and availability function. In this
appendix, various expressions and forms of the exergy are presented, and
the relationship between exergy and essergy is derived (see, e.g.,
Keenan, 1941; Rant, 1956; Denbigh, 1956, 1971; Gaggioli, 1961, 1980;
Szargut and Petela, 1965; Evans, 1969; Riekert, 1974; Haywood, 1974,
1980; Gaggioli and Petit, 1977; Fan and Shieh, 1980).

Selecting the temperature, T, the pressure, P, and the number of
moles of each substance or material species, m ., a8 independent vari-
ables, any thermodynamic property, A, of a given mixture can be
expressed as

A= A(T, P, Myy Moy veey mn-l)
where n is the total number of compeonents or material species in the
mixture. By definition, the partial molar property of component % in
the mixture, Ek’ is

- 24 |

3, = [T_j (c-1)

mk T,P,mj

where subscript mj indicates that all mole numbers except that of the
k-th component are held constant. The lower case with an overbar
identifies it as a partial molar property. Since the property, A, is
homogeneous of degree one in the mole numbers, we have

a A (T, P, m;, m

9s e mn—l)

= A (T,P, Oy, Oy, avss umn_l}
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Thus,
A=]m 3 (C-2)
k
Furthermore, the molar property of the mixture, a, is defined as
A -
a== or A =ma {(C-3)
where
nelm (c-4)
k

Equating equation (C-3) to equation (C~2), we have
ma = ) L Ek (C~5)
k
Dividing both sides of this expression by m yields
a=]x a (C-6)
k
where Xy is the mole fraction of component k in the mixture defined as

By ™ ;E (C-7)

The partial melar exergy of an arbitrary component in the mixture,

€, 18 defined as (see, e.g., Fan and Shieh, 1980)

St (R - TyG-5y)

where h stands for the partial molar enthalpy, s for the partial molar

(c-8)

entropy, and subscript 0 denotes the dead state, where the system is at
rest relative to the environment and is equilibrivum with it with respect
to pressure, temperature, electricity, magnetism and composition. From
this expression, we have
e = (B-Ty8) - (hy~Ty3y)
= (E_TOE) - éO (C-9)
or

(C~10)

(4]
|

= (h-TOs) - uo

whera éO is the partial molar Gibbs free energy at the dead state, Ko



the chemical potential at the dead state. Note that

Mo T Bg
h

o = To%
Equations (C-9) and (C-10) are the alternmative forms for expressing the
partial molar exergy defined by equation (C-8).
By resorting to equation (C-6), the molar exergy, e, of mixture is
expressed as
€=y X, € (c-11)

and thus, on the basis of a unit mole of the mixture,

€ = E %y, (Be-Tgsy) 'E x gy = To(sg),]
= (h-TOs) - (hG-TOso)
= (h-Ty8) - g, (C-12)
or
¢ = (h-Tys) - E % (Hodye (C-13)

where h, s and g denote, respectively, the molar enthalpy, entropy and
Gibbs free energy of the mixture. Furthermore, by defining the
availability function, b, as (see, e.g., Keenan, 1941)

b =h - Tos . (C-14)

we have, on the basis of a unit mole of the mixture,

e=b-b (C-15)

0

Equations (C-12), (C-13) and (C-15) are the alternative forms to express
the molar exergy.

Additionally, the partial molar chemical exergy, EO, is defined as
-0
£

= (EO-ED) = TD(EO—EO)

where superscript O denotes the standard state, where the system is

(C-16)

equilibrium with the environment with regard to the temperature and

pressure. Note that, usually,
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T0 =T , (c-17)

and thus, equation (C-6) can be rewritten as
-0 =0 ., 0-0
T -

= (h-Ts") - (hO—TOso)
-0 -
=g - go (C"lS)
or
-0
e =0 -y (C-19)

By resorting to equation (C-6), on the basis of a unit mole of the

mixture, we have

¥ = PEACONENCINN (c-20)

The essergy is defined as (see, e.g., Evans, 1969, 1980)

Ayg TE+ BV - TS - E m (uo)k (C-21)

or by resorting to equations (C-2) through (C-6), the molar essergy can

be expressed as

8,, 3 e+ Py~ Tos - g %, (M) (C-22)

where E is the total internal energy including kinetic energy, potential
energy, etc., and m the number of moles of substance k. The total
internal energy, e, can be expressed as

2

where u is the molar internal energy, gx the molar potential energy and

2
2.

2

indicates that other forms of energy, such as the electric and magnetic

the molar kinetic energy; the dotted line in the right-hand side

energy, need be considered in general. Comparing equation (C-13) with

equation (C-22), we have



m
]

(u + Pv - Tos) - Z X (uo)k
k

2
[(u + gx + %—-+ o) + Pov - TOS] - g X (uo)k

2
.

2
= (e + POV - Tos) - 2 Xy (uo)k

+...)—PV+PV

= (gx+ 0

2
u
u2
" B + (P-Po)v - (gx +<E—-+ vee) (C-24)

Furthermore, the partial molar essergy is expressed as

aes = e + Pov - TOS - uo

Therefore, comparison of this equation with equation (C-10) gives an

(€C-25)

expression similar to equation (C-24), i.e.,

2
E=£S+ (P-?O)G- (gx + =—+ ...) (C-26)

e 2
The essergy appears in the available energy balance for an unsteady-
state open flow system, equation (A-28) in appendix A or equation (11)

in Chapter 3.



NOMENCLATURE

0 = gubscript denoting the dead state

0 = guperscript denoting the standard state
A = thermodynamic property

Aes = esgsergy, J

a,g = molar essergy, J/kmol

E;s = partial molar essergy, J/kmol

§£ = partial molar property of component k
b = availability function, J/kmol

E = total internal energy, J

e = molar total internal energy, J/kmol

g = molar Gibbs free energy, J/kmol

Iy = partial molar Gibbs free energy, J/kmol
gx = gpecific potential energy, J/kmol

h = molar enthalpy, J/kmol

h = partial molar enthalpy, J/kmol

m = number of moles of substance k

s = molar entropy, J/K » kmol

s = partial molar entropy, J/K * kmol

w2z = gpecific kinetic energy, J/kmel

u = molar internal energy, J/kmol

Xy = mole fraction of substance k

GREEK

8 = molar enthalpy relative to the dead state, J/kmol
B = partial molar enthalpy relative to the dead state, J/kmol
EO = partial molar chemical enthalpy, J/kmol



mcL o] o 44}—([4

§ =

molar entropy relative to the dead state, J/K * kmol

partial molar entropy relative to the dead state, J/kmol +« K
partial molar chemical entropy, J/kmol * K

molar exergy, J/kmol

partial molar exergy, J/kmol

partial molar chemical exergy, J/mol

chemical potential, J/kmol
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APPENDIX D, SPECIAL CASE OF THE AVAILABLE ENERGY ANALYSIS--
THE SO-CALLED LOST WORK ANALYSIS

The expression of the available energy balance may be rearranged
for some special purposes (see, e.g., Keenan, 1932), For convenience,
the same overall system, shown in Fig., A-1l, is considered.

The available energy balance for an unsteady-state open flow

system, derived in Appendix A, equation (A-29), is

{[EAZ(!:) + PDVAZ(t) - TosAz(t)]
= [(E) pp (8) + Pa(V) o () = Tp(54),, (€)1}
- {[Eyy + PoVaq = ToSaql = LBl py + Bo(Vpdag = Tp(Sp) a1}

E - u(t)?
=3 {OI IZ( [ (RIEY # gule) #-Sgiete . ), n.k(t)]dt}i

t - u(t)2
= {OI L LGE() + gx(t) + 55—+ .0, nk(t)]dt}e
e k

=3 ft T [(E(t) + gx(t) + we)? | ), n (0)]dt]
SO + () + 5 Ly m ©]a,

LMk
t T0 Ty
+ [ ool -9 - lo,ml @-72 + ] - [uo]le
0 ml m2
t
= OI [ W) | + (Tgo())1de (D-1)
where
c=(h - EO) - TO(E - EO) (D-2)

On the other hand, combination of the energy balance equation (A-14),

and the entropy balance, equation (A-23), for system A at the dead state

gives rise to



= LBy * PoUVpday ~ Tp(Sp)yy!]

t
- [B(t) = T3 ()], m (£) dt}
§ {OI E 0 0%t I o 1

t
= 1 { [ ] [t - Tyspl, oy (2) dt}e
e 0 k

£
- % {Of E (B () = Tgs,ly o (8) dt}l (0-3)

Note that

=G-Epn%6-%rua-%%)

where b is the partial molar availability function; thus, adding each
side of equation (D-1) to the corresponding side of equation (D-3), we

have
[EAz(t) + POVAZ(t) - TosAztt)]

= LBy + PoVay = TgSyy!

2

t
- = u(t) -
= E {OI ch [(b(t) + gx(t) + 5 F ey nk(t)}at}i

t = u(t)2
= é {OJ‘ E [(B(t) + gx(t) +-——2--+ ...)k nk(t)]dt}e

g
{of 1E< [(b(t) + gx(t) + 3-(-;—2— o)y nk(t)]dt}!z

t TO TO
+ [ ool -5 - o] @-791 4
0 ml m2



D-3

t
+ [ o] - Wy f1de
0

E
- OI W0 ] + (Tyo(e))]de (D-4)
The last term of the right-hand side of this equation
t
OI o0 + (Tyo(e))]de

represents the available energy dissipation, which may be called
irreversibility (see, e.g., Keenan, 1941; Fan and Shieh, 1980). This
expression can also be obtained directly by combining the energy
balance, equation (A-11), with the entropy balance, equation (A-22).

Rearrangement of equation (D-4) yields

t
J @ = @]+ (0] + (Tgoe)]ae
- u(t)
=] {OI L [(b(t) + gx(t) + * ey nk(t)]dt}i
i k

t
= Z {OI E [(b(Lt) + gx(t) + (t) ")k nk(t)]dt}e
e
F (t)
- E { f Z [(B(L) + gx(t) + = ..)k nk(t)]dt}jl
0

t T0 'J.‘0
+ J U] -5 - |} (O -5] at
0 ml

ma
‘{[Eaz(t)““PoVAz(t) “ToSa2 (8] = [Eyq+PaV,y TS Al}} (B=3)
In this expression, the left-hand side represents the net reversible
work of this system.
For a steady-state open flow system having negligible kinetic

energy, potential energy, etc., equation (D-5) reduces to



D-4

[yl = gl + TGl + (Tyo)]
=1 Qb o), -1 Qb n) -F Q3 n)
}Eknki LA Pk e T & LTk i
T T
ol @-22 - 1o, a-+9 (D-6)
ml m2

Letting iwn rl denote the net reversible work, we have
W, =1L Qoem)y =1 Qo n), -1 (b n),)
n,r ikkkiekkkegkkn'kﬂ

To

T
+ gl a ——T—°—1-> - o @ -0 (0-7)
m

or assuming that there is no leakage from the system, we have

|Wn,r] = [§ (12{ S Z (;Ec b, n)]

o To
+ [|Ql| (1 - ETEJ - ]Q2| a - T_;)] (D-8)
m m

This equaticn is identical to the expression obtained by the so-called
lost work analysis (see, e.g., Nevers and Seader, 1980; Nevers, 1982).
The lost work analysis is based upon the comparison of actual work
with reversible work; the difference is called lost work, which corre-
sponds to the available energy dissipation or irreversibility. Note
that the terms containing the availability functions, b, in equations
(D-4) through (D-8) do not represant the available energy contents of
process streams. Accordingly, caution should be exercised in using the
availability function for any purpose other than computation of a
difference in the available energy contents (see, e.g., Keenan, 1941;

Moran, 1982).



NOMENCLATURE

0 = subscript denoting the dead state

0 = guperscript denoting the standard state

A = gyste A

b = molar availability function, J/kmol

b = partial molar availability funection, J/kmol
E = total internal energy, J

e = output streams

gx = gpecific potential energy, J/kmol

h = partial molar enthalpy, J/kmol

i = input streams

k = material species

2 = leakage

M = mass, kg

Mw = molecular weight, kg/kmol

n = molar flow rate including both convective and diffusional

flows, kmol/sec

P = pressure, atm

{QOI = heat loss to the surroundings per unit time, J/sec

]Ql| = heat transferred from system Ml to system A per unit time,
J/sec

IQZI = heat transferred from system A to system M2 per unit time,
J/sec

S = entropy, J/X

s = partial molar entropy, J/XK *« kmol

T = temperature, K

T = temperature of system M1, K

ml s }

T = temperature of svstem M2, K

m2



GREEK

m |

[}

time, sec
specific kinetic energy, J/kmol
volume, m3

work lost to the surroundings per unit time, J/sec

work supplied from system N1 to system A per unit time,
J/sec

work supplied from system A to system N2 per unit time,
J/sec

net reversible work per unit time, J/sec

work lost to the surroundings except that due to expansion
of the boundary of system A per unit time, J/sec

partial molar exergy, J/kmol

created entropy per unit time, J/K + sec
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APPENDIX E, MACROSCOPIC MASS, ENERGY, ENTROPY AND AVAILABLE
ENERGY BALANCES FOR AN UNSTEADY-~STATE OPEN FLOW SYSTEM

The macroscopic mass, energy, entropy and available energy balances
for an unsteady-state open flow system, depicted in Fig., E-1, are

derived from the corresponding microscopic balances.

MASS BALANCE

The micrcscopic equation of continuity is written as (see, e.g.,
Bird et al., 1960; White, 1979; Boder and Kenyon, 1980)
ap _ . -+
R (V- pv) (E-1)
where p is the density of a small volume element and 3 the vector

representation of the fluid velocity. The integration of equation (E-1)

over the volume, V, gives

[[f & av = -féf (Vs p V) v (E-2)
v

Applying the Leibnitz formula and the Gauss-Ostrogradskii divergence

theorem, respectively, to the left~hand and right-hand sides, we have

j—tf{gfpdv-f{fpvs’n d&=-£fpvndA (E-3)

where A denotes the velocity of any surface element, dA, and subscript
n indicates the component of the vector normal to the surface.

Rearrangerent of this equation yields

d -
-a?f‘_l;fpdv—-‘{fp[vn-vs,lldz% (E-4)

34

Letting gr be the relative velocity defined as

¥ Swww (E-5)
r s

we have

d -
a o= flev, @ e



This is the macroscopic expression of the mass balance.
Applying equation (E-6) to the system shown in Fig. A-1, whose
state is a function of time, t, we can write the left-hand side of the

equation as

aM
d A
o féf &V = — (E-7)

where M, is the mass in system A. The right-hand side of equation (E-6)

A

can be written as

[[eov,  da=-1[f
A

3
+ [f]f

(60), 3, (t,4) dAl,
A
f
A
[
A

+ [ff

)

k

é (M), 3, (t,A) dA]

L o), 3, (t,4) dA], (E-8)
k

or

[} at), m (0],

)

k

[é CONENONN
+ 1[0 ey m (0], (E-8a)
2k

where Mw the molecular weight, j the molar flux and n the molar flow
rate including both the convetive and diffusional flows; furthermore, in
equations (E-8) and (E-8a), subscript k stands for the k-th material
species, i the inlet streams, e the outlet streams and 2 the leakage
streams. The direction cf the outward normal at the inlet surface is
opposite to that of the velocity vector on that surface; note that the
minus sign appears with the input streams and the plus sign with the
output streams. Fquating equation (E-7) to equations (E-8) and (E-8a),

we have, respectively,



E-3

dM
A _
e - [ifg (M), 3, (t,A) dA], - [ifg (M), 5, (t,A) dA]
~U[f 1 0wy, 5 (e,8) dAl, (E-9)
A Lk
and
=11 e n ], -1 (] 0w, n (0]
i k e k

- ; [E CONE NN (E-10)

The integration of equation (E-9) over the time interval, ranging from O
to t, yields the expression corresponding to equation (A-2); the
integration of equation (E-10) gives the expression corresponding to

equation (A-4) in appendix A or equation (1) in Chapter 3.

ENERGY BALANCE
The microscopic energy balance around system A yields the
expression for the energy balance as (see, e.g., Bird et al., 1960;
White, 1979; Boder and Kenyon, 1980)
3 A

S e =T pe) - (T-W - (VD (E~E13

A

where e is the total internal energy per unit mass, v the fluid
velocity, and % and 3, respectively, the work flux and heat flux between
the differential volume element, dV, and the surroundings or any one of
other systems through the elementary area, dA; the left-hand side of
this equation represents the rate of the energy accumulation per unit
volume, and the first, second and third terms of the right-hand side
represent, respectively, the rate of the net energy input per unit
volume associated with the material flow, the rate of the net work input

per unit volume and the rate of the net heat input per unit volume.



E-4

Note that wis a collection of all forms of work. The integration of
equation (E-11) over the volume of the system under consideration, V,

gives rise to

i1 & (pe) av = - e pev) v

[ e av- [ (v av (E-12)
v v

By transforming the left-hand side and the right-hand side by means of
the Leibnitz formula and the Gauss-Ostrogradskil divergence theorem,

respectively, equation (E~12) becomes
d o A -~
Vi f%f pe dV - if oe Vo u dA
=-£J’ (pevn)M—ifwnM-if%dA (E-13)

where Vg is the velocity of any surface element, and subscript n
indicate the component of vector normal to the surface. Rearrangement

of this expression gives
d ~
T fif ce dv
= - if pe [v, - Vs,nl dA - if v dA - if q, dA (E~14)

From equation (E-5),

-+ -+

e
v =v_ -

v 3
r n s,n

and thus, equation (E~14) becomes
4 A
7y féf pe dv
= ¢ 4 - - "
- i if pe v, . dA if v da ij q, dA (E-15)

The work flux, w,s can be divided into three parts, i.e.,

W= wf,n + Wu,n + WO,n (E-16)

where Ve is the flux of work performed by the flowing material, Y the



E-5

work flux between the system under consideration and other systems
including mechanical work, electric work, magnetic work, etec., and Vs
the flux of work lost though the surface to the surroundings. Consider-

ing that we is essentially the pressure work, we have

i! v da if W dA + £f Wu,n dA + £f Yo,n dA

ij Pv . dA+ ij v, o dA ¥ ij Von 44 (E-17)

The heat flux, g, can be divided into two parts, one representing heat
flux between system A and any one of other systems, Qe and the other
representing flux of heat lost through the boundary of system A to the

surroundings, 9+ Thus, we have

ij q dA = ij Qo 94 ¥ f£ 4 o 4 (E-18)

Substitution of equation (E-17) and (E~18) into equation (E-15)
gives

d ~
I féf pe dV
= - if e vn dA

_(ij Py dA+ ij w o dA+ if Wo,n 94)

3 b

-(fa, s+ [fay  aa) (E-19)
A ! A L

Upon rearrangement, we have
d -
a€-f£f pe av

- - . ik B _
= i] ple+ D) v,  da ({f 9 o 98+ if 9, @

_(if w, o da+ if Wo,n 44 (E-20)

Note that



~ ~ 2
P P v
-_— = +— et e
e + 5 u 0 + 5 + gx +
P V2
=h+-2—+gx+... (E-21)

A " 2
where u 1s the specific internal energy, h the specific enthalpy,<§— the

kinetic energy per unit mass and gx the potential energy per unit mass;
the dotted line in the right-hand side indicates that other forms of
energy, such as the electric and magnetic energy, need be considered in
general, Thus, equation (E-20) reduces to

d -~

T [[] pe av

v
2

~ v
z - .}
= i[ p(h + — + gx + ...) v, o dA

_(ij Qu,n 4+ ij dg, 5 98

_(if v dA+ if “0,n dA) (E-22)

b

Furthermore, note that

= -+ -
“on ™ Pplon T Wdon LE=E3)
where (wP)O denotes the flux of work lost against the surroundings due
to the expansion of the surface of the system and (wx)O the flux of work

lost in any other forms, and thus, equation (E-22) can be rearranged as

d A
EE'Iéf pe dV + if (wP)O,n dA

2
@ v
& - ij o(h + —%-+ gt ..) v, dA
_[‘{f qu’n dA+£I qo’n da]

_[if Wy G4 if (W) , dal (E-24)
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As done in the section, ENERGY BALANCE, in Appendix A, we write the
microscopic equation of energy for an unsteady-state open flow system at
the dead state as

3

A A -3
3E P& T ={V *» pev) - (V> wo) (E-25)

where subscript 0 denotes the dead state, Note that Vg includes both
the flux of work performed by the flowing materials, (wo)f, and the flux
of work lost due to the expansion of the surface of the system, (WO,p)O'
By resorting to the Leibnitz formula and the Gauss-Ostrogradskii

divergence theorem for equation (E-25), we have

- d i g e S .
v f‘{f pe, dv + é[f (WO,P)O,T.'[ dA

- - ij phg v, dA (E-26)

where hO is the specific enthalpy at the dead state.
Subtracting each side of equation (E-26) from the corresponding

term of equation (E-24), we have
d AR &
g3 I‘{f ple - ep) av + [[ [y o = Gy p)g 1 da
2
o
B

- if pl(h - ) + 52+ gx + ... v, , dA

_[if Ya,n Rk if 9,n dA]
_[if v, oo dA+ if (w,)q  dA] (E-27)

By defining the specific enthalpy relative to the dead state, é, as
(see, e.g., Szargut and Petela, 1965; Rodriguez, 1980; Fan and Shieh,
1980)

8 =h - hy (E-28)

equation (E-27) becomes



3 1 (e - oq) 4V + £f [Wp)g,n = Gig,plg ] A

2
v

2 n
= - if P(B+ 5+ gx+...) LA dA

_[ij Qo 94+ ij 9g,q 9]

- + i
lff Vo 94 [/ (¥ )q. 941 (E-29)
This is the macroscopic expression of the energy balance with the energy
contents measured relative to the dead state.
Similar to the mass balance, applying equation (E-29) to the system

shown in Fig. A-1, whose state is a function of time, t, we have

In.

[E, (0)-(Eg) ()] + [[ () (0| = [ p)o(e)]]

v_(t)?

= § {g [8(e) + 57— +oex(t) + .01, (M) nk(t)}i

o

t

vn(t)2

Z {é [é(t) + B gx(t) + "']k (MW)k nk(t)}e

vn(t)2

% {E (B(t) + B+ gx(t) + ..., (), nkcw}2

+ o ] = [oue)] - 1o 8]

+ |Wl(t)| - 1w2(t)l - 5(wx)0(t)l (E-30)
Since

Oft [ (W) (e) | dt = PoIV,, () = V,,]
and

t
OI [ (g plo(®)] dE = Pol(V),p (&) = (V)]

and thus, integration of equation (E-30) over the time interval, ranging
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from O to t, yields the energy balance around system A corresponding to

equation (A-17) in appendix A or equation (2) in Chapter 3.

ENTROPY BALANCE
The entropy balance for an isolated overall system, including the
small volume element, the heat source or sink and the surroundings, can

be expressed as (see, e.g., Boder and Kenyon, 1980)

-
a o~ _ f\+ &
3 PS = (V « psv) (Vv T) + oy (E-31)
where s 1s the specific entropy, 9g the rate of entropy creation in a

unit volume. The integration of this equation over the volume, V, gives

rise to
I %?'p; av=- [[[ - psv) dv - [[] (v ..%) av
A v -

+ [[] o av (E-32)
v

Applying the Leibnitz formula and the Gauss-Ostrogradskii divergence
theorem to the left-hand and right hard sides of this equationm,

respectively, we have, after rearrangement,

d A
Tt fgf ps dVv

~ 9
R R

+ [f] o  dv (E-33)
By resorting to equations (E~5) and (E-18), this expression can be

written as
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d ~
It féf ps dv

- q 9
=~ [Josv, an- (ff PR an - [f 2R an)
A ? A u A 0

+ [ o, av (E-34)

where Tu is the temperature of the heat source or sink and T. the

0

temperature of the surroundings.

Similar to the energy balance, for the isolated overall system
under consideration, the entropy balance at the dead state can be
expressed as

a ~ ~ +
3¢ PSg = =(7 * 054V (E-35)
where subscript 0 denotes the dead state. Note that at the dead state
o =20
s
because the process at the dead state is considered to be reversible.

By employing Leibnitz formula and the Gauss-Ostrogradskii divergence

theorem, equation (E-35) can be transformed into

d N -
It féf Psy dv = - if Ps, vr,n da (E-36)

Subtracting each side of equation (E-36) from the corresponding

term of equation (E-34) yields

“g*gféf o(s - ;D) av

- - ij o(s = s v, . dA

q q
S(ff 2 [ 22 e
A u 70

+ [[[ o, av (E-37)
v

The specific entropy relative to the dead state is defined as (see,

e.g., Szargut and Petela, 1965; Fan and Shieh, 1980)
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Y £ s - e (E-38)
Substitution of this expression into the right-hand side of equation

(E-37) gives

S ots - sy av

. q q
== [foy v, aa- (Jf 2R an+ [f 228 an)
A ’ A u A 0

+ [ff o  dv . (E-39)
This expression 1s the macroscopic entropy balance with the entropy
contents measured relative to the dead state.
Applying equation (E-39) to the system depicted in Fig. A-4, whose

state is a function of time, t, we have, after rearrangement,

o(t) = L [5,(0) - (5,),(0)]

11 Y () 8, n (0],

+

IRACRCONEROIR
e k

+

7T v, () 0, n (£)]
i 0 k k "k g
Cleg@l ol (e

+ +
Tml TmZ TO

(E-40)

Integration of this equation over the time interval, ranging from 0 to
t, gives rise to the entropy balance around system A corresponding to

equation (A-26) in appendix A or equation (7) in Chapter 3.

AVAILABLE ENERGY BALANCE
The macroscopic available energy balance around the system can be
obtained by multiplying the entropy balance, equation (E-39), by TO and

subtracting the resultant from the energy balance, equation (E-29),
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i I
& [ ote =) v+ [ Lop)g o - (g p)g ] A

= I %o 065 = sp) v

2
v,

=‘£ID[(5'T Y)+ +gx+...]vr’ndA

T
0
- ij Qy,p 1 -7 dA- if v _ dA

u,n
u ]

ij () o dA = fij T, o, dV (E-41)

By defining the specific exergy, 2, as (see, e.g., Gaggioli, 1961;

Szargut and Petela, 1965; Riekert, 1974; Fan and Shieh, 1980)

~ A

€ (n - ho) - T (s -

[{i]

sq)
6 = TO Y (E-42)

]

equation (E-41) becomes, after rearrangement,

= féf olle = &) = Tys - s av

+ ] Lap)g o = (i pdg ]
A 3 ] ]
2

V
= - Jf (s + ——-+ gX + ..4) vr,n dA

T
0
= if 9,n 1 - T;o dA - if oo A

- UJJ )y aa+ ] (150 ) av] (E-43)
A ’ v

This is the macroscopic expressiom of the available energy balance.
Applying this equation to the system shown in Fig. A-1, whose state

is a function of time, t, we have
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d

U IOIIER IS NG

1]

é [e(t) + ——F—+ gx(t) + ...], (%), nk(t)}i

{ ) v ()2

" v (t)?
. z {E [e(t) + =5+ gx(t) + ...1, W), nk(t)}e

vn(t)2

- E {g [e(e) + —5— + gx(e) + ...] (60, nk(t)}l

To To
+ o] @ -5 - oo @ -7
ml m2
+ [ - |w,e)]
- ) e ] + (15 o(e))] (E-44)
Since
t
D[ I(WP)O(t)| dt = PV, (t) = V,,]
and

t
Gj | My pIo (B ] dE = Byl (Vy) 5 (8) = (V) ()],

integration of equation (E-44) over the time interval, ranging from 0 to

t, gives rise to the available energy balance, corresponding to equation

(A-29) in appendix A or equaticn (11) in Chapter 3.
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NOMENCLATURE

A system A

a unit area of the control surface, m2

E total internal energy, J

e output streams

; total internal energy per unit mass, J/kg

gx specific potential energy, J/kg

ﬁ enthalpy per unit mass, J/kg

i input streams

i molar flux, kmol/sec °* m2

k material species

) leakage

M mass, kg

Mw molecular weight, kg/kmol

n subscript standing for the component of the vector normal to
the surface

. molar flow rate including both convective and diffusicnal
flows of substance k, kmol/sec

P pressure, atm

|Q0[ heat loss to the envrionment per unit time, J/sec

]Qll heat transmitted from system M1 to system A per unit time,
J/sec

|Q2| heat transmitted from system A to system M2 per unit time,
J/sec

E vector representing heat flux, J/sec - m2

a, flux of usable heat, J/sec - u*

4 flux of heat loss, J/sec - m2

S entropy, J/K

s entropy per unit mass, J/K *« kg
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temperature of system A, K

temperature of system M1, K

temperature of system M2, K

temperature of the heat source or sink, T
time, sec

specific kinetic energy, J/kg

internal energy per unit mass, J/kg

volume, m3

vector representing the fluid velocity, m/sec
relative velocity, m/sec

velocity of any surface element, m/sec

work loss to the surroundings per unit time, J/sec

work supplied from system N1 to system A per unit time,
J/sec

work stupplied from system A to system N2 per unit time,
J/sec

work loss to the environment except that due to the
expansion of the boundaries of system A per unit time, J/sec

vector representing work flux, J/sec ° m2
flux of work loss, J/sec - m2
flux of work performed by the flowing material, J/sec * m2

flux of work lost against the surroundings due tozthe
expansion of the surface of the system, J/sec * m

flux of usable work, J/sec - m2

flux of work lost to the environment except that Que to the
expansion of the surface of the system, J/sec * m

mole fraction of substance k
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GREEK

é = enthalpy relative to the dead state per unit mass, J/kg

; = entropy raltive to the dead state per unit mass, J/K + kg
; = exergy per unit mass, J/kg

o = density, kg/m3

o = created entropy per unit mass, J/K * sec

Q = control surface
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Fig. E-1. Diagram of an unsteady- state
open flow system.
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ABSTRACT

Growing awareness of limited energy supplies has prompted a great
deal of effort in developing and designing energy-efficient process
systems; consequently, analyzing such systems from the thermodynamic
point of view has become increasingly important. One of the most important
recent developments in classical thermodynamics is establishment of the
so-called single axiom approach in which the first law, second law and
other laws and corollaries of classical thermodynamics can be deduced from
a single basic law of stable equilibrium., The single axiom implies directly
the existence of irreversibility in natural processes, indicating the neces-
sity of evaluating the degree of thermodynamic irreversibility in system
analysis.

A systematic procedure for analyzing a process system has been intro-
duced, based on the law of mass conservation, and the first and second laws
of thermodynamics, leading to the energy and available energy balances for
the system. The procedure enables us to evaluate the thermodynamic first-
law and second-law efficiencies and to identify the nature and sources of the
thermodynamic inefficiency or irreversibility of the system. The use of the
procedure has been illustrated with several examples in the area of energy
conservation and conversion; specifically, a counter-current heat exchanger,
a biomass pyrolysis process and an anaerobic sludge digestion process have

been systematically amalyzed.



