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Abstract—Energy-Utilization Diagrams is a graphic method to describe the exergy losses in industrial
processes, i.e., improving the exergy use. We apply the method to a MW Kalina bottoming cycle. The
Kalina cycle is being developed as a competitive improvement of the Rankine steam cycle. By using an
ammonia-water mixture as the working fluid and a condensing system based on absorption refrigeration
principles the Kalina bottoming cycle becomes about 10% more efficient than the ordinary Rankine cycle.
The Energy-Utilization Diagram of the Kalinacycle is very tight. From this we see that the cycle is very
well optimized.

NOMENCLATURE

Specific hest

Exergy per unit mass

Gibbs free energy per unit mass

Enthalpy per unit mass

Pressure; pc critical pressure

Gas constant; Ry, for mixture

Entropy per unit mass

Temperature; Ty bubble point; Tqdew point; T critical point;
Tg saturation point for a pure component

Energy per unit mass

Volume per unit mass

Ammoniamass fraction; X, for anmoniamol fraction
Density

—n go TQ ® O

o X< Cc

Subscripts

Saturated liquid
Saturated vapor
Subcooled liquid
Mixture or mol fraction
Superheated vapor
Saturation

Solution

Ideal gas

Kgow<3—a-~—
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INTRODUCTION

Energy-Utilization Diagrams (EUD) is an important engineering tool to improve exergy
efficiency of energy conversion systems (Ishida and Zheng, 1986 and Ishida et al., 1987).
The exergy losses of the system are shown by agraphica presentation which gives a useful
overall description of the process.

The use of mixtures as working fluids has opened new possibilities to improve the
efficiency of power and refrigeration cycles with less costly equipment. Mixtures may be
an important substitute for CFC refrigerants, thus, decreasing environmental problems.
The Kalina cycle, which use a ammonia-water mixture, may show 10 to 20% higher
exergy efficiency than the conventional Rankine cycle (Kalina, 1984 and El-Sayed and
Tribus, 1985). The ammonia-water mixture boils at a variable temperature unlike pure
water which boils at a constant temperature. Variable temperature boiling permits the
working fluid to maintain a temperature closer to that of the hot combustion gases in the
boiler, thus, improving the exergy efficiency, afact which has been well known among
scientist and engineers. But there was no practical, efficient way to condense the mixture
back to afluid for recycling until the Kalina cycle was introduced.
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Figure 1. A simplified Kalina cycle

By circulating the mixture at different compositions in different parts of the cycle,
condensation (absorption) can be done at slightly above atmospheric pressure with a low
concentration of ammonia, while heat input is at a higher concentration for optimum cycle
performance.

Figure 1 shows the simplified Kalina cycle (El-Sayed and Tribus, 1985a) assumed in
this study. Thisis abottoming cycle feed by exhaust gases (1, 2) to the boiler. Superheated
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ammonia-water vapor (3) is expanded in a turbine to generate work (4). The turbine
exhaust (5) is cooled (6, 7, 8), diluted with ammonia-poor liquid (9, 10) and condensed
(11) in the absorber by cooling water (12, 13). The saturated liquid leaving the absorber is
compressed (14) to an intermediate pressure and heated (15, 16, 17, 18). The saturated
mixture is separated into an ammonia-poor liquid (19) which is cooled (20, 21) and
depressurized in athrottle and ammonia-rich vapor (22) is cooled (23) and some of the
original condensate (24) is added to the nearly pure ammonia vapor to obtain an ammonia
concentration of about 70% in the working fluid (25). The mixture is then cooled (26),
condensed (27) by cooling water (28, 29), compressed (30), and sent to the boiler via
regenerative feedwater heater (31).

The mass flow circulating between the separator and the absorber is about 4 times that
of theturbine, thus, causing some additional condensate pump work. However, this loop
makes possible the changes in composition between initial condensation in the absorber and
heat addition in the boiler. By changing the dew point of the mixture, the waste heat from
the turbine exhaust, which is lost in a Rankine cycle, can be used to dilute the ammonia
water vapor with a stream of water, thus, producing a mixture with a substantially lower
concentration of ammonia which alows condensation at a much higher temperature.

Usually thermodynamic properties of pure fluids and information of the departure from
ideal-solution is sufficient to derive mixture properties. Stability, secondary reactions,
safety, etc must, of course, also be considered.

ENERGY-UTILIZATION DIAGRAMS
In the present method, it is assumed that a system is composed of a number of
subsystems containing energy-donating and energy-accepting processes.

Let us consider the processes in a subsystem. The first law of thermodynamics states
that the total energy is conserved, i.e.:

aDH=0 (k=1,...,K), (1)

where K is the number of processes in the subsystem. Classified into energy donors and
energy acceptors, the above equation becomes

ADHY+ 3 DHP =0, @)

where the superscript ed and ea mean energy donor and energy acceptor, respectively.
The second law of thermodynamics states that the total entropy isincreased:

4 DS =aDsy+ansgs o ©)
Then exergy islost in the process system:
& DE = § DH, —To§ DS =~ Tog DS, £0. @

If we introduce the availability factor A (M. Ishidaand K. Kawamura, 1982),

A =DE/DH, (5)
equation 4 may be converted to:
0 e, ea, ped
- & DE = @ DH(AY - AD). (6)

When Kk goesto infinity the relation becomes:
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—§E= A% - AB)IH= 7)

Hence, by plotting A¥ and A agamst H®, the exergy loss in the subsystem is
represented by the area between A% and A® Thlswecall Energy-Utilization Diagrams.

KALINA CYCLE

A simple model is assumed for the thermodynamic properties of the ammonia-water
mixture used in the Kalina cycle. In the gas phase, above the saturation temperature of
water Tgy, the superheated mixture is assumed to behave as an ideal solution of super-
heated ammonia and water vapor (fig. 2). When the temperature is between the pure water
saturation temperature Tgy and the mixture dew point Tg, in the gas phase, the water
component is assumed in a meta-stable vapor state at the considered pressure. Similarly, in
theliquid region, between the saturation temperature of pure ammonia Ts; and the bubble
point of the mixture T, we assume a meta-stable liquid state for ammonia. In the wet vapor
mixtureregion Tq> T > T, we have a saturated vapor mixture with ammonia mass fraction
Xg and a saturated liquid mixture with ammonia mass fraction Xs. In the liquid region,
below thebubble point of the mixture Ty, a Gibbs excess function for the departure from
ideal-solution behavior is assumed (Kainaet al., 1986).
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Figure 2. The various states on T-S and T-X diagrams.

COMPUTATIONAL PROCEDURE

From the assumptions above the following thermodynamic properties are needed.

(1) Pure ammoniaand water:

p=p(p.T) (8)
Gy = o(T) 9
Pt = P(Tsa) (10)
Psar™ P(Tsar) (11)
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(dp/dT) g = hig/(T Vig) 12)

The properties of the pure components are available in tables or by equations (Haar and
Gallagher, 1978 and Keenan et a., 1969), and a compilation of 40 substances by Reynolds
was used (1980). Energy, entropy, enthalpy, and exergy per unit mass are calculated using
Egs. 8 and 9 and the following thermodynamic relations:

-
<1 )
U=to+ G+ (p- T 0 (13
0 oP
0
T pl
s= 5o+ uy/TdT + 8p2 (oR - E%%)-%)dp- RInp (14)
0 (0]
0
h=u+pv (15)
e=h- Tgs (16)

where ug and s are chosen such that a selected reference state have a zero energy and
enthalpy for pure saturated liquids at To = 0°C.

(2) Mixture of ammonia and water:

Bubble point Ty =T(p,X) an
Dew point Tg=T(p,X) (18)
Gibbsfree energy of solution  ggy = g(p, T, X) (29

Datafor these equations are presented by El-Sayed and Tribus (1985b).
We may now develop relations for the ammonia-water mixture in the different regions
defined in Fig. 2.

(T>Tgy) Superheated vapor:

hym = Xhya + (1 - X)hyy (20)
Sym = XSya + (1- X)syy

- Rl + (1= XeIn(L- X)) (21)
Vym = XVya + (1 = X)Vyuy (22)

(Tsw>T>Ty Metavapor: Egs. 23-27 below were applied with Egs. 20-22 above.

Meta vapor water by » hgy = CouDT (23)
Sw » Sgw — Gow! (T T) (24)

Vaw » Vgw (T/Tgw) (25)

where DT =Tgy—T, (26)
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and Cow = (hyy (& Tgy + DT) —hg,, )/DT. (27)

(T T>Tp) Wet vapor: According to Fig. 2, a saturated vapor mixture with ammonia mass
fraction X 5 and a saturated liquid mixture with X; occur. For the saturated vapor we apply
the equations above and for the saturated liquid we use the following equations.

Metaliquid ammonia hja» ha + DT (28)

Sia> Sta* Gpd N(T/Ts) (29)

Via» Vfa (30)

where DT=T-Tg (31)

and Cpa= (g —hya (at Ty~ DT))/DT. (32)

Saturated liquid mixture ~ hypy = Xhja+ (1= X)h+hg (33)
Sim = XSjat (1- X)siw

- Ry(XmInXm + (1 - Xm)In(1 - X)) + S (34)

Vim = XVjg+ (1- X)vjy Vg (35)

where hsol = = T2M(9s0l/M/MIT, (36)

Ssol = (hsol = 9sol)/T, (37)

and Vsol = 19sol /1P (38)

(Ty>T>Tg,) Metaliquid: Egs. 28-38 above were applied.
(Ts>T) Subcooled liquid: Egs. 33-38 above were applied.

The following equations were also used
Clapeyrons equation htg = (Vg — Vi TS(TP/MT)s (39)
and Stg = htg/Ts (40)

A computer agorithm based on these relations has been devel oped in Pascal to run on a
microcomputer (Macintosh™).

ENERGY-UTILIZATION DIAGRAM OF THE KALINA CYCLE

Figure 3 shows the Energy-Utilization Diagram for the Kalina cycle presented above.
This diagram shows the scheme of energy transformations by plotting the amount of
energy transformed on the abscissa (i.e., coordinate for the first law of thermodynamics)
and the energy levels of the donor process (Aed) and the acceptor process (A™) on the
ordinate (i.e., coordinate for the second law).

It isfound that there are pinches at several points. Hence, it is not so easy to operate the
system and much attention should be paid especialy to these pinches. However, when this
Is solved, the uniform distribution of exergy loss shows that this system is well-optimized.

The diagram is divided into different parts related to the components of the Kalinacycle
in Fig. 1. This figure clearly shows whether the quality of the energy, i.e., exergy,
supplied is sufficient and the level of excess. The total exergy loss in each subsystem is
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shown as the area between the energy donating and energy accepting lines. (The shadowed
area) In the boiler exergy from the exhaust gases, the energy donating line is curved
downwards, is transferred to the ammonia-water mixture, where we can see the part
indicating variable temperature boiling in the middle of the energy accepting line. For the
turbine gas expansion is the energy donor and its energy level becomes greater than unity,
whilea work sink with A = 1 is the energy acceptor. The area between these two energy
levels giiiv&s the exergy lossin the turbine and the work generated is obtained as the width
of DH™. The remaining part of the diagram shows the heat exchange in the remaining
subsystems indicating a very well optimized system.
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Figure 3. Energy-Utilization Diagram for the Kalina cycle.

CONCLUSIONS

The characteristics of energy transformations in the Kalina cycle has been clarified
through the use of Energy-Utilization Diagram which shows that the Kalina cycleis very
well optimized. It is also found that the method of Energy-Utilization Diagrams effectively
illustrates the internal phenomena by showing the distribution of exergy losses for each
energy transformation. The exergy loss in the boiler is the highest anong all subsystems
but from the diagram we also see that to suggest improvements further studies are needed.
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