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Any improvement in the efficiency and power output of power cycles will impact the

nation's energy picture and the environment as well. Absorption power cycles have

been proposed in the literature to be used as alternatives to the conventional Rankine

cycle. Analysis shows absorption cycles to have thermodynamic advantages over

Rankine cycles. The information available in the literature on absorption power cycles

is limited and incomplete. Most absorption power cycles cited in the literature are

characterized by their high degree of complexity. However, little information is given

in the way these cycles are designed.

The overall objective of the thesis is to provide a comprehensive evaluation of the

performance and applicability of absorption power cycles. A secondary objective is to

develop methodology for designing and analyzing power cycles. The relationship of

the maximum power point to the design as determined by economic considerations is

considered. Heat exchanger network synthesis methods are used to develop a

methodology for designing optimized power cycles.
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A detailed evaluation of the many proposed power cycles appearing in the recent

literature is made comparing their performance with conventional cycles. The research

provides an engineering evaluation and a design methodology for power cycles which

will improve the efficiency, power output and the economics of power plants.

Moreover, the research focuses on power cycles operating with low temperature heat

sources such as geothermal, solar energy or waste heat.
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Chapter One

Introduction

The generation of power played a major role in development of classical

thermodynamics. Carnot introduced the concepts of reversibility and the principle that

the thermal efficiency of a reversible cycle is determined solely by the temperatures of

the heat source and heat sink. The maximum possible efficiency with which heat can

be converted into work is obtained when only reversible processes are involved.

Reversible heat transfer processes require energy to be transferred with infinitesimal

temperature differences. For finite heat exchange areas and heat transfer coefficients

products, the rate of heat exchange in reversible processes approaches zero, and the

total energy transfer in finite time is zero. As a result, as a cycle approaches

thermodynamic reversibility, its output power becomes infinitesimally small. Carnot's

theory of motive power of heat, Carnot [1824], does not consider the fact that the

power output is limited by the rates of heat transfer and does not explain the conceptual

differences between power optimization and efficiency optimization.



1.1 The Heat Transfer Limited Carnot Cycle and The Maximum Power

Concept

In this study, the term "Heat Transfer Limited Carnot cycle" is used to refer to a cycle

having two adiabatic and two isothermal processes. The processes may be irreversible

and as a result the cycle may not achieve the Carnot cycle efficiency. The existence of a

maximum power point for a HTL Carnot cycle and the limitation of the efficiencies of

real processes resulting from finite heat transfer rate constraints were recognized by El-

Wakil [1962], and by Curzon and Ahlborn [1975].

TH

Th

T,

TL

T

TH

Fi

TL

s

Figure 1.1: Heat transfer limited Camot cycle coupled to

heat source and heat sink with infinite thermal capacitance rates

Consider a HTL Carnot cycle shown in Figure 1.1 where all of the irreversibilities are

associated with the transfer of heat to and from the power cycle equipment. There are

no internal losses within the cycle itself. The heat source and heat sink are considered

to be at constant temperatures TH and TL, respectively. Because of the finite heat

transfer conductance of materials, the cycle operates between Th and T1 as shown in

T,



Figure 1.1 to provide temperature differences, the driving forces for heat transfer

between the cycle and the hot cold and reservoirs. Assuming the heat transfer to occur

through conduction and/or convection, the rate at which heat is supplied and rejected

can be represented by

QiO=a(X (TH-Th) (1.1)

QL= =P (TI - TL) (1.2)

where x and 3 are proportionality constants related to the heat exchanger characteristics

for the high and low temperature heat exchangers, respectively.

An energy balance on the engine, operating at steady state, requires that

W = (h -QL(1.3)

Assuming the cycle is internally reversible, the entropy balance on the engine is
c.HQL

Th TI (1.4)

The cycle efficiency is defined as
nw __

QH Th (1.5)

As shown in Figure 1.2, finite power can only be achieved by operating at less than the

maximum efficiency. It is clear that there exists a point of maximum power, and at this

point the efficiency for this case is given by

i"1= 1- fTiL/TH (1.6)

The Carnot cycle has been the example for the maximum performance of heat engines.

The heat transfer and fluid mechanics constraints limit the utility of the Camot cycle.

Finite power can only be achieved by operating at less than the maximum efficiency

(the Camnot efficiency). Since all power plants are design to produce power



(electricity), the Carnot cycle (zero power output) is not only unattainable but also

undesirable. There are conceptual differences between power optimization and

efficiency optimization.

0

Efficiency

Figure 1.2: Power/efficiency trade-offs for a heat transfer limited Carnot cycle

Curzon's and Ahlborn's study has inspired many following studies. Leff (1987a)

shows that the Brayton, Otto, Diesel and Atkinson cycles also produce maximum

power at an efficiency of 1 - VTjHJ. Gordon (1988) has investigated the maximum

power-efficiency relations for solar driven cycles. Bejan (1988a) considered an

irreversible power plant model, accounting for the heat loss through the plant to the

surroundings. Several papers deal with optimum power of the Carnot cycle operating

between finite thermal capacitance rates heat source and sink [e.g. Ondrechen et al.

(1983), Wu (1988)]. Lee et al. (1990) analytically present the optimum power and the

efficiency of a finite time Carnot heat engine operating between two reservoirs with
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finite heat-capacity rates. They show that the efficiency at maximum power depends

only on the inlet tempertures of the cold and hot reservoirs. To achieve their results, a

periodic cycle is considered with heat exchange contact time being among the

independent variables. Rubin (1979a) extended the Curzon and Ahlbom model by

consideration of cycles in which the reservoir temperatures are controllable parameters

varying between the temperatures of the coldest and hottest reservoirs. Using a

Lagrange optimization method, he shows that the efficiency at maximum power

depends only on the coldest and hottest reservoir temperatures. Rubin (1979b)

considered a reciprocating engine with heat exchange contact time being among the

independent variables. The engine is a standard engine with a cylinder and piston which

is used to do work on the outside world. The working fluid is a perfect gas. He used

optimum-control theory to find the possible optimum controls and the optimum

trajectories for this type of engines.

1.2 Extension and Evaluation of the Maximum Power-Efficiency

Concept

The cycle considered by El-Wakil [1962], and Curzon and Ahlborn [1975] operated

between an isothermal heat source and sink. Practical power plants do not operate

between constant temperature thermal reservoirs, but rather, they transfer heat to and

from flowing streams which have finite thermal capacitance rates (i.e., mass flow rate-

specific heat product). In this study, a heat source and a heat sink with finite thermal

capacitance rates are considered.
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Even though the Carnot is the most efficient cycle, the Brayton can produce more

power than the HTL Carnot cycle if heat transfer constraints are considered. The

'best' cycle which results in the upper limit of the maximum power for specified

boundary conditions has not been identified. In this study, the cycle with the optimum

power will be investigated.

The relationship of the maximum power point to the optimum design as determined by

economic consideration is unclear. Data on existing power plants using pure fluids

indicate that well-designed plants operate near their maximum power efficiency, Curzon

and Ahlbom [1975], and Bejan [1988a]. Actual power plants are presumably designed

to provide minimum life-cycle costs. The efficiency of a power plant should primarily

be a function of economics, rather than thermodynamics. An economic analysis will be

considered to explain the relationship between maximum power point and design as

determined by economics considerations. The economic calculations for this study are

based on the life cycle cost, Duffle and Beckman, [1980].

1.3 Binary Mixtures

The use of non-azeotropic binary mixtures as the working fluid in power cycles has

received considerable attention. The motivation for using non-azeotropic binary

mixtures is the fact that heat can be supplied or rejected at variable temperature but

constant pressure, which can reduce the mismatch between the hot and cold streams

and the cycle working fluid.

Non-azeotropic binary mixtures show fundamental differences in behavior compared to

azeotropic binary mixtures. These differences are most evident during the phase



change processes of evaporation and condensation, which will be reviewed in sections

1.3.1 and 1.3.2

1.3.1 Azeotropic Binary Mixtures

Not all mixtures display boiling points falling between the boiling temperatures of the

pure substances. There are a number of mixtures in which this temperature is not a

monotonic function of the composition, but takes on values above or below boiling

points of pure substance.

,sat

H

0 x 1

Figure 1.3: The two-phase domain of a binary mixture showing the point of

azeotropic composition with a temperature minimum

Different mixtures can have a temperature minimum similar to ethyl alcohol-water

mixtures as shown in Figure 1.3 or a temperature maximum similar to nitric acid-water
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mixtures as shown in Figure 1.4. Point C is known as the azeotropic point at which

the liquid and vapor lines touch each other. At this point the liquid and vapor have the

same composition. Such a mixture boils as a pure substance at a constant temperature,

since the composition has the same value during the boiling process, Walas [1985], and

Bosknjakovic [1965].

H

.at

0 x-Dw 1

Figure 1.4: The two-phase domain of a binary mixture showing the point of

azeotropic composition with a temperature maximum

1.3.2 Non-azeotropic binary mixtures

Non-azeotropic binary mixtures, therefore, in contrast to pure substances at a given

pressure, do not have single boiling temperature but a varying boiling temperature

dependent upon the composition. For binary mixtures, vapor and liquid which are in

equilibrium at equal pressure have the same temperature but different compositions.
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,s-

2

0 x

Figure 1.5: The two-phase domain of a non-azeotropic binary mixture

Consider a liquid ammonia-water solution of initial composition x, and temperature T1,

Figure 1.5. As the liquid is heated at constant pressure, its temperature rises to the

bubble point temperature T2 where it begins to boil (state point 2). The temperature of

the vapor is equal to the temperature of liquid. However, the composition of the vapor

x2 is markedly different from that of the liquid x3 (state point 3). If the mixture is

heated further, more of ammonia than water vaporizes. As the heating continues the

remaining liquid will become lower in ammonia concentration, its composition is

reduced to x5 (state point 5). Although the pressure has not changed, the temperature

has increased and has risen to T5 . Through additional heating, the last amount will

vaporize and the resulting vapor at its dew point, (state point 8), must have the same

composition as the initial mixture x8=x 1. With additional heating, the vapor becomes

superheated without any change in composition, Walas [1985], and Bejan [1988b].

Ba t
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1.4 Absorption Power Cycles

Although the Rankine cycle is a common cycle used in producing mechanical power,

the absorption power cycle has been proposed in the literature to be used as an

alternative to the Rankine cycle. A number of absorption power cycle configurations

have appeared in the recent literature. Analysis by Kalina, [1983] and others show

absorption cycles to have thermodynamic advantages over conventional Rankine

cycles. These cycles are complicated. The information available on absorption heat

power cycles is limited and incomplete. The absorption system proposed by Kalina

takes advantage of the characteristics a non-azeotropic binary mixture, in which the heat

can be added at variable temperature but constant pressure. This produces a lower

temperature pinch-point in the boiler which allows more heat to be absorbed by the

cycle. For a sensible heat source, the different boiling points and the lower temperature

pinch-points decrease the availability losses in boiler.

An absorption binary power cycle was studied by Maloney and Robertson in 1953.

Ammonia-water mixtures were used as the working fluid. In such a system, the boiler

delivers a vapor rich in the more volatile component (ammonia). The vapor is then

superheated. Useful work is obtained by expanding the vapor to low pressure in a

turbine. An absorber is utilized at the turbine exhaust to reunite the weak solution from

the distillation unit as illustrated in Figure 1.6. The absorption cycle introduces two

new components, absorber and distillation unit, which are not used by the Rankine

cycle. In addition to ammonia-water mixtures, salt-water mixtures have been proposed

in the literature to be used as working fluids in these types of power cycles.
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.,L , V ,L P ', - V a l v e 1 0 j
-.. Basic solution

.. - Weak solution in the more volatile component

Strong solution in the more volatile component

Figure 1.6: An absorption power cycle studied by Maloney and Robertson [ 1953]

Maloney and Robertson were among the first to study an absorption heat power cycle.

They analyzed the cycle without considering heat exchange limitations; they did not

consider the fact that ammonia-water mixtures can have lower temperature pinch point

at counter current heat exchangers. Their results showed that the absorption heat power

cycle has no significant thermodynamic advantages over conventional cycles as means

of converting heat into useful power.

L



12

Hea

L ..-...-.-- ve -.... 13 -

Basic solution

-mm. Weak solution in the more volatile component

Strong solution in the more volatile component

Figure 1.7: An absorption power cycle proposed by Kalina [1983]

Kalina [1983] proposed an absorption heat power cycle (the Kalina cycle) with a

slightly different configuration than the one studied by Maloney and Robertson in

1953. He claimed that his cycle will have 1.3-1.6 times higher thermal efficiency than

steam power cycles handicapped by a temperature pinch point in the boiler. The Kalina

cycle is shown in Figure 1.7.
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Kalina and Lebowitz [1988] presented a design of a 3 MW Kalina cycle experimental

plant (KCEP). The KCEP was presented with addition to the process flow diagram.

This experimental plant was to be installed at DOE's Energy Technology Engineering

Center located at Canoga Park near Los Angeles in 1989 (It has, yet not been installed).

It stated that KCEP was to be built to demonstrate the technical practicality and

operational reliability of Kalina technology concepts. Kalina and Leibowitz [1989a]

studied off design performance and material selection for a Kalina bottoming cycle.

U,

Enthalpy

Figure 1.8: Illustration of a pinch point which limit heat transfer

The increased efficiency is explained in terms of the variable boiling/condensing

temperature which for binary mixture at constant pressure. The varying temperature

during the heat transfer processes reduces the thermodynamic irreversibility of heat

exchange and the effect of thermal pinch in the boiler, compared to the isothermal

boiling/condensing processes occurring in the Ranking cycle. A thermal pinch can

occur in heat exchange situations where a phase is occurring in one stream, as shown in

Pi

Cold stream

I
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the temperature-enthalpy diagram in Figure 1.8. The pinch point result in a

"bottleneck" which limits the maximum heat transfer between the hot and cold streams.

The result of the pinch is a higher exit temperature for the hot stream and a larger

temperature difference at the hot stream inlet, both of which destroy thermodynamic

availability.

All cycles proposed by Kalina, which are later known by the Kalina cycle technology,

are characterized by their high degree of complexity. These cycles are very

complicated, which could raise some doubts as to their practicality. Moreover, they are

difficult to understand and were not sufficiently explained. Modeling such cycles is a

plumbing nightmare which make it difficult to verify the advantages of the Kalina cycle

technology.

1.5 Objectives

The primary objective of the research is to provide a comprehensive evaluation of the

performance and applicability of absorption power cycles. In order to reach this goal, a

specific objective of this work is develop a methodology for designing optimum power

cycles. This methodology will be based on finite-time thermodynamics in addition to

classical thermodynamics. Moreover, the relationship of the maximum power point to

the design as determined by economic considerations will be considered. A

comprehensive evaluation of the performance and applicability of absorption power

cycles will be investigated. A methodology for designing and analyzing power cycles

will be developed. This method will be based on finite thermodynamics in addition to
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classical thermodynamics. Heat exchanger network synthesis methods will be used to

study and design optimized power cycles.

Steady-state simulation models to study and compare various configurations of the

Rankine and absorption power cycles will be developed. Steady-state modeling of

power cycles requires appropriate models for each of system components. Various

levels of detail are possible for the description of the system components. The relation

between model detail and the accuracy/completeness of model is important.

Considering the effect of different model details on the predicted steady-state behavior

of a heat power cycle will be explored. The necessary library of thermodynamic

properties for ammonia-water mixtures for a subsequent analysis will be established.
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Chapter Two

Optimum Heat Power Cycles
for Specified Boundary Conditions

Although the Carnot cycle is the most efficient cycle, there exist cycles which can

produce more power than the Carnot cycle for the same boundary conditions when heat

transfer constraints are considered. The goal of this study is to identify the optimum

power cycle, i.e., the cycle which produces the maximum power for specified external

boundary conditions. Although still somewhat idealized, the cycle which provides

maximum power for specified external boundary conditions gives a more reasonable

design goal than do reversible cycles that generate zero power. In this analysis, heat

exchanger areas and heat transfer coefficients are finite and the cycle may be internally

irreversible. Analytical and numerical techniques are used to determine the maximum

power. The shape of optimum power cycle, i.e., the working fluid temperature as a

function of entropy along with power output and efficiency are presented for given heat

source, heat sink, and heat exchanger conductances.

Optimization of the power output of Carnot and closed Brayton cycles is considered for

both finite and infinite thermal capacitance rates of the external fluid streams. The

method of Lagrange multipliers is used to solve for working fluid temperatures which
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yield maximum power. Analytical expressions for the maximum power and the cycle

efficiency at maximum power are obtained. A comparison of the maximum power

from the two cycles for the same boundary conditions, Le, the same heat source/sink

inlet temperatures, thermal capacitance rates, and heat exchanger conductances, shows

that the Brayton cycle can produce more power than the Carnot cycle.

2.1 Heat Transfer Limited Carnot Cycle Coupled to Heat Source and

Sink with Infinite Thermal Capacitance Rates

Consider a HTL Carnot cycle shown in Figure 2.1 where all of the irreversibilities are

associated with the transfer of heat to and from the power cycle equipment. There are

no internal losses within the cycle itself. The heat source and heat sink are first

considered to be at constant temperatures TH and TL respectively. Because of the finite

heat transfer conductance of materials, the cycle operates between Th and T1. The rates

at which heat is supplied and rejected are given by:

Qhi =UAH (TH- Th) (2.1)

Q =UAL (TI- TL) (2.2)

where QL is the rate of heat rejected, QH is the rate of heat supplied. UAH and UAL

are, respectively, the hot-side and cold-side heat exchanger conductance (heat transfer

coefficient-area product).

The energy and the entropy balances on the cycle are then given by

W = UAH (TH- T) -UAL(TI - TL) (2.3)
g(TTI -UAH (THn- Th) -UAL(T1 - TL) -0 (24

where W' is the power output., and g is the entropy constraint function.



18

I
Th

TL

TL

Entropy

Figure 2.1: Heat Transfer Limited Carnot cycle coupled to heat source

and sink with infinite thermal capacitance rates

The values of Th and Tl which result in the maximum power are found using the

method of Lagrange multipliers. A Lagrange multiplier, X, is defimed such that:

aW/aTh = a g/DTh (2.5)

=W/DT= X ag/aT (2.6)

Evaluating the partial derivatives allows Equations (2.5) and (2.6) to be written as:

1 = XTH/T2 (2.7)

1 = X Tifr? (2.8)

Solving Equations (2.7) and (2.8) leads to the following relation for the unknown cycle

temperatures:

T1/Th = fTLTH (2.9)

The efficiency at the maximum power point is then given by:

1= 1 --fTTH (2.10)

The values of Th and T1 which result in the maximum power are:

vim -----------
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Th= [UALT - + UAHfT-f(2[h UAL+UAH jil (2.11)

= F AL ' L +UAH TTI H fT1 (212S UAL+UAH (2.12)

The maximum power for a single Carnot cycle coupled to an isothermal heat source and

heat sink is then:

UAL UAHI[TH-fTL 2  (2.13)
UAL+UAH

The Lagrange multiplier method locates an extremum point which may be a minimum

or a maximum. A verification that Wa in Equation (2.13) is a maximum is possible

by obtaining the sign of the second derivative of Wmax with respect to any free variable

(e.g., Th, T1) or by examination of a plot of Wmax versus the variable. Equation (2.12)

shows that the efficiency of a Carnot cycle at maximum power depends only on the

temperature of the heat reservoirs.

2.2 Heat Transfer Limited Carnot Cycle Coupled to Heat Source and

Sink with Finite Thermal Capacitance Rates

Consider a HTL Carnot cycle represented in Figure 2.2 which operates between two

constant temperatures, Th and T1. The energy source for the heat engine is a hot fluid

stream having a finite thermal capacitance rate CH and inlet temperature at THin. The

hot fluid stream leaving the cycle is discharged to the surroundings at an outlet

temperature of TH,out. The energy sink is cold fluid stream having a thermal

capacitance rate of CL and an inlet temperature of TL,in. Because of finite heat transfer

coefficients, the cycle operates between Th(<TH,in)and T(>TLjn) to provide

temperature differences between the cycle and the source and sink streams.
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TH,out

TL,in

TH,in

Th

Tl

TL,out

Entropy

Figure 2.2: Heat transfer limited Carnot cycle Carnot cycle coupled to heat source and

sink with finite thermal capacitance rates

The rates at which heat is supplied and rejected can be expressed as, Kays and London,

[1964],

QH = HSCH (TH,in - Th) (2.14)

QL =CL IL (TI- TL,in) (2.15)

where

CH effectiveness of the hot-side heat exchanger, EH = 1- exp (-NTUH)

CL effectiveness of the cold-side heat exchanger, EL = 1- exp (-NTUL)

Using the method of Lagrange multipliers, similar to the analysis for infinite thermal

capacitance rates, the optimum power for a single Carnot cycle coupled to source and

sink streams with finite thermal capacitance rates

0000000000000000000000000 ---- --------
---------------

I

-------------
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Wmax =. CL L CH H[VTH,in - TL,in(]2
CL CL+C-FH j(2.16)

Equation (2.16) reduces to equation (2.13) in the limit of high capacity rates whereupon

EH C H"-) UAH and CL CL-4 UAL.

The efficiency at the maximum power point is given by:

r=1- TL,in/Tn,in (2.17)

Equations (2.10) and (2.17), which are very similar, demonstrate that for both finite

and infinite thermal capacitance rates, the efficiency of an internally reversible

HTLCarnot cycle at maximum power depends only on the inlet temperatures of the heat

reservoirs.

2.3 Maximum Power of a Closed Brayton Cycle

A simple closed Brayton cycle, composed of two adiabatic and two constant-pressure

processes, is considered with an ideal gas having constant thermal capacitance rate,

Cwf. The shape of the closed Brayton cycle on temperature-entropy coordinates is a

function of Cwf. As Cwf becomes infinitely large, the Brayton cycle maximum power

approaches the HTL Carnot cycle maximum power, since the constant pressure

processes approach isothermal behavior. The effect of the Brayton cycle shape on

cycle power output is presented in this section to show that there exist cycles which can

produce more power than the Carnot cycle for the same boundary conditions.

2.3.1 Brayton Cycle Coupled to Heat Source and Heat Sink with

Infinite Thermal Capacitance Rates

The Brayton cycle coupled to heat source and heat sink with infinite thermal capacitance

rates is sketched in Figure 2.3 The rates at which heat is supplied and rejected are:
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(2.18)

(2.19)

QH = C wf EH (TH- T1)= Cwf(T2 -T1)

QL = wf6L(T3-TL)= wfcM3-T4)

H

Entropy

Figure 2.3": Brayton cycle coupled to heat source and sink

with infinite thermal capacitance rates

Thermodynamic analysis of a closed Brayton cycle provides

W= Cwf H (TH- T1>)- CwfCL(T3- TL) (2.20)

lCwf Ln [T2/T1] - Cwf Ln [T3/T4] = 0 (2.21)

Using the method of Lagrange multipliers, the maximum power and the efficiency at

maximum power for a closed internally reversible Brayton cycle coupled to an

isothermal heat source and heat sink are given by:

a CwfS HL [ TC-HCI 2  (2.22)
CH+ EL - CH CL

rl~l q T/Tii(2.23)

TH

TL
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The efficiency of the Brayton cycle can be expressed in terms of pressure ratio (PL/PH)

only

(2.24)

Therefore, at the maximum power point:

TiltH -= [pLjp](k-1)/k

W&B, max

'WC, max

1

0.8

0.6

0.4

0.2

0 I I

(2.25)

I I

0 1 73 4

(Cwj/AH

Figure 2.4: Comparison of the maximum power of internally reversible Brayton and
Camot cycles when the heat source and the heat sink thermal capacitance rates are

infinite

A comparison of the maximum power of this Brayton cycle and the Carnot cycle is

shown in Figure 2.4. As Cwf increases, the maximum power of the Brayton cycle

increases and asymptotically approaches the Camot cycle maximum power. The

maximum power of the Carnot cycle is always greater than the maximum power of

-... --- ----..... ........ .... --- --- -- ---.- --- --- -- ---I...--...--- --- --- I--...--.. -- -- ...-- ...... ..... .....

I

,9= 1- [PL/PHJl(k-1)&l
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Brayton cycle for the case where the heat source and heat sink are isothermal. The

Carnot cycle provides better temperature matching with the isothermal heat source and

heat sink which reduces the external irreversibility.

2.3.2 Brayton Cycle Coupled to Heat Source and Sink with Finite

Thermal Capacitance Rates

When the Brayton cycle is coupled to a heat source and sink with finite thermal

capacitance rates (Figure 2.5), the rates at which heat is supplied and rejected are given

by:

Qhi = CH,min CIH (TH,in -TI) = wf (T2 - T1) (2.26)

QL = CL,min EL (T3 - TLin) = lwf (T3 - T4) (2.27)

where the effectiveness of hot-side heat exchanger CH, and cold-side heat exchanger CL

for counterflow heat exchangers are defined as [Kays and London (1964)]:

I - exp [-NTUH(1-CH,min/CH,max)]

CZH=1- (CH,min/CH,max) exp [-NTL H (1-CH,min/CH,max)] (2.28)

1- exp [-NTUL(1-CL,min/CL,max)]

1- (CL,min/CL,max) exp [-NTUL (1-CL,min/dL,max)] (2.29)

where CH,min, and CH,max are, respectively, the smaller and the larger of the two

thermal capacitance rates CH and Cwf. CL,min, and ICL,max are, respectively, the

smaller and the larger of CL and Cwf. The number of heat transfer units, NTUH and

NTUL, are based on the minimum thermal capacitance rates.

Energy and entropy balances on an internally reversible closed Brayton cycle are:

Wt- CH,min C!H(TH,in - T1)- CL,min cL (T3 - TL,in) (2.30)

C wf Ln [T2/T1] - ( wf Ln [Tf/T4] = 0 (2.31)
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Figure 2.5: Brayton cycle coupled to heat source and sink with
finite thermal capacitance rates

Using the method of Lagrange multipliers, similar to the analysis for the case of

isothermal heat reservoirs, the optimum power and the efficiency at maximum power:

Wmax = CH,minSH CL,minEL [fTH,in - ,TLin]2

CH,minSH +CL,minCL -CH,minH CL,minL/Cwf (2.32)

71=1- TL,in/TH,in (2.33)

The effect of the thermal capacitance rate of the working fluid ((wf) on the maximum

power of the internally reversible Brayton cycle is shown in Figure 2.6. The Brayton

cycle can produce more power than the maximum power of the Carnot cycle for the

same boundary conditions and the same heat exchanger conductances. The increased

power of the Brayton cycle can be attributed to the lower entropy production during the

heat transfer processes, due to more favorable matching of the working fluid and

THout
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external stream temperatures. The optimum value of working fluid thermal capacitance

rate, Cwfop, is always bounded by CL>CwfopnCH The maximum power of

Brayton cycle, asymptotically approaches Carnot maximum power as C(wf increases.

2

1.5

WVB,Dnm

0.5

0
0 1 2 3

C~wf/C H

4 5

Figure 2.6: Comparison of the maximum power of internally reversible Brayton and
Carnot cycles when the heat source and the heat sink thermal capacitance rates are finite

2.4 Optimum Power Cycle

It has been shown that the Brayton cycle can produce more power than an equivalent

Carnot cycle when the heat source and heat sink have finite thermal capacitance rates.

Other cycles, such as the Otto and Diesel cycles, can also produce more power than the

Carnot cycle. The purpose of this section is to identify the internally reversible cycle

!I! ! I I
TH,in=4 5 5 K, TL,in=286 K

,UAH/(CH=UAL/C L=5

....... ...................... ................. ... ................... ...................
. ...................... ............................ ..... ........ ......
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which will result in the upper limit of the maximum power for specified boundary

conditions.

Any internally reversible thermodynamic cycle can be broken into a sequence of

internally reversible Carnot cycles as shown in Figure 2.7. An infinite number of

infinitesimal cycles have the same heat interactions with the heat source and heat sink,

and the same power output as the original cycle. Starting from a sequence of Carnot

cycles, the optimum power cycle can be identified by dividing the total heat exchange

conductance equally between the cycles. As the number of cycles in sequence

approaches infinity, the performance and shape of the sequence approaches the

performance and shape of the optimum power cycle.

Ondrechen et al. [1981] investigated a reversible cycle using an ideal gas working fluid

providing maximum power using a finite thermal capacitance rate heat source. They

considered a series of sequential Carnot cycles where each sequential cycle operates at

it's maximum power point. The heat sink was assumed to be isothermal and the heat

exchangers were assumed infinitely large. However, they determined the sum of the

maximum power for each cycle in the sequence. Operating each cycle in the sequence

at maximum power does not necessarily result in the system consisting of all cycles in

the sequence producing maximum power. Leff [1987b] used a second law availability

analysis to obtain the maximum work available for the case where both heat source and

heat sink have finite thermal capacitance rates. However, no study has identified the

nature of a power cycle which produces maximum power for the case where heat
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exchanger area and heat transfer coefficients are finite, the cycle is internally

irreversible, and the working fluid is not restricted to an ideal gas.

In this study, the goal is to optimize the sum of the power output from all cycles, rather

than optimizing the power output from each individual cycle in the sequence as done by

Ondrechen et al. [ 1981].

ILI

Entropy

Figure 2.7: A thermodynamic cycle broken into a sequence of Carnot cycles

An energy balance on all of the Carnot cycles in Figure 2.7 is

N

-1:[QHji- QL,i]

An entropy balance for each cycle i in the sequence can expressed as

QH,i QL,i-0
Thji Tl i

34)

(2.35)

HeatIsink

I

\--,°
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2.4.1 Optimum Power Cycle Coupled to Heat Source and sink with

Infinite Thermal Capacitance Rates

When sequential Camot cycles are coupled to an isothermal heat source and heat sink,

the power from the N-Carnot cycles is given by:

N
W= [UAH,i (TH - Th,i)- UAL,i (T, i - TL)] (2.36)

i=1

The shape of the optimum cycle is determined by maximizing WVwith respect to Th,i

and Tl,i, subject to the following constraints.

UAH,i (TH - Th,i) UAL,i (TiJ- TL)-03Th =T 0 [i=l,N] (2.37)ThJi Tl,i

Using the method of Lagrange multipliers, the efficiency at the maximum power point

for any cycle i in the sequence is found, as discussed in section 4.1, to be

r f = - VTii (2.38)

The values of Th,i and Tl,i which result in the maximum power are:

Th,1- Th,2=-.=Th, i UALT-+UAHT-H fT]TH (2.39)

[ UALTTL+ UAHITY1 -

T,1= TI, 2 = ... =Tl,i - UAL+UAHJ (2.40)
L UAL+UAH J(240

The maximum power for sequential Camot cycles coupled to an isothermal heat source

and heat sink is then:
N

/,aN= UAL,i UAH,U2H_- T 2= UAL UAH[TT1- T 2

i UAL,i+UAH,i UAL+UAH

Equations (2.20), (2.21), (2.48) and (2.49) show that all individual cycles have the

same upper and lower temperatures, and they are the same as the upper and lower

temperatures resulting from the power optimization of a single cycle. The maximum
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power, efficiency, and the shape of N-cycles in a sequence is the same as those of a

single cycle. For an isothermal heat source and heat sink, the maximum power cycle is

the Carnot cycle. This conclusion is consistent with the results shown in Figure 8

which show that the Brayton cycle always produces less power than the maximum

power of the Carnot cycle for the case where the heat source and heat sink are

isothermal.

2.4.2 Optimum Power Cycle Coupled to Heat Source and Sink with

Finite Thermal Capacitance Rates

When the sequential Carnot cycles are coupled to a heat source and sink with finite

thermal capacitance rates, the power from the N-Camot cycles is given by:

N
W= [CHICH (THJn,J - Th,i)-CL CL (Tli - TL,in,i)] (2.42)

i=l

The shape of the optimum cycle is determined by maximizing V with respect to Th,i

and T1,i subject to the following constraints

CH CH (THJn,J - ThJ) CL EL (T1,i - TL,in, =0 (i=lN) (2.43)
ThJ T1,i

THJn,J+1 = TH,in,i- EH (TH,in,j- ThJ) (i=1,N-1) (2.44)

TL,in,i-1 = TLJn,J + CL (TiJ- TLJn,J) (i=2,N) (2.45)

THlini and TLinJi are the source and sink inlet temperatures for a Carnot cycle in the

sequence where THin,1 and TL,in,N are specified inlet source and sink tempertures. As

the cycles in the sequence extract and reject heat, the source temperature decreases and

sink temperature increases in the flow direction. AH,i and CL,i are the effectivenesses of

the hot side and cold-side heat exchangers of each cycle, which are assumed to be equal

in this analysis.
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An analytical solution is not apparent for this optimization problem. However, the

optimum heat power cycle with fmite thermal capacitance rate heat source and heat sink

can be determined numerically. Consider a hot fluid stream entering the boiler at 455

K, and a cold fluid stream entering the condenser heat exchanger at 286 K.

2
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Figure 2.8: Maximum power and corresponding efficiency versus the number of

Carnot cycles in sequence for TH,in=4 5 5 K, TL,in=286 K,

UAH = UAL, NTUH = 10, CL/CH=l10

The required number of Camot cycles in sequence which will sufficiently identify the

cycle is considered for the case where NTU H = 10 and CL/CH=10. Figure 2.8 shows

the efficiency at maximum power as the number of Camot cycles in sequence increases

from 1 to 15. The efficiency at maximum power is approximately independent of the

number of Camot cycles in the sequence. The efficiency of the optimum heat power

cycle is almost the same as the maximum power efficiency of a single Carnot cycle

* Power
Efficiency

L.
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operating between the same external streams (The 1% difference noted in this case can

be due the numerical techniques and round-off error). However, the maximum power

increases significantly as the number of Carnot cycles in sequence increases from 1 to

15. The difference between the maximum power obtained from 10-cycles in sequence

and 15-cycles in sequence is very small (less that 1%), which indicates that the 15

cycles approximate the optimum heat power cycle.

0 5 10 15
CIL/H

20 25 30

Figure 2.9: Variation of the maximum power with thermal capacitance rates ratio

The effect of thermal capacitance rates ratio (CLCH) on the maximum power for

different number of Carnot cycles in sequence is shown in Figure 2.9. As the thermal

capacitance rates ratio increases, the power output increases rapidly at first and then

levels off for thermal capacitance rates ratios greater than 5 approaching an asymptotic
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limit. However, there is no significant variation in the power output as CIJCH is

increased above 10).

Figure 2.10 shows the shape of the optimum heat power cycles in a T-, diagram. The

slope of the heating and cooling processes, as well as, the cycle temperatures vary with

the thermal-capacitance rate ratio. As shown in Figures 2.10.a and 2.10.b, the heat

transfer processes for the optimum cycle cycle are not isothermal, but rather occur over

a range of temperatures. Non-isothermal processes allow the optimum power cycle to

match the heat source and heat sink temperature distributions and reduce the

irreversibility due to heat transfer. The shaded area represent the optimum power for

the speciefied boundary conditions. As the the thermal capacitance rate ratio increases

from 1 to 10, the optimum power (shaded area) increases about 50%.

Figure 2.11 shows the effects of heat exchanger conductances on the optimum power

cycle shape. The shape of the optimum heat power cycles varies from rectangular for

infinitely small heat exchangers to triangular for infimitely large heat exchangers. As the

heat exchanger conductances increase the temperature gap between the heat transfer

processes for the optimum cycle cycle and the heat source and heat sink decreases

which reduces the external irreversibilities.
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Figure 2.10: Variation of the maximum power cycle shape with thermal capacitance
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2.5 Internal Irreversible Power Cycle Model

The irreversibilities that constrain the performance of a power cycle can be considered

as external or internal. External irreversibilities arise from temperature differences that

occur between the cycle and the heat source and sink. Internal irreversibilies result

primarily because of fluid and mechanical friction. External irreversibilities are

considered in previous studies (e.g., Curzon and Ahlborn [1975]).

There are several ways to account for internal irreversibilities. Howe [ 1981] derived an

equation for the efficiency at maximum power for an irreversible Carnot cycle,

accounting for internal irreversibilities, by multiplying the thermal efficiency of a

reversible cycle by a factor (W) less than one (equal to one when the cycle is internally

reversible).

r= N'[1-T/Tb] (2.46)

El-Wakil (1962) accounted for internal irreversibilities by relating the entropy change

during heat rejection for reversible and irreversible cycles.

A SdA SL = 1+i (2.47)

where

i fraction of unavailable energy that occurs with internal irreversibilities

A SL entropy change during heat rejection for irreversible cycles

A SL entropy change during heat rejection for reversible cycles

Equation (2.47) leads to the following expression for the thermal efficiency for an

irreversible cycle:

,n = 1 -(i+1) T/Th (2.48)

Thermodynamic analysis of a Camot cycle results in
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0 =OH-QL (2.49)

Th T1 (2.50)

where 0L is the rate of heat rejected, QH is the rate of heat supplied, and W is the

power output.

Equation (2.50) is the well-known Clausius inequality. The left hand side of Equation

(6) will be less than zero wherever there is any thermodynamic internal irreversibility

such as friction, pressure drops, internal heat transfer, etc., associated with the power

production between temperatures Th and T1.

TH,out

4T)

TL,in

TH,in

Th

TL,out

Entropy

Figure 2.12: A heat engine with irreversible expansion and compression coupled to

heat source and heat sink with finite capacitance rates

An irreversibility factor (0) is defined so that the Clausius inequality can be written as

an equality. Equation (2.50), can be written as an equality:

____ ASH
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)h Q' = 0 (2.51)
Tb T,

4) is equal to one when the cycle is internally reversible and less than one when the cycle

is internally irreversible. The entropy production, SP, is related to 4) by the following

equation:
&QL

SP= (1-0)T, (2.52)

Introducing 4 makes it possible to derive an analytical solution for an internally

irreversible Camot cycle, similar to the solution obtained for the internally reversible

one. In the following analysis, 4 is assumed to be constant. The thermal efficiency for

the irreversible cycle then can be written as

1=1-TI

4Th (2.53)

is equal to one when the cycle is internally reversible and less than one when the cycle

is internally irreversible. Recognizing that the cycle efficiency must be greater than zero

T,_TL
requires that O> which sets a lower limit for 4.

Figure 2.13 shows the relationship between the power and efficiency for a heat engine

with fixed heat exchanger sizes and external streams conditions. These curves were

obtained by solving Equations (2.14), (2.15), (2.49), (2.51), and (2.53)

simultaneously to determine W, (j, OL, Th and T1 for known values of ), 11, THin,

TL,in, C H, CL, CH, and CL. Different curves correspond to different values of 0. As

shown in Figure 2.13, internal irreversibilities decrease both the maximum power and

the efficiency at the maximum power.



39

1

0.5
0

(I

0 Cycle Efficiency l-TL,infrH,in

Figure 2.13: Power/efficiency trade-offs for a heat engine showing

the effects of internal irreversibility

The purpose of the following analysis is to determine an analytical expression for

maximum power and the efficiency corresponding to maximum power. Using

Equations (2.14), and (2.15) the energy and entropy balances can be rewritten as:

W = CH S3H (TH,in - Tb)- CL SL(TI- TL,in) (2.54)

CH CH (TH,in - Tb) L L(TI - TL,in) - (
g(ThT) = TT(2.55)

The values of Th and T1 which result in maximum power are most easily found using

the method of Lagrange multipliers. A Lagrange multiplier, k, is defined such that:

V/aTh = k g/aTh (2.56)

aw/ = , Ag/)T1  (2.57)

Evaluating the partial derivatives allows Equations (2.56) and (2.57) to be written as:

1 = XTH,in/T' (2.58)

I
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1 = X { TL,inTj1 (2.59)

Solving Equations (2.58), and (2.59) leads to the following relation for the unknown

cycle temperatures:

TI_ /TL,in
Th -" TH,in (2.60)

The efficiency at the maximum power point, is then:

TL,in

9TH,in (2.61)

The maximum power for the simple heat engine coupled to source and sink streams

with finite thermal capacitance rates, is

Wm=ax =CHL L C SH[TH,in - TL,i/(

4CL SL+CHSH (2.62)

Equation (2.62) shows that the efficiency of the simplified cycle at maximum power

depends only on the inlet temperatures of the source and sink streams and the

irreversibility factor, . If 0 is 1, the efficiency reduces to Equation 2.17.

2.6 Summary

The optimum power produced by the closed Brayton, Otto and other familiar cycles can

be greater than the optimum power produced by the HTL Carnot cycle for the same

working conditions and heat exchanger conductances. The heat power cycle which

produces the maximum power for specified boundary conditions provides a useful tool

for studying power cycles and forms the basis for making design improvements. The
shape of the optimum heat power cycle varies with the external boundary conditions

such as the type of heat source and heat sink, and heat exchanger conductance.
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If the heat source and sink have infinite thermal capacitance rates (i.e. isothermal), the

heat transfer processes for the optimum cycle are isothermal, i.e., the Carnot cycle is

the optimum cycle. However, if the heat source and the heat sink have finite thermal

capacitance rates, the heat transfer processes for the optimum cycle cycle are not

isothermal, but rather occur over a range of temperatures. This variable temperature at

the both cooling and heating processes can be achieved either by varying the pressure

during the phase change of a pure fluid or by keeping the pressure constant during the

phase change of a non-azeotropic binary mixture. The thermodynamic advantages of

the cycles proposed by Kalina (e.g. Kalina [1983]), which uses ammonia-water as

working fluid may be explained in this manner.

For both finite and infinite thermal capacitance rates, the efficiency at maximum power

of internally reversible HTL Carnot and Brayton cycles is equal to 1- Y TL,in/TH,in.

Moreover, the efficiency of the optimum heat power cycles is found to be well

approximated by the same form. Because this efficiency depends only on the inlet

temperatures of the heat reservoirs, it can be obtained easily and used as a design tool.

In the case of internal irreversibility, the efficiency at maximum power is no longer

given by this simple form. Rather it is given by a more complicated form which

depends on how the internal irreversibility is modeled. In this study, a simple model

relating the entropy change during heat rejection and heat addition is used. The result is

a modification to the efficiency at maximum power which is found to be equal or be

well approximated by i =1-/TL,in/4TH,in where 4 is a factor relating the entropy

changes during heat rejection and heat addition.
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Chapter Three

A Relation Between Thermodynamic
Performance and Economics

of Heat Engines

The maximum thermal efficiency of a thermodynamically reversible heat engine is

commonly used in thermodynamic texts to define the upper limit of performance of heat

engines. This efficiency is determined solely by the temperatures of the heat source and

heat sink. To achieve this maximum efficiency however, heat transfer between the

cycle and the external thermal energy source or sink would have to occur reversibly,

i.e., isothermally. For finite heat exchange surface areas, the requirement of isothermal

heat transfer necessarily results in zero heat transfer rates. Both the rates of heat

transfer to and from the cycle, and thus their difference (which is the power) must be

zero. Any totally reversible power cycle achieves the highest possible efficiency, but

produces zero power. Thus, the maximum efficiency of an ideal engine provides an

upper limit on the efficiency of power production, but it does not provide a realistic

design goal.

Curzon and Ahlbo r [1975] and Bejan [ 1988a] have noted that the efficiencies of actual

power plants are reasonably close to the maximum power efficiency of internally

reversible Carnot-like heat engines operating over the same temperature extremes. This
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agreement seems to be mathematical coincidence since power plant designs are dictated

by economics in addition to thermodynamics and heat transfer. The major contribution

of this chapter is to analytically demonstrate that there are circumstances for which the

maximum power operating point of a heat engine corresponds to operation at minimum

life-cycle costs. The effects of irreversibility and economics on the performance of a

heat engine are investigated. An economic optimization is considered to identify a

relationship between thermodynamic performance and economically optimum design.

3.1 Economic Optimization

The goal of the economic optimization is to find values of the system design variables

(temperatures, equipment sizes, etc.) which minimize the life-cycle cost of providing a

specified power output. The life-cycle cost includes the total cost of building and

operating the plant over its expected lifetime accounting for inflation and other

economic factors. Minimizing the life-cycle cost necessarily involves a trade-off

between the operating and capital cost.

3.1.1 Economic Analysis

The life cycle cost of a power plant can be expressed as the sum of two contributions:

one associated with operating cost and the other with capital cost. The life-cycle cost is

conveniently represented by the P1 -P2 life cycle cost method of Duffie and Beckman

[1980] for which

LCC= Pl(First Year Operating Cost)+P2(Initial Equipment Investment) (3.1)

where LCC is the life-cycle cost, P1 is a factor relating life cycle operating cost to first

year cost, and P2 is a factor relating life cycle expenditures incurred by additional

capital investment to the initial investment.
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P1 incorporates all factors which affect the first year operating cost. P2 incorporates all

costs which are proportional to the initial investment. These factors allow for variations

of annual expenses with time (e.g. inflation). P1 is a function of the number of years

of the economic analysis, fuel price inflation rate, interest rate, and income tax rate. P2

is a function of the down payment, payment on principal, tax deductions, property tax,

maintenance, depreciation, salvage value and tax credit. Specific relations for P1 and

P2 in terms of these economic factors are provided in Duffle and Beckman [1980]. In

general, P1 is on the order of the number of years of the analysis, and P2 is on the

order of unity.

The total operating cost can be approximated as the sum of the operating costs to supply

energy to and reject energy from the cycle. In the following analysis, the external

source and sink streams inlet temperatures are assumed to be fixed. The operating cost

related to energy supply (including resource utilization and pumping cost) is assumed to

be directly proportional to the thermal capacitance rate of the hot stream, CH The

operating cost of heat rejection (e.g., pumping costs) is assumed to be directly

proportional to CL

The equipment investment cost for a specified design power can be divided into costs

associated with the heat exchangers and costs associated with equipment which is

independent of heat exchanger area (e.g., pumps, turbines, etc.). The heat exchanger

cost is assumed to be a linear function of the heat exchanger conductances and

independent of the cycle temperatures Tli and T1. The cost per unit heat exchanger

conductance for the high temperature heat exchanger (boiler) may differ from that for
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the low-temperature heat exchanger (condenser). With these assumptions, Equation

(3.22) can be written as:

LCC = PI [CH CH + CL Cj+ P2 [ Cj UAH +cL UAL +CJ (3.2)

where:

CH unit cost of the heat source thermal capacitance rate, $/(kW/K)

cL unit cost of the heat sink thermal capacitance rate, $/(kW/K)

c'H unit cost of hot-side heat exchange conductance, $/(kW/K)

cL unit cost of cold-side heat exchange conductance, $/(kW/K)

CE engine investment costs which are independent of heat exchanger area

(pumps, turbines.., etc.), $

The energy balance, Equation (2.54), and the life cycle cost, Equation (3.2), can be

combined into the following equation:

LCCIWH+[cHTcJ+ WP2 [ c'NTUH +TcL NTUL] +
[1-exp(-NTUH)](TH,in - Th) - t [1-exp(-NTUL)](T1 - TL,in) (3.3)

where

t=CL/CH

The entropy balance constraint function, Equation (2.55), can be rewritten as

[1-exp(-NTUH)](TH,in -Th) t [1-exp(-NTUL)](TI -TL,in) (3
g= Th - TI=(3.4)

The purpose of the following analysis is to determine the minimum life-cycle costs

associated with providing power at a fixed specified rate. CE is assumed to be a

function of Th. P1 and P2 are fixed for a given economic environment. The source

and sink inlet temperatures, THin and TL,in are assumed to be constant. The internal

irreversiblty factor, , is assumed to be constant. The economic optimization is then
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determined by minimizing LCC with respect to Th, T1, t, NTUH, and NTUL subject to

the entropy balance constraint function given by Equation (3.4). The Lagrange

undetermined multipliers method will again be used which involves the following

partial derivatives.

DLCC/DTh= X (g/DTh) (3.5)

DLCC/aT 1= X (Dg/T) (3.6)

DLCC/a't= X (ag/k) (3.7)

LCC/INTUH = X (ag/aNTUH) (3.8)

aLCC/aNTUL = X (ag/DNTUL) (3.9)

Using Equations (3.24) and (3.25), the partial derivatives in Equations (3.26) through

(3.30) can be written as:

yJ2 1i +2 P2(QCE/Th)] =- XLTH,in
Y2 - " T (3.10)

=_ ,TL,in

y2 Y T2(3.11)

SL(T1 - TL,in)J - Y K C-L(TI-TL in)
y2 =" Tl(3.12)

exp(-NTUH) (THin - Th)J - Y WP2cH = k exp(-NTUH)(TH,in-Th)
y2 Th (3.13)

exp(-NTUL) (T1- TL,in)J - Y WP2c'L exp(-NTUL)(T1-TL,in)
y2 L. T1  (3.14)

where

J =WP1 [c[H+TCIj+ VP2[ C'HNTUH + T cL NTUL] (3.15)

Y S= H (TH,in - Th) - It L(TI - TL,in) (3.16)

K = W(PlCL+P2c'L) (3.17)
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Solving Equations (3.5), and (3.6) the following result is obtained:

Ti__ ,/(l+)TL,in
Th -" TH,in (3.18)

where

Y2P2(aCE/aTh)
= j (3.19)

The efficiency of a power plant supplying a specified power WV in a manner which

minimizes the LCC is found to be

S1- , ( 1-+)TLin

4TH,in (3.20)

For the case where 0 (e.g., the derivative of CE with respect to Th is small or CE is

independent of temperature), the efficiency at the minimum life cycle cost reduces to

= 1 - .,TL,in

v TH,inI (3.21)

With the economic assumptions listed above, the efficiency at which the LCC is

minimized is exactly the same as the efficiency obtained in Equation (2.17) for a heat

engine operating at maximum power. A rationalization of this result is provided in the

following section.

3.2 Rationalization of The Relation Between The Minimum Life-Cycle

Cost and The Maximum Power

In this section a simplified economic analysis is considered to help understand the

relation between the minimum life-cycle cost and the maximum power. In this

simplified economic optimization, the only operating cost is the energy supply which

again assumed to be directly proportional to IH. The inlet temperature of the energy
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supply stream is assumed to be at THin. The only capital costs are those associated

with heat exchangers.

1-4

0

Cycle Efficiency

Figure 3.1: A number of cycles with different efficiencies produce

the same amount of power

The case where the heat exchangers conductances are kept constant will be considered

first. In this case, the capital cost is fixed. The goal thus is to minimize the operating

cost of producing a specified power, V; the operating cost is directly proportional to

the heat source thermal capacitance rate.
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Figure 3.1 shows the relationship between the power and efficiency for a heat engine

with fixed heat exchanger sizes and external streams conditions. Different curves

correspond to different values of CH. For example, points C, c', and c" correspond to

a power plant with the same heat source thermal capacitance rate and heat exchanger

sizes. A number of cycles which have different cycle efficiencies can produce the same

amount of power. For example, points B, c', c", d', and d" all produce same power

with different cycle efficiencies. Points A, B, C, and D are the maximum power points

for different energy supply flow rates. Since the heat exchanger conductances, the sink

thermal capacitance rate, and the heat source/sink inlet temperatures are specified, the

only possible way to increase the maximum power is by increasing the heat source

thermal capacitance rate as shown in Figure 3.1. At point d", the thermal capacitance

rate CH must be greater than that of point c" which is greater than at point B.

4-
0

Figure 3.2: Maximum power versus heat source thermal capacitance rate

0
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Figure 3.2 is a plot of the maximum power versus the source thermal capacitance rate,

CH. Within the shaded area of Figure 3.2, the power exceeds the maximum power of

the cycle. However, it is possible to operate on or under the maximum power line.

Operating at conditions c', c", B, d', and d" all satisfy the design power; however,

operating point B has the minimum source thermal capacitance rate as shown in Figures

3.1 and 3.2. In Figure 3.1, all points to the left or to the right of the maximum power

point, B, correspond to curves with larger values of CH and a result, higher operating

costs. Operating at B then minimizes the operating cost and is the optimum.

0--

Cycle Efficiency

Figure 3.3: A number of cycles with different efficiencies producing

the same amount of power
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Consider the case where the the heat source thermal capacitance rates are constant. The

goal in this case is to minimize the cost of the heat exchangers while supplying a

specified power. The cost of heat exchangers is assumed to be proportional to the heat

exchanger conductances, UAH and UAL. As shown in Figure 3.3 and Figure 3.4, a

number of cycles which have different efficiencies can produce the same amount of

power. Using the same logic as just presented for Figure 3.1 and 3.2, its clear that

point B satisfies the design power with minimum heat exchanger conductances, and

thus with minimum investment costs.

A heat engine operating at maximum power corresponds to the minimum operating cost

when the capital cost is held constant, and also to the minimum capital cost when the

operating cost is held constant. Assuming that operating costs are linearly related to CH

and the investment costs are linearly related to heat exchanger UAs.

£

UAH

Figure 3.4: Maximum power versus hot-side heat exchanger conductance
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3.2 Effect of Internal Irreversibilities

Numerical comparisons illustrate that , which typically falls in the range 0.8 to 1, has

a small effect on the maximum power efficiency. This observation can explain the

conclusion obtained by Curzon and Alhborn [1975] that observed power plant

efficiencies agree reasonably well with the maximum power efficiency of internally

reversible cycles.

1.8

1.6

II
-e 1.4

1.2

.1

1

V.0

0.4 0.6 0.8 1 1.2 1.6

1- NTL,in/4TH,in

Figure 3.5: Life cycle cost versus efficiency showing the relation between the

maximum power efficiency and the minimum life cycle cost for reversible and

irreversible cycles
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A verfication that LCC is minimum at the maximum power is possible by examination

of a plot of LCC versus the efficiency, as shown in Figure 3.5. The minimum life cost

always corresponds to the maximum power efficiency. As 0 decreases (i.e. the internal

irreversibilities increase) the LCC cost increases. The life cycle is not very sensitive to

the efficiency in the range of ± 10% from the maximum power efficiency. However

out of this range the life cycle cost can be sensitive to the efficiency especially near the

points of maximum efficiency, and zero efficiency.

3.3 Comparison with Actual Data

Power plant efficiency data have been collected for five power plants. These data are

shown in Table-3.1 and plotted in Figure 3.6 versus the ratio of heat source and sink

inlet temperatures (THin/TL,in). Also plotted in Figure 3.8 are efficiencies

corresponding to maximum power (minimum LCC) as a function of irreversibility

factor . Figure 11 indicates that power plants are evidently operated close to the

maximum power point or point of minimum LCC. The observed efficiencies fall in the

area between I - 1 to 0.8, and almost all observed efficiencies fall below the reversible

maximum power efficiency, where 4 = 1.

The most interesting features of the above results is the simple relation between power,

and economic optimization. The maximum power point of power cycle corresponds to

a point of minimum life-cycle plant costs as shown analytically and illustrated with

actual operating data.
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Table-3. 1: Observed efficiencies

Power Plant TL,in (K) TH,in (K) Observed J TL,in 1 TLin
EfficiencyI 1- . .. 1-

TH,in TH,in

Larderllo (Italy) Geothermal 353 523 16 17.8 32.5

Power Plant [2,12]

Otake (Japan) Geothermal 299 403 12 13.9 25.8

Power Plant [13]

Raft River (Idaho) 297 416 14 15.5 28.6

Geothermal Power Plant [13]

Fort SaintVrain (Colorado) -300 1050 39 46.5 71.4

Nuclear Power Plant_[14]

Kewaune (Wisconsin) 300 588 31 28.6 48.9

NuclearPowerPlant_[15]
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Figure 3.6: Observed efficiencies, the maximum efficiency,
and the maximum power efficiency versus THi/TL,in
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3.5 Summary

This chapter shows how heat transfer and economic constraints affect the design of a

heat engine. A relationship between the maximum power point and economically

optimum design has been identified as determined by life-cycle economic

considerations. The economic assumptions for which heat engine power optimization

and economic optimization yield the same optimum cycle efficiency are:

i) the cost of equipment is independent of temperature,

ii) operating costs are linearly related to thermal capacitance rates of the

external streams (( H and CL),

iii) the irreversibility factor, 0, is constant,

iv) and the heat exchanger costs are linearly related to heat exchanger

conductances (UAH and UAL).

These assumptions allow the system performance and the economics equations to be

solved analytically. The solution clearly shows the relation between the maximum

power point and minimum life-cycle costs. If these assumptions were relaxed, a

numerical solution could be used to determine the conditions of minimum life-cycle

costs. The sensitivity of the relationship of maximum power and minimum life-cycle

costs to these assumptions needs to be explored.
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Chapter Four

Thermodynamic Properties
of Ammonia-Water Mixtures

Many studies of the vapor-liquid equilibrium and thermodynamic properties of

ammonia-water mixtures are cited in the literature. The temperature and pressure

ranges of thermodynamic properties of most of these literature data are suitable for

absorption-refrigeration cycles applications. The Institute of Gas Technology, tables

[1964] cover the range up to a pressure of 34 bar and corresponding saturation

temperature. Using the IGT data, Schultz [1972] developed equations of state for the

range of pressure of 0.01 to 25 bar, and temperature of 200 to 450 K. Ziegler and

Trepp [1984] presented a new correlation of equilibrium properties of ammonia-water

mixtures. They used an equation of state which is based on that developed by Schultz,

and extended the temperature range to 500 K and the pressure range to 50 bar.

A study of power cycles using ammonia-water mixtures was recently initiated by

Kalina [1983]. For power cycles, thermodynamic data of ammonia water mixtures at

higher temperatures and pressures than those presented by IGT are required. Gillespie

et al. [1987] at Wiltec Research Company published vapor-liquid equilibrium

measurements for five isotherms, (313 to 588 K). Corresponding pressures ranged
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from 0.1 to 210 bar. El-Sayed and Tribus [1985a] presented a method for computing

the thermodynamic properties of mixtures from the properties of pure components to

extend the properties to higher temperatures and pressures. Derived properties cover

pressures of 0.1 to 110 bar and temperatures between 300 to 770 K. Kalina et al.

[1986] presented a similar method to predict the thermodynamic properties of two-

miscible-component mixtures for purpose of power-cycle analysis. Park and Sonntag

[1991] published a set of thermodynamic data of ammonia-water mixtures based on a

generalized equation of state. The pressure and temperature ranges are extended to 200

bar, and 650 K, respectively. The data from Gillespie et al. [1987] is not included in

their correlations. Their set of data can be misleading at pressures higher than the

critical pressure of the ammonia where non-existing equilibrium data are tabulated (e.g.

pure ammonia) without paying attention to the critical properties of the mixtures.

In this chapter, an equation of state for ammonia-water mixtures is presented. Separate

equations of state for liquid and gas phases are provided for pure ammonia and pure

water. In the gas-phase, the mixture is assumed to behave as an ideal solution, while in

the liquid-phase, the Gibbs excess energy is used to allow departure from ideal

solution behavior. An existing correlation for the liquid Gibbs excess energy is

modified to include experimental data at higher temperatures and pressures. The new

correlation covers vapor-liquid equilibrium pressures of 0.2 to 110 bar and

temperatures of 230 to 600 K. Comparisons with reported experimental data show

good agreement.
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4.1 Equation of State for Pure Components

The fundamental equation of the Gibbs energy, G, of a pure component can be derived

from known relations for volume, and heat capacity. The fundamental equation of the

Gibbs energy is given in an integral form as
( P(T

=ho -Tso+ CpdT+ J vdP-fT
O JTOT(4.1)

where ho, so, To, and Po are the enthalpy, entropy, temperature, and pressure at the

reference state. The volume, v, and the heat capacity at constant pressure, Cp, for

liquid-phase are assumed to fit the following empirical relations proposed by Ziegler

and Trepp [1984]

vL =a 1 + a2 P + a3 T + a4 T2  (4.2)

Cb=bl +b 2 T+b 3 T2  (4.3)

For the gas-phase, the corresponding empirical relations

vg =RT/P +c1 + c2/ T3 + c3 T11 + c4 p2/Tll (4.4)

Cg'° = dl + d2 T + d3 T2  (4.5)

where the superscripts L for liquid, g for gas, and o for the ideal gas state.

Integration leads to the following equations for the Gibbs energy for the pure

components.

Liquid phase:
GL = h L TL1r S32 + BI (Tr- Tro ) +2 (Tr2 - Tr,o2)B 3 (Tr3_Tr.o3)
Grhro rro+B(2 3)+ T

-B1 Tr ln(Tr/Tr,o) - B2 Tr (Tr - Tr,,o - B3 Tr (Tr2 - Tr,o2 )

+ (Al + A3 Tr + A4 Tr2) ( Pr- Pr,o) A2 - Pr, 2 )y 2 (4.6)
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Gas phase:

G9 =hro -Tr sg + D1 (Tr - Tro ) + "21(Tr2 - Tr'°2 )+3,(Tr 3 - T r ' ° 3)

D1 Tr ln(Tr/Tr,o) - D2 Tr (Tr - Tro) - P1 Tr (Tr2 - Tr,o2 )+ Tr In( Pr/Pr,o)
2

+ C1 ( Pr - Pro )+ C2 ( PrTr 3 - 4 Pr,oTr 3 + 3 Pr,o Tr/Tr,o4)

+ C3 (Pr/Tr 11 - 12 Pr,o/Tr,o11 + 11 Pr,o Tr/Tr,o 12)

C4 (P3/Tr11  12 P,oTr,o11 + 11 Pro Tr/Tro z12)+3r r (4.7)

where the reduced thermodynamic properties are defined as

Tr = T/TB

Pr = P/PB

Gr = G/RTB

hr = h/RTB

Sr = s/R

Vr = vPB/RTB (4.8)

The reference values for the reduced properties are R =8.314 kJ/kmole K, TB =100 K,

and PB =10 bar.

The molar specific enthalpy, entropy, and volume are related to Gibbs free energy by

h -T2[akGtr)]

[DG
dI (4.10)

- (4.11)

In terms of reduced variables, Equations (4.9) through (4.11) become
h .--RTBTr .a-GrTr)

LaTr JPr (4.12)

s Ld-l3riPr (4.13)

v= RTB [a~r]~ (4.14)
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Table 4.1: Coefficients for Equations (4.6) and (4.7) for pure water

and pure ammoma, Ziegler anc ire

Coefficient Ammonia

3.971423 10-2

-1.790557 10-2

-1.308905 10-2

3.752836 10-3

1.634519 10+1

-6.508119

1.448937

-1.04937710-2

-8.288224

-6.647257 10+2

-3.045352 10+3

3.673647

9.989629 10-2

3.617622 10-2

878573

26.468873

1.644773

8.339026

3.2252

2.0000

4.2 Ammonia-Water Liquid Mixtures

The Gibbs excess energy for liquid mixtures allows for deviation from ideal solution

behavior. The Gibbs excess energy of the liquid mixture is expressed by the relation

proposed by Redlich and Kister, (Reid and Prausntiz [ 1987]; Ziegler and Trepp [ 1984])

and. Redlich and Kister's equation is limited to three terms and given by

GE - {F 1 +F2 ( 2x-1 )+ F3 ( 2x - 12)}x(1-x) (4.15)

Water

2.748796 10-2

-1.016665 10-5

-452035 10-3

8.389246 10-4

1.214557 10+1

-1.898065

2.911966 10-1

2.136131 10+1

-3.169291 10+1

-634611 10+4

0.0

019170

-5.175550 10-2

1.951939 10-2

21.821141

60.965058

5.733498

13.453430

5.0705

3.0000

Ai

A2

A3

A4

B1

B2

B3

Cl

C2

C3
C4

DI

D2
D3

r,ohgr,o
SL
r,o
sgI',O
Tr, o

Pr~o

pp [198t4].
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where

F1 = E1 + E2Pr+( E3 + E4 Pr)Tr +E5/Tr +E6/Tr2

F2 = E7 + E8Pr+( E9 + El 0 Pr)Tr +E Ii/Tr +E12/Tr2

(4.16)

(4.17)

(4.18)F3 = E13 + E14Pr+ E15/Tr +El6/Tr2

Coefficients El to E16 were determined by least square regression considering both the

IGT and Gillespie et al. experimental data.

Table 4.2: Coefficients for Gibbs excess energyfunction

E 1  -41.733398 E9 0.387983

E2 0.02414 El0  -0.004772

E3  6.702285 Ell -4.648107

E4  -0.011475 E12  0.836376

E5 63.608967 E13 -3.553627

E6  -62.490768 E14 0.000904

E7  1.761064 E15  24.361723

Eg 0.008626, E 6 -20.736547

The excess enthalpy, entropy and volume for the liquid mixtures are given as

hE = -RTBTr1±(GrE/r)]
5 ETr.JPr.x

SE = -[a
G E ]

[ aTr.JPr, x

= RTB [ aG E ]

PB [o PrJTr,x

(4.19)

(4.20)

(4.21)

The enthalpy, entropy, and volume of a liquid mixture are computed by equations

(4.22) through (4.25).
L L L E

hm =xha + (-x) hw+ h (4.22)
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L L L E mix

sm = XSa + (1-x) sw+ s +S (4.23)

smix =R{xLn(x)+ (l-x) Ln(l-x)} (4.24)L L L E

vm -xva+(l-x)Vw+V (4.25)

4.3 Ammonia-Water Vapor Mixtures

Ammonia-water vapor mixtures are assumed to be ideal solutions. The enthalpy,

entropy, and volume of vapor mixture are computed by Equations(4.26), (4.27), and

(4.28)

h9n= y hL + (l-y) h9 (4.26)

Sn=yS L + (1-y) S9Sfl= aW (4.27)

vgm = y vL + (l-y) v9 (4.28)

4.4 Pressure-Temperature-Composition Behavior

At equilibrium, binary mixtures must have the same temperature and pressure.

Moreover, the partial fugacity of each component in the liquid and gas mixtures must be

equal. These conditions of phase equilibrium of mixtures can be written as four

equations

TL =Tg =T (4.29)

pL =pg = p (4.30)
^L ^gfa = fa(4.31)

^L ^9fw V-=fw(4.32)

where P and T are the equilibrium pressure and temperature of mixture, and f is the

fugacity of each component in the mixture at equilibrium.
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The fugacities of ammonia and water in liquid mixtures are given by, Walas [ 10]:
,,L

fa= Ya I x a (4.33)^L
f fw Twtw (l-x) 8w (4.34)

where

Y activity coefficient

fo standard state fugacity of pure liquid component corrected to zero pressure

x liquid mole fraction

8i Poynting correction factor from zero pressure to saturation pressure of

mixture

Assuming an ideal mixture in the vapor-phase , the fugacities in vapor mixtures are

given by

fa = Oa P Y (4.35)

G = OW P (1-y) (4.36)

where

4) fugacity coefficient

y vapor mole fraction

P saturation pressure of mixture

The standard state fugacities of pure liquid ammonia and water are given by the

following
sat psat/8 sat (437)

sat ,w (4.38)
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where psat is the saturation pressure of the pure component at the temperature of the

system. sat and 8sat are the fugacity coefficient and the Poynting factor for each pure

component its saturation pressure. Gillespie et al. [5] derived an equation for the pure

ammonia fugacity which extends beyond the critical point of ammonia.

fa =10.7215-4.9319(1000/T)+1.4992(1000/T) 2 -0.236202(1000/T) 3  (4.39)

The activity coefficients are related to the total excess Gibbs free energy and given by,

Reid et al. [9],

Tr Ln (ya) = (Fl+3F2+5F3)(l-x) 2 - 4(F2 +4f3 )(1-x)3+12F3(1-x) 4  (4.40)

Tr Ln (yw) = (Fl-3F2+5F3)x 2 + 4(F2 -4F3 )x3+12F 3x4+12F3(1-x)4  (4.41)

The fugacity coefficient is calculated from the following equationp0

f- exp{ (Gr,a - Gf'a)/Tr} (4.42)

Ow O=exp{ (Gr, w - Go w)ITr} (4.43)

where PO is a low pressure, permitting the ideal gas assumption. O a = w= 1 for an

ideal gas.

The Poynting factor which is important at high pressure is given by the equation [9]

8= exp{ (V 3L LPSat)/RT} (4.44)

8w= exp{(-vLPVL PSat)/RT} (4.45)

where V L is the partial molar volume. At moderate pressure, the Poynting factor is

usually little different from unity.

At the mixture-saturation curves only two independent properties are needed to fix the

state. The above equations provide a mean of calculating the saturation temperature,

pressure, or liquid or vapor compositions as a function of any two of the remaining

variables. To implement these relationships in the property routines, however, requires
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iterative calculations. When combination of properties other than T, P, and x are

provided an iterative solution is required to find all the other properties. The

computation of the properties requires the location of the mixture-saturation curves, i.e,

vapor-liquid equilibrium computations to generate temperature-pressure-concentration

relations, e.g., the bubble point and dew point temperatures as functions of pressure

and concentration.

4.5 Comparison with Literature Data

Figures 4.1 and 4.2 show comparisons of calculated and experimental activity

coefficients of different isotherms of ammonia and water, respectively. Below

temperatures of 406 K the model is almost perfect. At temperatures higher than 406 K,

the calculated values show an average deviation of less than 5%.

Calculated bubble and dew points temperatures at constant pressures are compared to

the IGT experimental data. The Ziegler and Trepp correlation and the correlation of this

work agree with the IGT experimental data with a difference of less than 2%, as shown

in Figure 4.3.

Pressure-concentration relationships for four isotherms are compared with the Wiltec

experimental data as shown in Figures 4.4 to 4.7. For temperatures less than 406 K

the Ziegler and Trepp correlation, and this work predict values overlay the experimental

with an average deviation less than 3%. At higher temperatures the results from Ziegler

and Trepp correlation start to deviate with a difference of more than 15%. However,
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the results of this work have much less deviation and at pressure less than 110 bar the

deviation is about 5%.

In Figure 4.8, the specific volume of saturated liquid is plotted as a function of the

ammonia mass fraction for different isotherms. The curves show reasonable agreement

with the Gillespie et al. data. The deviation between the calculated and the experimental

data within the experimental error.

The enthalpy of saturated liquid of this work is compared with IGT tables as shown in

Figure 4.9. At a pressure of 34.34 bar the model predicts values of about 2% high. At

lower pressures, the predicted values agree with IGT data with deviation of less than

2%.

Figure 4.10 shows the enthalpy of saturated vapor ammonia-water mixtures at constant

pressures. At pressures of 1.4 and 6.9 bar the calculated enthalpy of saturated vapor is

in fair agreement with IGT data. However, the calculated enthalpy tends to be

consistently higher as the pressure increases. The difference increases as the pressure

increases. At pressure of 34.34 bar (500 psia) the maximum difference is about 5%.

In Figures 4.11 though 4.15, the results of this study are compared with the

generalized correlation proposed by Park and Sonntag [5]. Figure 4.11 shows bubble

and dew points of ammonia-water mixtures for constant pressures of 50 and 100 bar.

The bubble point temperature from Park and Sonntag is consistantly lower compared to

this work. However, the difference is less than 5%.
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The enthalpy and entropy of saturated vapor are compared with Park and Sonntag

tables in Figures 4.12 and 4.13. The enthalpy of saturated vapor of this study are in

good agreement with Park and Sonntag tables for pressures of 50 and 100 bar. Figure

4.13 shows a maximum difference of 10% between the entropy of saturated vapor of

this study and Park and Sonntag tables.

The enthalpy and entropy of saturated liquid are compared with Park and Sonntag

tables in Figures 4.14 and 4.15. The comparison show a difference of more 25%.
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4.6 Summary

New correlation of equilibrium properties of ammonia-water mixtures which extend the

applicable range of pressure and temperature. The new correlations are useful for

designing and analyzing power absorption cycles. Correlations are presented covering

vapor-liquid equilibrium pressure of 0.2 to 110 bar and temperature of 230 to 600 K.

Comparisons with reported experimental data show good agreement with deviations

less than 5%. The correlation can be used to pressure of 110 bar with deviations

around 10 %.
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Chapter Five

Evaluation and Design
of Absorption Power Cycles

Many of the recent proposals for alternative power cycles employ a non-azeotropic

binary mixture in a Rankine or an absorption-type power cycle, e.g, Demuth and

Kochan [1981], Bliem [1983], Kalina [1983]. The motivation for using mixtures is

that heat can be supplied or rejected at variable temperature but constant pressure. The

variable temperature heat transfer processes reduce the temperature mismatch between

the hot and cold streams and the cycle, which reduces the availability destruction in the

heat exchangers.

Maloney and Robertson [1953] studied the performance of an absorption cycle. Their

conclusion showed that the absorption power has no thermodynamic advantages over

the Rankine cycle. Thirty years later, Kalina [1983] proposed an absorption power

cycle to be used as an alternative to the Rankine cycle. In apparent Contradiction to

Maloney and Ropertson's conclusion, Kalina claimed that his cycle has 1.3-1.6 time

higher thermal efficiency than comparable steam power cycles. In 1984 Kalina

published a second paper in which he explained the advantages of the Kalina cycle.



79

El-Sayed and Tribus [1985b] theoretically compared the Rankine cycle and the Kalina

cycle when both cycles are used as a bottoming cycle with same thermal boundary

conditions. They conducted a First and Second law thermodynamic analysis. They

concluded that Kalina cycle can have 10 to 30% higher thermal efficiency compared to

an equivalent Rankine cycle.

Most of the publications in what has become known as the Kalina cycle technology

were published by Kalina and his colleagues at Exergy, Inc. (e.g. Kalina [1989];

Kalina and Leibowitz [1987a], [1987b], and [1989]). Although there are many recent

papers on absorption power cycles, there are few which are not authored by Kalina or

his colleagues. A recent publication by Stecco and Desideri [1989] presents the results

of an analytical study showing both thermodynamic and practical advantages for Kalina

cycle compared to Rankine cycle using the exhaust of a gas turbine as energy source.

Marston [1989] developed a computer model of the cycle analyzed by El-Sayed and

Tribus [1985b]. The results of this model show good agreement with the published

results of El-Sayed and Tribus.

The primary objective of the this research is to provide a comprehensive evaluation of

the performance and applicability of absorption power cycles. Criterion will be shown

which reflect the thermodynamic performance and life cycle economics of power

cycles. Pinch point analyses and heat exchanger networks design methodology are

used. All studies cited in the literature have used a case study-type analysis comparing

an absorption power cycle with a simple Rankine cycle. The methodology used here is

based on finite-time thermodynamics and a simplified economic analysis. The optimum
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power is used as a reference to compare the absorption cycle with different

configurations of the Rankine cycle.

A geothermal case study is considered with geothermal resource temperature of 455 K,

and thermal capacitance rate of 10 kW/K. The sink temperature is equal to 286 K. In

all cycles, the hot and cold-side heat exchangers have the same conductance, i.e, UAij

= UAL. The turbines and pumps are modelled as reversible adiabatic processes. The

external irreversibility due to heat transfer is modelled using conventional heat transfer

rate equations and heat exchanger models.

5.1 Performance Indices for the Comparison of Power Cycles

The design of power plant for is determined largely by considerations of operating cost

and capital cost. A suitable compromise between low operating and capital costs must

be reached. A relationship between the maximum power point and economically

optimum design has been identified in Chapter Three. In this chapter, it is

demonstrated that, with certain reasonable economic assumptions, the maximum power

point of a heat engine corresponds to a point of minimum life-cycle costs. A

comparison of the maximum power from alternative power cycles for the same

boundary conditions, i.e, the same heat source/sink inlet temperatures, thermal

capacitance rates, and heat exchanger conductances, is a criterion to compare the

thermodynamic performance and economics of power cycles. The upper limit for the

power output is provided by the maximum power cycle for specified boundary

conditions as shown in Chapter Two. The power ratio , 0o, is defined as the ratio

between the power output, W, to the power output of the optimum power cycle, Wopc



81

CO = W/Wopc(5.1)

In addition to the power output, the thermal efficiency of power cycles, ri, is a

measurement of thermodynamic performance. The upper limit for the efficiency is the

Carnot efficiency. The thermal efficiency is defined as

-n=W/Oin (5.2)

The capital cost depends mainly on the size and complexity of the plant. In general, the

size of the components will depend on the amount of working fluid which has to be

passed through them. For power cycles, the mass flow of working fluid required per

unit power output (m*), is an indirect indication of relative sizes of the plant.

m* =rhwf/W (5.3)

However, if the effect of different working fluids is being investigated, account should

be taken of their different densities. In this case, a more direct indication of relative

sizes of power plant is therefore volume flow of working fluid required per unit power

output.
V =Vw/W (5.4)

Some cycles are more sensitive to internal irreversibilities than others. An additional

parameter which indicates the cycle's sensitivity to internal irreversibility is known as

the back-power ratio. The back-power ratio, (y, is defined as

=W/Wt (5.5)

where

Wt the turbine power output

Wp the power required to run the pumps

Internal irreversibilities decrease the turbine power and increase the pump power. If the

hack-power ratio is large (> 0.5), a small increment in component inefficiency may

reduce the net power output to zero. On the other hand, as the back-power ratio
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approaches zero, the same amount of component inefficiency will have a much less

effect on the net power output.

5.2 Heat Exchanger Network Methodology

Most power cycles cited in the literature are characterized by their high degree of

recuperation. However, little information is given in the way these cycles are designed.

The objectives of this work are to develop systematic methods to design and study

power cycles. The application of using heat exchanger network synthesis methods has

been found to be useful as a design tool in power cycles. Heat exchanger network

synthesis have been developed which lead to the optimum heat-recovery heat exchanger

networks, Linnhoff et al. [1983], Cerda et al. [1983a][1983b], and others. These

methods have been used extensively in heat integration in chemical engineering

processes. The general approach is to divide the problem into temperature intervals at

pinch points. The problem is then formulated as a "transshipment or transportation

problem" from linear programming. Heat exchanger networks which optimize the

power are investigated.

5.2.1 Transshipment Model

The transshipment model presented by Papoulias et al. [1983] is used to find the

optimum heat exchanger network. The problem is formulated to maximize the power

output. The specification of forbidden heat exchanger matches between certain pairs of

streams are allowed to simplify the heat exchanger networks and reduce the number of

heat exchangers. Forbidden matches provide a powerful tool to study and consider

different configurations of power cycles without a significant change in the original
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problem.

Rl,k-1 R2,k-1 ..... RI,k-1

0h,k

Q ,k

Q3,k

Rl,k R2,k . ...... RI,k

Figure 5.1: Heat flow pattern in each temperature interval

The first step is to partition the temperature range into k temperature intervals having

temperature interval ATk. The following sets of streams are defined according to

temperature intervals and heating or cooling requirements:

Hik (Hot stream i in interval k)

Cj,k {cold stream j in interval k}

The heat load (Q0i,k of stream Hi,k is given by:

Qilk = rii Ahi,k (5.6)

The heat load (Qj,k) of stream Cjk is given by:

Qj,k = Ihj Ah,k (5.7)

The heat flow pattern in each temperature interval is shown in Figure 5.1. Heat
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transfers from the hot streams to the cold streams each temperature interval. After

meeting the heat load of cold streams, the residual heat (additional energy) flow to the

next lower temperature interval, Ri,k. The occurrence of any pinch points takes place

with no residual heat flow.

The transshipment model for the maximum power of power cycles is:

maximize the power output, W

subject to the following constraints
J

Ri,k - Ri,k-1X Qi,j,k = Qilk

i (5.8)
I

i Qi,j,k = Qjk
(5.9)

Where

Ri,k residual heat flow of hot stream i in interval k

Qi,j,k heat transfer from hot stream i to cold stream j in temperature interval k

rni mass flow rate of stream i, kg/s

Equation (5.8) is an energy balance on hot stream i in interval k, while Equation (5.9)

is an energy balance on cold stream j in interval k. To specify forbidden matches

between hot stream i and cold stream j in temperature interval k, Qi,j,k is set to zero.

5.3 Component Modeling

The steady-state component models used to study the absorption power cycle are

described in this section. In addition to the basic components used in the conventional

Rankine cycle, the absorption cycle introduces two new components; the absorber and

distillation unit. Heat transfer constraints are considered and the log mean temperature
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difference (LMTD) heat exchanger models are used. Mass and energy balances are

written for each component. The following assumptions are made in the mass and

energy balances:

1. The flow is steady and the state of the working fluid at each specific location

within the system does not change with time.

2. There are no pressure drops due to friction except in the expansion valve.

3. Changes in the potential energy can be neglected.

4. Changes in the kinetic energy can be neglected.

The system equations are nonlinear. The model is solved numerically using EES,

Klein and Alvardo [1991], an equation-solving program with built-in thermodynamic

property data for pure fluids. EES allows the user to add functions and procedures

written in Pascal or C which are compiled separately. A computer program which

evaluates the thermodynamic properties of ammonia-water mixtures is added to EES's

library. Ammonia-water mixtures are used as working medium to evaluate the

performance of absorption-type power cycles.

Heat Exchanger Models

The heat exchangers models are based on mass and energy balances, and the LMTD

model. Figure 5.2 shows schematic diagram of a counter-current heat exchanger.

Mass and energy balances on the counter-current heat exchanger yield

rhl -=rn2 (5.10)

rh3 =rA4 (5.11)

(= rnl (h2 - h1 ) = h3 (h 3 -h4 ) (5.12)

The heat transfer is modelled using an overall conductance and LMTD heat exchanger

model.
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Q=UA (T 3 -T 2)- (T4- TI)
ln[(T3 - T2)/(- T1)] (5.13)

fluid

Cold flu

Figure 5.2: Schematic diagram of a counter-current heat exchanger

The hot-side heat exchanger is modelled as three counter-current heat exchangers in

series representing a liquid heater, a boiler, and a superheater, respectively. While the

cold-side heat exchanger (condenser) is modelled as one counter-current heat

exchanger. Moreover, the recuperator which is used to recover the heat from turbine

exhaust or the distillation unit in absorption power cycles is modelled as counter-current

heat exchanger.

Distillation unit

The distillation unit is modelled as a flash tank. The process is assumed to be adiabatic.

The basic solution is separated to strong solution (in ammonia) and a weak solution. A

schematic diagram of the process is shown Figure 5.2. The strong solution is in the

vapor-phase, while the weak solution are in and liquid-phase. The basic balances are

given as:

Mass balance of total mass

ri=1 = rn2 + 1T13  (5.14)

Mass balance of ammonia

x1 ihl1 =x 2 rh2 + x3 rh3  (5.15)

Mass balance of water
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(5.16)(1-x1)rh1 = (1-x 2 )ih2 + (l-x 3 )r 3i

Energy balance

ilhl = rh2h2 + rh3h3 (5.17)

on m
a

B asic
solution

)n in

Figure 5.3: Schematic diagram of a flash tank used to separate

a basic mixture into two mixtures

Mixture and Splitter

The steady-flow mixing of two streams is a common process in absorption cycles. The

mixing is assumed to be adiabatic. Figure 5.4 shows two input streams and one output

stream. In case of absorption cycles these streams are ammonia-water mixtures which

can have different ammonia mass fractions.

Figure 5.4: Symbolic sketch of a mixer

Mass balance of total mass

Amp

I 1 1
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hI =rh2 +mrh3 (5.18)

Mass balance of ammonia

xI hl = x2 ri2 + x3 ri3  (5.19)

Mass balance of water

(1-xl)rhl = (1-x2)rih 2 + (l-x 3)rh3  (5.20)

Energy balance

rilhl = Ih2h2 + rh3h3  (5.21)

The basic balances for the splitter shown in Figure 5.5 are the same as that for a mixer.

Equations (5.18) through (5.21) are also used to model a splitting process.

2

Figure 5.5: Symbolic sketch of a splitter

Turbine

The expansion process through a turbine is assumed to be a reversible adiabatic

process. Mass and energy balances on the turbine yield

mhl =mrh2 (5.22)

Wt- =r (hl - h2) (5.23)

Pump

Pumps are used to increase the pressure of liquids. Similar to the turbine, the process

is assumed to be a reversible adiabatic process. Mass and energy balances on the pump

yield

3Aw
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rml =r2 (5.24)

VVp-rh (h2- hi) (5.25)

Assuming the liquid to be incompressible, the energy balance for an ideal (reversible)

pump can be rewritten as

Wp = rihv (P2 - P1 ) (5.26)

Valve

In an absorption power cycle, an expansion valve is used to lower pressure of the weak

solution from the flash pressure to the absorber-condenser pressure. The throttling

process is assumed adiabatic. The basic balances are given as:

Mass balance

rml = ri2 (5.27)

Energy balance

hl =h 2 (5.28)
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5.4 Absorption Power Cycles

The Maloney and Robertson [1953] and the Kalina [1983] absorption power cycles are

considered in the following analysis. Ammonia-water mixtures are used as the

working medium. The two cycles are simulated using the equipment models described

in Section 5.3. The performance of both cycles are investigated and compared to the

maximum power cycle.

5.4.1 The Maloney & Robertson Absorption Power Cycle

The Maloney and Robertson cycle is shown in Figure 5.6. In this system, the boiler

delivers a vapor rich in ammonia (state 6). The vapor is then superheated (state 7).

Power is obtained by expanding the vapor to low pressure in a turbine. The turbine

exhaust (state 8) is reunited with the weak solution from the distillation unit (state 11).

The weak solution is used to absorb the rich vapor in ammonia to regenerate the basic

solution (state 1). The basic solution is then pumped to a high pressure and then heated

and partially boiled before entering the flash tank (state 5) to complete the cycle. Hot

and cold fluids are used as the heat source and sink, respectively.

Thermodynamic state property information for the Maloney and Robertson cycle is

shown in Table A. 1 of Appendix A. In Figure 5.7 and Figure 5.8, the cycle is shown

in temperature-enthalpy, and temperature-entropy diagrams respectively. The thick

solid line represents the basic solution, while the thin solid, and thick dashed lines

represent the strong solution, and the weak solution, respectively. The separation and

mixing processes are shown with thin dashed line.
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The power optimization of this cycle is done numerically. The optimization has two

degrees of freedom. The ammonia mass fraction and the flash tank pressures are

varied to optimized the power output of the system for the case where NTUH = 5 and

CL/CH= 5. NTUH = 5 is considered a large heat exchanger for the HTL Carnot cycle

and CIJCH= 5 is the optimum thermal capacitance rates ratio for most cycles considered

in this analysis. Similar behavior can be shown for different values of NTUH and

CL/CH.

For this system to operate as absorption cycle, the basic solution must enter the flash

tank partially boiled. For relatively high and low pressures the separation process will

not occur either because the mixture in the subcooled or the vapor phase, respectively.

For a given mixture there is a range of flash tank pressures for which the Maloney and

Robertson cycle can operate. Figure 5.9 shows relations between the flash tank

pressure and the power output of the cycle for different basic solutions.

In Figure 5.10, the maximum power are plotted against the ammonia mass fraction of

the basic solution. The results shows an optimum basic solution of about 0.22

ammonia mass fraction. The maximum power achieved is 160 kW at an efficiency of

16%.
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Valve -
| 10 11 j

Basic solution

--- - Weak solution in the more volatile component

Strong solution in the more volatile component

- - mHot fluid

.................. Cold fluid

Figure 5.6: The absorption power cycle studied by Maloney and Robertson [1953]
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Figure 5.8: Maloney and Robertson cycle in the temperature-entropy diagram
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5.5.2 The Kalina Absorption Power Cycle

The Kalina cycle is shown in Figure 5.11. The Kalina cycle has a slightly different

system configuration than the Maloney and Robertson cycle. The strong vapor solution

(state 6) from the distillation unit is mixed with a bypass basic solution (state 3). The

use of the second condenser adds an extra degree of freedom to the system, and allows

the distillation unit to operate at a lower pressure than the boiler pressure. The liquid

mixture from this condenser is pumped to the boiler pressure (state 9). The mixture is

then heated, boiled, and superheated before it enters a turbine (state 12). Energy is

recovered from the turbine exhaust to heat and partially boil the basic solution before it

is flashed. The turbine exhaust (state 14) is then reunited with the weak solution from

the distillation unit (state 16). The weak solution is used to absorb the rich vapor in

ammonia to regenerate the basic solution (state 1). The basic solution is pumped to an

intermediate pressure and then split into two streams; about 80% is flashed after it

recovers energy from the turbine exhaust, and other 20 % is bypassed (state 3) to be

mixed with the strong vapor solution (state 6). The combined stream (7) is cooled and

condensed in the second condenser (state 8).

Thermodynamic state information for the Kalina cycle is shown in Table A.2 of

Appendix A. In Figure 5.12 and Figure 5.13, the cycle is shown in temperature-

enthalpy, and temperature-entropy diagrams respectively. The thick solid line represent

the basic solution, while the thin solid line, and thick dashed line represent the strong

solution, and the weak solution, respectively. The separation and mixing processes are

shown with thin dashed line.
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Figure 5.14 shows the relation between the flash tank pressure and the power output of

the cycle for different basic solutions. Similar to the Maloney and Robertson cycle, the

flash tank pressure at the maximum power increases as the ammonia mass fraction of

the basic solution increases. However, the Kalina cycle operates at a lower flash tank

pressure compare to Maloney and Robertson cycle, Figure 5.9. The lower flash tank

pressure reduces the amount of energy needed to separate mixtures which improves the

performance of the cycle.

In Figure 5.15, the maximum power is plotted against the ammonia mass fraction of the

basic solution. The results show an optimum basic solution of about 0.35 ammonia

mass fraction. In Figure 5.16, the maximum power is plotted against the ammonia

mass fraction at the boiler. The result shows an optimum boiler solution of about 0.5.
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5.4.3 Comparison of Absorption Cycles

In this section, the performance of the Maloney and Robertson and Kalina cycles are

compared. An objective of the comparison is to determine the thermodynamic

performance of these cycles at different circumstances. The effects of heat exchanger

sizes and thermal capacitance rates ratio is studied.

The effect of the thermal capacitance rates ratio on the power output of the optimum

power, Maloney and Robertson, and Kalina cycles, is shown in Figure 5.17 for the

case where NTUH =10. Similar behavior can be shown for different values of NTUH.

The optimum power cycle gives the upper limit for the power output. As the thermal

capacitance rates ratio increases, the power output increases rapidly first and then

levels off for thermal capacitance rates ratios greater than 5. A typical power plant

operates with thermal capacitance rates ratio between 5 and 10. At a very high thermal

capacitance rates ratio (CL/CH = 20), the Kalina cycle produces about 80% of the

optimum power, while the Maloney and Robertson cycle produces about 70% of the

optimum power.

The effect of the heat exchanger sizes on the power output of the optimum power, of

the two cycles, is shown in Figure 5.18, for the optimum thermal capacitance rates ratio

(CJJCH = 5). The power output of optimum power and Kalina cycle increases as the

hot side heat exchanger size increases. The power output of Maloney and Robertson is

greater than the power output of Kalina for NTUH less than 5. At very large heat

exchanger (NTUH =15), the Kalina cycle produces about 90% of the optimum power,

while the Maloney and Robertson cycle produces about 70% of the optimum power.
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The Maloney and Robertson, and the Kalina cycle are compared with the optimum

power cycle in a T-S diagram. Both cycles are shown without the internal processes,

i.e, the heat recovery, mixing, and separation processes, in order to compare the heat

transfer processes of absorption power cycles to the optimum power cycle.

Figures 5.19 and 5.20 show the Maloney and Robertson and Kalina cycle,

respectively. In both cycles, the heat is added and rejected at variable temperature. The

Maloney and Robertson cycle has a higher pinch point at the boiler, and it's heat

transfer processes do not match the optimum power cycle, particularly at the condenser.

On the other hand, the Kalina cycle second condenser (process 7 - 8) does not match

the optimum power cycle; however, the heat load of the heat exchanger is about 25% of

the total heat rejection. In general, the heat transfer processes of the Kalina cycle match

the optimum power cycle much better than those for the Maloney cycle.

In conclusion, the non-isothermal heat transfer processes of the optimum power cycle

can be approximated by using binary mixtures as working. Having different mixtures

in the hot side heat exchanger, and the cold side heat exchanger, adds a degree of

freedom in designing power cycles which can approach the performance of optimum

power cycle.
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5.5 Rankine Cycle with Ammonia-Water Mixture

The use of mixtures as the working fluid in geothermal cycles has received considerable

attention. Demuth and Kochan [1981], and Demuth [1980][1981] studied a basic

geothermal cycle utilizing mixtures of hydrocarbons. They considered three working

fluids consisting of binary mixtures of hydrocarbons. Regenerative preheating and/or

recuperating were studied. For geothermal cycles utilizing the above mixtures, their

results showed better performance than pure fluids for the 455 K resource temperature.

Bliem [1983] investigated the use of ammonia-water mixtures as working fluids in

geothermal power cycles. The thermodynamic data needed for the analysis were taken

from the IGT tables, Macriss et al. [ 1964]. A recuperator, using the turbine exhaust to

preheat the working fluid, was incorporated in the basic cycle. The conclusion of this

study was that an ammonia-water mixture as working medium in a cycle with

recuperation has a few percent better performance than mixed hydrocarbon working

fluids. Ammonia-water working fluids would be toxic, but of lower cost and

flammability than hydrocarbon working fluids.

Kalina and Leibowitz [1989b] proposed a thermodynamic cycle for low-temperature

geothermal sources. The working fluid is ammonia-water mixture of 0.83 ammonia

mole fraction. The cycle is primarily a Rankine cycle with high degree of recuperation.

Kalina and Leibowitz claimed that the power output of their cycle is 40% greater than

the supercritical plant built at Herber, Electric Power Research Institute, [1987], which

operates with mixtures at supercritical pressures to reduce the mismatch between the

brine and the cycle working fluid.
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Figure 5.21 Simple Rankine cycle with an ammonia-water mixture as working fluid

Figure 5.22: Rankine cycle utilizes turbine exhaust for preheating



110

Figure 5.21 illustrates the basic processes of a simple Rankine cycle. Figure 5.22

shows the cycle which utilizing the turbine exhaust for preheating only. This technique

of utilizing the turbine exhaust to preheat the working fluid is cited in many studies,

Demuth et al. [1980], and Bliem [1980].

5.5.1 Optimum Heat Exchanger Network Design

The heat exchanger network methodology presented in Section 5.3 is used to design the

heat exchanger networks which optimize the power output. The objective is to design

the cycle with optimum heat exchanger network.
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In Figure 5.23, the cycle is shown in a temperature-enthalpy diagram to illustrate the

variable temperature in boiling and condensation processes of ammonia-water mixtures.

More over, the diagram shows two hot streams; the hot geothermal fluid (H1) and the

turbine exhaust (H2). The available energy from these two hot streams will be used to

heat the cold stream (C1), which is the condensate coming out of the pump. Cold

stream (C2) is cold water.

Table 5.1: Heat loads of cold and hot streams in each temperature interval

Stream JTemperature Interval (K)_[ Qh (kW) J_ (kW)

H11 455-380 746.9

H12 380-350 303.1

H13  350-306 436.9

H2 1  455- 380 0

H22 380-350 424.4 riwf

H23  350-306 535.1 rhwf

C11 455-380 805.1 rhwf

C12 380-350 803.3 rhwf

C13 350-306 211.4rhfwf

C2 310 -286 1200

Table 5.1 shows heat loads for hot and cold streams in each temperature interval.

GAMS (General Algebraic Modeling System), Brooke et al. [1988], is used to solve

the transshipment linear programming problem. The transshipment problem results in

the optimum heat recovery which maximizes the power output. Table 5.2 shows the

matches and heat exchanged of the optimum heat exchanger network. The optimum

heat exchanger network utilizes the turbine exhaust for preheating and partial boiling.

The cycle with the optimum heat exchanger design is shown in Figure 5.24.
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Table 5.2: Matches and heat exchanged of the optimum heat exchanger network

Temperature Interval Heat Transfer (kW) Heat transfer (kW)

(K) j From HliToCi I From H2 To C 1

455-380 714 0

380-350 335 376

350 - 306 0 187

18519

Figure 5.24: Rankine cycle with the optimum heat exchanger design which utilizes

turbine exhaust for preheating and partial boiling
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5.5.2 Effect of Heat Exchanger Network Design

The cycle with the optimum heat exchanger network which utilizes the turbine exhaust

for preheating and partial boiling provides up to 30% more power than the power

obtained from the simple Rankine cycle, Figure 5.25. The results also show that there

is not a difference in the power output obtained from the simple Rankine cycle and the

Rankine cycle with preheating only. Figure 5.26 shows that the cycle with the

optimum heat exchanger network has the highest efficiency of 17% compared to 11%

and 12% for the simple Rankine cycle and the Rankine cycle with preheating,

respectively. Thermodynamic state property information for the three different

configurations are shown in Tables A.3, A.4, and A.5 of Appendix A.
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One way to explain the disadvantage of using a mixture as working fluid in a simple

Rankine cycle is to compare the cycle with the optimum power cycle in a T-,S diagram.

As shown in Figure 5.27, there is reasonable matching between the boiling process of

the simple Rankine cycle and the optimum power cycle. However, the condensing

process of the simple Rankine cycle does not match the optimum power cycle. The

cycle with the optimum heat exchanger network utilizes the available energy in the

turbine exhaust efficiently to maximize the power output.

The effect of heat exchanger size and the thermal capacitance rates ratio on the different

cycle configurations is investigated. The objective is to verify the performance of the

cycle with the optimum heat exchanger network at different operating points. The

effect of CICH, the ratio of the thermal capacitance rates, on the power output of the

three cycle configurations is shown in Figure 5.28 for the case where NTUH =10. The

optimum power cycle gives the upper limit for the power output. As expected, there is

no significant difference in the power output obtained from the simple Rankine cycle

and the Rankine cycle with preheating. The power output levels off for thermal

capacitance rates ratios greater than 5.

The effect of the heat exchanger sizes on the power output of the optimum power, of

the two cycles, is shown in Figure 5.29, for the case where CJCH = 5. Both the

simple Rankine cycle and the Rankine cycle with preheating produce approximately the

same power output for the different heat exchanger sizes. The cycle with optimum heat

exchanger network shows superiority for whole range of heat exchanger size. The

power output of the cycle with optimum heat exchanger network increases as the heat
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exchanger size increases and then level off for NTUH greater than 8.

In conclusion, the previous examples illustrate the advantages of using heat exchanger

network synthesis as a design tool in power cycles. Using the transshipment model, it

is possible to study and predict the performance of different configurations of

complicated thermodynamics cycles without going through extensive computer

modeling. The transshipment model enables the designer to examine and study all

different configurations of power cycles with minimum effort.
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5.6 The Rankine Cycle with Pure Fluids

The regenerative modification of the Rankine cycle is a technique for increasing the

cycle efficiency. Figure 5.30 shows a flow diagram of regenerative-Rankine cycle with

one feedwater heater which raises the temperature of the liquid working fluid before it

enters the boiler. In the regenerative-Rankine cycle, the heat is supplied at higher

average temperature and thus a higher efficiency would therefore be achieved.

Turbine

15

14

Pump 2 Pump 1

Figure 5.30: Regenerative-Rankine cycle employing one feed water heater

In this section, the power-efficiency tradeoffs of the Rankine and the regenerative-

Rankine cycles are considered. Figure 5.33 shows the relation between power and

efficiency for the simplified power cycle the Rankine cycle, and the regenerative-

Rankine cycle employing one and two feed water heaters. Along any curve, the power

and efficiency vary by changes in boiler pressure and accordingly changes in condenser

pressure. Figure 5.33 shows the existence of the maximum power points for the

different configurations of the Rankine cycle. The efficiency-tradeoffs for the Rankine
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and the regenerative-Rankine are similar to those of the HTL Carnot cycle and all cycles

have approximately the same maximum power efficiency for the different values of

turbine isentropic efficiency. Regeneration decreases the maximum power output. As

the number of feedwater heaters increases, the performance of the regenerative Rankine

cycle approaches the performance of HTL Carnot cycle.
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Figure 5.31: Power efficiency trade offs for the simple Rankine

and Rankine cycle with regeneration

5.6.1 Multi-Stage Rankine Cycle

A constant temperature heat transfer process, as required in the Carnot cycle, is easily

achieved in practice by boiling or condensing a pure fluid at constant pressure. Most of

energy transfer occurring in a single-stage Rankine cycle occur this way. The single-

stage Rankine cycle is defined as the cycle with constant boiling and condensing

I.:

.-- Simple Rankine
Rankine with 1 feed water heater.,

• ...-Rankine with 3 feed water heaters,
.HTL arnot,
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pressure. The variable temperature at the heat transfer processes of the optimum power

cycle can be achieved also by varying the pressure during the phase change of a pure

fluid. In this study, two and three-stage Rankine cycles are considered. The hot and

cold-side heat exchangers have the same conductance, i.e, UAH = UAL.

Two-Stage Rankine cycle

The two-stage Rankine cycle, shown in Figure 5.31, considered in this study consists

of two single-stage Rankine cycles operating in sequence. The heat exchanger

conductances are divided equally between the two stages.

14 13

1l

Figure 5.31: Flow diagram for a two-stage Rankine cycle

The cycle has two boiling pressures, i.e., two boiling temperatures. Figure 5.32

shows the relation between power and efficiency for the two-stage Rankine cycle. T8

and T3 are the two boiling temperatures of cycle. The optimization problem has two
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degrees of freedom. A relation between the two boiling temperatures of cycle, T8 and

T3, is added to simplify the optimization. The relation between power and efficiency is

shown for different values of T8 -T3. Along any curve, the power and efficiency vary

by changes in boiler temperature for one cycle and accordingly for the other cycle.

Figure 5.32 shows the existence of the maximum power points for the two-stage

Rankine cycle. The efficiency-tradeoffs for the two-stage cycle show that the

maximum power efficiency is well approximated by 1 - aTL,in/TH,in.
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Three-Stage Rankine Cycle

Figure 5.33 shows a three-stage Rankine cycle. Similar to the two-stage cycle, the

three-stage cycle considered in this study consists of three single-stage Rankine cycles

operating in sequence. The heat exchanger conductances are divided equally between

the three stages.
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Figure 5.34: Power efficiency tradeoffs for three configurations

of a three-stage Rankine cycle

Figure 5.34 shows the relation between power and efficiency for the three-stage

Rankine cycle. T3, T10 and T15 are the three boiling temperatures of cycle. The

optimization problem has three degrees of freedom. The relation between the boiling

temperatures of cycle is assumed linear, i.e., T10 = (T3+ T15 )/2. This assumption

reduces the optimization to two degrees of freedom. Moreover, a relation between the

T15 -T3 =45K
T15-T3=25K

T15-T3=65K
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two boiling temperatures of cycle, T15 and T3, is added to simplify the optimization and

reduce it to a single degree of freedom for display purposes. The relation between

power and efficiency is shown for different values of T15-T3. Along any curve, the

power and efficiency vary by changes in boiler temperature for one cycle and

accordingly for the other cycles. Similar to the single and two-stage cycles, the

efficiency-tradeoffs for the three-stage cycle show that the maximum power efficiency

is well approximated by il= 1 - "0TL,in/Tn,in.

5.6.2 Comparison of Single, Two, and Three-Stage Rankine Cycles

The effect of the thermal capacitance rates ratio on the the single, two, and three-stage

Rankine cycles is shown in Figure 5.35, for the case where NTUH =10. As the

thermal capacitance rates ratio increases, the power output increases rapidly first and

then levels off for thermal capacitance rates ratios greater than 10. The power output

increases significantly as the number of Rankine cycles in sequence increases from 1 to

3. The effect of the heat exchanger sizes on the power output of the optimum power is

shown in Figure 5.36, for the case where CI/CH = 5 (the optimum thermal capacitance

ratio of absorption power cycles). The power of cycles increases as the hot side heat

exchanger size increases. As the number of Rankine cycles in sequence approach

infinity, the performance and the shape of the variable pressure Rankine cycle

approaches the optimum power cycle.

The shape of single, two, and three-stage cycles are compared with the optimum power

cycle in a T-S diagram. As shown in Figure 5.36, the single-stage cycle which has

constant temperature condensing and boiling processes, matches reasonably the heat
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transfer process on condenser side. However, it does not match the heat transfer

process on the boiler side. The multi-stage cycle is also a variable temperature cycle

which adds more flexibility to match the non-isothermal processes of the optimum

power cycle. The two and three-stage cycles perform much better compare to the

single-stage cycle. In Figures 5.37 and 5.38, the shape of the two and three-stage

cycles are compared with the optimum power cycle. The results show that as the

number of boiling pressure increases the cycle matches the optimum power much

better. Thermodynamic state property information for the single, two, and three-stage

Rankine cycle are shown in Tables A.6, A.7, and A.8 of Appendix A, respectively.
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5.7 Comparison of Different Cycles

In this section, the performance of the Maloney and Robertson and Kalina cycles are

compared with the single, two, and three-stage Rankine cycles, as well as the Rankine

with an ammonia mixture. An objective of the comparison is to evaluate the

performance of the absorption power cycles at different heat exchanger sizes.

In Figure 5.40, the Rankine cycle with the optimum heat exchanger has high power

ratios, co, compared with absorption cycles for NTUH between 3 and 10. The Kalina

cycle shows superiority at very high heat exchanger sizes (NTUH > 12). The three-

stage cycle has the highest power ratio for the entire range of heat exchanger sizes as

shown in Figure 5.41. The two-stage cycle has higher power ratio compared to the

absorption power cycles for NTUH less 10. The Kalina cycle produces more power

than the two-stage cycle for NTUH greater than 10 and approaches the power ratio of

the three-stage cycle at NTUH of 15.

In conclusion, the three-stage Rankine cycle appears as the winner in this comparison.

However, this cycle uses three turbines and a complex heat exchanger network which

may increase the capital cost. On the other hand, the poor performance of Kalina cycle

at low heat exchanger sizes, and the use of corrosive and toxic ammonia-water mixtures

are major disadvantages. Moreover, there are not significant differences between

power ratios of single, two, and three-stage Rankine cycles at NTUH less than 3. The

high power ratio for the single-stage Rankine at small heat exchangers can be explained

by the fact that the shape of the optimum power cycle is a function of the heat

exchanger size as shown in Figure 2.11 of Chapter Two. For small heat exchanger

sizes, the single-stage matches the shape of the optimum power cycle, and accordingly
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its performance approaches the performance of the optimum power cycle.

For power cycles, the mass and volume flow rates of working fluids required per unit

power output, (m* and V*, respectively), are indirect indications of relative sizes of the

plant. In Table 5.3, mass and volume flow rates per unit power output of the simple

Rankine cycle and the Kalina cycle are presented. The simple Rankine with water as a

working fluid has the lowest flow rate per unit power output (1.4x1O- 3 kg/kw), and the

highest turbine outlet volume flow rate per unit power output at the turbine outlet

(5790x10-6 kg/kw). Even though the mass flow rates of the Kalina cycle are high, the

volume flow rates are low. The low volume flow rates result in smaller turbines. The

Kalina cycle has second lowest volume flow rates after the simple Rankine cycle with

ammonia.

Table 5.3: Mass and volume flow rates per unit power output of the simple Rankine

and the Kalina cycle
i(m* ;n 1 n-3 ' ra- nu n ijvin 1()-6 m 3 /IkW)

Condenser outlet

m * Iv*

20.9 14.2

6.7 11.6

1.4 828.8

9.1 10.4

Cycle Working Fluid

Simple Rankine cycle R-11

Simple Rankine cycle Ammonia

Simple Rankine cycle Water

Kalina cycle Ammonia-Water

Turbine Inlet

m*J V*

20.9 229.4

6.7 131.7

1.4 828.8

2.7 157.8

Turbine Outlet

m* V*

20.9 3028

6.7 495

1.4 57890

2.7 1431
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Chapter Six

Conclusions and
Recommendations

Although the Carnot cycle can achieve the highest thermal efficiency, it has been shown

that the closed Brayton cycle can produce more power than an equivalent Carnot cycle

for the same thermal boundary conditions when heat transfer constraints are

considered. The heat power cycle which produces the maximum power for specified

boundary conditions has been identified. The optimum power cycle provides a useful

tool for studying power cycles and forms the basis for making design improvements.

The shape of the optimum heat power cycle varies with the external boundary

conditions such as the type of heat source and heat sink, and heat exchanger

conductance. If the heat source and sink have infinite heat capacitance rates (i.e.

isothermal), the heat transfer processes for the optimum cycle are isothermal, i.e., the

Carnot cycle is the optimum cycle. However, if the heat source and the heat sink have

finite heat capacitance rates, the heat transfer processes for the optimum cycle are not

isothermal, but rather occur over a range of temperatures. This variable temperature at

the both cooling and heating processes can be achieved either by varying the pressure

during the phase change of a pure fluid or by keeping the pressure constant during the

phase change of a non-azeotropic binary mixture.
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For both finite and infinite capacitance rates, the efficiency at maximum power of

internally reversible Carnot and Brayton cycles is equal to 1- fY TL,in/THJin. Moreover,

the efficiency of the optimum heat power cycles is found to be well approximated by

the same form. Because this efficiency depends only on the inlet temperatures of the

heat reservoirs, it can be obtained easily and used as a design tool. In the case of

internal irreversibility, the efficiency at maximum power is no longer given by this

simple form. Rather it is given by a more complicated form which depends on how the

internal irreversibility is modeled. In this study, a simple model relating the entropy

change during heat rejection and heat addition is used. The result is a modification to

the efficiency at maximum power which is found to be equal or be well approximated

by l =1- WTL,in/4THin where 0 is a factor relating the entropy changes during heat

rejection and heat addition.

There are conceptual differences between power optimization and efficiency

optimization. The efficiency of a reversible engine provides an upper limit on the

efficiency, but it does not provide a realistic design goal. This study shows how heat

transfer and economic constraints affect the design of a heat engine. Assumptions are

made which allow the system performance and the economics equations to be solved

analytically. The solution clearly shows the relation between the maximum power point

and minimum life-cycle costs. A simple relationship between the maximum power

point and economically optimum design has been identified as determined by life-cycle

economic considerations. Heat engine power optimization and economic optimization

yield the same optimum cycle efficiency.
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The variable temperature at both cooling and heating processes of the optimum power

cycle can be achieved by keeping the pressure constant during the phase change of a

non-azeotropic binary mixture. The Kalina cycle thermodynamic advantages can be

explained in terms of the variable boiling/condensing temperature. The varying

temperature during the heat transfer processes reduces the thermodynamic irreversibility

of heat exchange and the effect of thermal pinch in the boiler, compared to the

isothermal boiling/condensing processes occurring in in the Ranking cycle. The Kalina

cycle has thermodynamics advantages at very large heat exchanger sizes; however, at

small heat exchanger sizes the Kalina cycle produces less power output compared to a

single-stage Rankine cycle. The simplicity of the single-stage Rankine with addition to

its high performance for small heat exchanger sizes makes it highly competitive and

economically visible when the heat exchangers are expensive. Moreover, ammonia-

water mixtures which have been proposed as the working medium in absorption power

cycles, are corrosive and toxic, raising more doubts about the applicability of this cycle.

The variable temperature of the heat transfer processes of the optimum power cycle can

also be achieved by varying the pressure during the phase change of a pure fluid. The

multi-stage Rankine cycle can have a higher performance compared to the Kalina cycle

for the same boundary conditions, i.e., the same heat source/sink inlet temperatures,

thermal capacitance rates, and heat exchanger conductances. Compared to all cycles

considered in this study, the three-stage Rankine cycle produces highest power output

for a wide range of heat exchanger sizes. This high performance is due to the flexibility

of the variable pressure Rankine cycle in matching the optimum power cycles heat

transfer processes at different heat exchangers sizes by adjusting the three boiler
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pressures and accordingly the boiler temperatures. However, this cycle uses three

turbines and a complex heat exchanger network which may increase the capital cost.

The two-stage which is relatively less complex than the three-stage Rankine cycle, can

produce more power than the Kalina cycle.

A short cut to avoid the extensive comparison with the multi-stage Rankine cycle or any

other power cycle is to compare the performance of any new proposed cycle to the

optimum power cycle. The power ratio, which is defined as the ratio between the

power output to the power output of the optimum power cycle, is a criterion to compare

the thermodynamic performance and economics of power cycles.

Recommendations

The heat exchanger network design and the system configuration have a great impact on

the performance of absorption cycles. Absorption systems with high performance may

be overlooked. The optimum power cycle and the heat exchanger network

methodology proposed by Linnhoff et al. [1983], Cerda et al. [1983a], and others can

be used to study the effect of the system configuration on the performance of

absorption power cycles.

The performance of a given power plant is greatly influenced by the uncertainties

involved in the design parameters, and operation conditions. Design and off-design

performance, and stochastic simulation will be a significant addition to the methodology

developed in this study. Since ammonia-water mixtures are corrosive and toxic,

alternative mixtures should be explored. A thermodynamics library of mixtures will be

of great importance to study, evaluate, and design absorption cycles.
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Appendix A

Thermodynamic State Points for Power Cycles in Chapter 5

at Maximum Power for The Case Where NTUf = 5, and UAH = UAL

Table A. 1: Thermodynamic state points for an absorption cycle studied by Maloney and

Roberson [1953] using ammonia-water mixtures

State T (K) IP(kPa)I h(kJ/kg) xs J x h(kg/s) (kW/K)

1 289.24 057.9 - 120.753 0.166 0.30 0.623

2 289.26 800.0 - 119.925 0.166 0.30 0.623

3 340.70 800.0 102.184 0.872 0.30 0.623

4 367.54 800.0 220.634 1.207 0.30 0.623

5 420.00 800.0 1453.793 4.282 0.30 0.623

6 420.00 800.0 2186.877 6.278 0.48 0.341

7 440.00 800.0 2235.175 6.390 0.48 0.341

8 340.72 057.9 1796.525 6.390 0.48 0.341

9 420.00 057.9 564.421 1.861 0.09 0.282

10 304.26 057.9 72.852 0.494 0.09 0.282

11 304.43 057.9 72.852 0.496 0.09 0.282

12 332.94 057.9 1017.707 3.742 0.30 0.623

13 455.00 10

14 381.96 10

15 370.43 10

16 286.00 50

17 299.74 ________________________ 50
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Table A.2: Thermodynamic state points for an absorption cycle studied by Kalina

[1983] using ammonia-water mixtures

State T (K)[P (kPa) h (kJ/kg)Is (kJ/kgJK) xJ ih (kg/s) J (kW/K)

1 299.16 127.1 -97.76 0.283 0.35 1.092

2 299.17 300.0 97.563 0.283 0.35 0.732

3 299.17 300.0 -97.563 0.283 0.35 0.360

4 323.10 300.0 6.667 0.618 0.35 0.732

5 345.17 300.0 372.08 1.705 0.35 0.732

6 345.17 300.0 1743.08 5.605 0.49 0.118

7 322.22 300.0 305.68 1.613 0.49 0.478

8 299.15 300.0 -123.46 0.234 0.92 0.478

9 299.19 785.6 -122.87 0.234 0.49 0.478

10 330.00 785.6 15.56 0.675 0.49 0.478

11 418.48 7.856 2169.38 6.263 0.49 0.478

12 440.00 785.6 2221.28 6.384 0.49 0.478

13 360.17 127.1 1902.97 6.384 0.49 0.478

14 347.82 127.1 1183.90 4.363 0.49 0.478

15 345.17 300.0 148.16 0.959 024 0.614

16 326.17 127.1 148.16 0.967 0.24 0.614

17 338.52 127.1 601.37 2.465 0.35 1.092

18 455.00 10

19 452.52 10

20 349.58 10

21 342.97 10

22 286.00 50

23 290.10 50

24 286.00 __________ 50

25 301.27 ___________________ 50
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Table A.3: Thermodynamic state points for a simple Rankine cycle

using an ammonia-water mixture of 0.83 ammonia mass fraction

State T (K) J P(kPa) h 0J/k)As (kJ/kgK) irh(kg/s)JC (kW/K)

1 295.9 786.6 -14.96 0.309 0.602

2 296.2 2559.9 -12.38 0.309 0.602

3 340.0 2559.9 199.67 0.976 0.602

4 427.2 2559.9 1757.83 5.109 0.602

5 445.0 2559.9 1808.10 5.224 0.602

6 381.4 786.6 1594.45 5.224 0.602

7 455.0 10

8 452.0 10

9 358.2 10

10 345.4 10

11 286.0 50

12 305.4 50



139

Table A.4: Thermodynamic state points for a Rankine cycle utilizes turbine exhaust for

preheating using an ammonia-water mixture of 0.83 ammonia mass fraction

State [ T(K) P (kPa) h (kJ/kg)s s(kJ/kg-K) rh (kg/s)(kW/K)
1 296.25 796.1 -13.15 0.315 0.616

2 296.56 2559.9 -10.58 0.315 0.616

3 340.00 2559.9 199.67 0.976 0.616

4 427.21 2559.9 1757.83 5.109 0.616

5 445.00 2559.9 1808.10 5.224 0.616

6 381.79 796.1 1596.32 5.224 0.616

7 369.74 796.1 1386.07 4.669 0.616

8 455.00 10

9 451.90 10

10 355.88 10

11 286.00 50

12 303.25 50
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Table A.5: Thermodynamic state points for a Rankine cycle utilizes turbine exhaust for

preheating and partial boiling using an ammonia-water mixture of 0.83

ammonia mass fraction

State T (K) j P(kPa) h(kJ/kg) [s(kJ/kg-K) rh(kg/s)j C (kW/K)

1 290.81 650.3 -38.695 0.228 0.681

2 291.12 2559.9 -35.973 0.228 0.681

3 347.00 2559.9 199.674 0.976 0.681

4 347.00 2559.9 199.674 0.976 0.292

5 347.00 2559.9 199.674 0.976 0.389

6 362.70 2559.9 947.688 3.099 0.292

7 362.70 2559.9 947.688 3.099 0.389

8 362.70 2559.9 947.688 3.099 0.681

9 427.20 2559.9 1757.83 5.109 0.681

10 445.00 2559.9 1808.10 5.224 0.681

11 372.80 650.3 1567.37 5.224 0.681

12 362.00 650.3 1246.45 4.355 0.681

13 337.80 650.3 1010.81 3.683 0.681

14 455.00 10

15 452.73 10

16 390.60 10

17 363.80 10

18 286.00 50

19 300.70 50
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Table A.6: Thermodynamic state points for a simple

Rankine cycle using R- 11

State T (K) P (kPa) h (kJ/kg)Is (kJ/kgK) rh (k/s) [C (kW/K)

1 308.1 0147.6 064.3 0.2385 4.0034

2 309.1 1398.8 065.1 0.2385 4.0034

3 400.0 1398.8 149.2 0.4763 4.0034

4 400.0 1398.8 280.5 0.8045 4.0034

5 308.1 0147.6 238.7 0.8045 4.0034

6 455.0 10

7 402.4 10

8 368.8 10

9 286.0 50

10 300.0 50
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Table A.7: Thermodynamic state points for a two-pressure

Rankine cycle using R- 11

State T (K)J P (kPa)J h (kJfkg) s________ _______sj C (kW/K)

1 309.78 155.9 65.8 0.243 4.326

2 310.45 1004.2 66.3 0.243 4.326

3 383.00 1004.2 132.4 0.434 4.326

4 383.00 1004.2 132.4 0.434 1.401

5 383.00 1004.2 274.2 0.805 1.401

6 309.78 1004.2 239.6 0.805 1.401

7 383.00 1004.2 132.4 0.434 2.925

8 383.64 1770.5 133.0 0.434 2.925

9 413.00 1770.5 162.7 0.509 2.925

10 413.00 1770.5 284.6 0.804 2.925

11 309.78 155.87 239.4 0.804 2.925

12 309.78 155.87 239.5 0.81 4.326

13 455.00 10

14 419.34 10

15 410.65 10

16 390.77 10

17 362.21 10

18 286.00 50

19 301.03 50
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Table A.8: Thermodynamic state points for a three-pressure

Rankine cycle using R- 11

State T (K)J P(kPa) h (kJ/kg) s A(kJ!kgiK) ih(kg/s) C(kW/K)

1 311.38 164.0 67.2 0.248 4.636

2 311.79 683.6 67.5 0.248 4.636

3 365.00 683.6 115.3 0.389 4.636

4 365.00 683.6 115.3 0.389 1.228

5 365.00 683.6 266.8 0.804 1.228

6 311.38 164.0 240.5 0.804 1.228

7 365.00 683.6 115.3 0.389 1.701

8 365.54 1334.5 115.9 0.389 3.408

9 397.50 1334.5 146.6 0.47 3.408

10 397.50 1334.5 146.6 0.47 1.701

11 397.50 1334.5 279.6 0.805 1.701

12 311.38 164.0 240.5 0.805 1.701

13 397.50 1334.5 146.6 0.47 1.707

14 398.35 2362.2 147.5 0.47 1.707

15 430.00 2362.2 181.8 0.472 1.707

16 430.00 2362.2 288.7 0.801 1.707

17 311.38 164.0 239.5 0.801 1.707

18 311.38 164.0 240.2 0.801 4.636

19 455.00 10

20 436.75 10

21 430.90 10

22 408.28 10

23 397.78 10

24 379.18 10

25 357.00 10

26 286.00 50

27 302.04 50
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