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ABSTRACT

The power generation industry is facing new challenging issues regarding accelerating
growth of electricity demand, fuel cost and environmental pollution. These challenges
accompanied by concerns of energy resources becoming scarce necessitate searching for
sustainable and economically competitive solutions to supply the future electricity demand. To
this end, supercritical carbon dioxide (S-CO2) Brayton cycles present great promise particularly
in high temperature concentrated solar power (CSP) and waste heat recovery (WHR)
applications. With this regard, this dissertation is intended to perform thorough thermodynamic
analyses and optimization of S-CO2 Brayton cycles for both of these applications.

A modeling tool has been developed, which enables one to predict and analyze the
thermodynamic performance of the S-CO2 Brayton cycles in various configurations employing
recuperation, recompression, intercooling and reheating. The modeling tool is fully flexible in
terms of encompassing the entire feasible design domain and rectifying possible infeasible
solutions. Moreover, it is computationally efficient in order to handle time consuming
optimization problems. A robust optimization tool has also been developed by employing the
principles of genetic algorithm. The developed genetic algorithm code is capable of optimizing
non-linear systems with several decision variables simultaneously, and without being trapped in
local optimum points.

Two optimization schemes, i.e. single-objective and multi-objective, are considered in
optimizing the S-CO2 cycles for high temperature solar tower applications. In order to reduce the

size and cost of solar block, the global maximum efficiency of the power block should be



realized. Therefore, the single-objective optimization scheme is considered to find the optimum
design points that correspond to the global maximum efficiency of S-CO2 cycles. Four
configurations of S-CO2 Brayton cycles are investigated, and the optimum design point for each
configuration is determined. Ultimately, the effects of recompression, reheating, and intercooling
on the thermodynamic performance of the recuperated S-CO2 Brayton cycle are analyzed. The
results reveal that the main limiting factors in the optimization process are maximum cycle
temperature, minimum heat rejection temperature, and pinch point temperature difference. The
maximum cycle pressure is also a limiting factor in all studied cases except the simple
recuperated cycle. The optimized cycle efficiency varies from 55.77% to 62.02% with
consideration of reasonable component performances as we add recompression, reheat and
intercooling to the simple recuperated cycle (RC). Although addition of reheating and
intercooling to the recuperated recompression cycle (RRC) increases the cycle efficiency by
about 3.45 percent points, the simplicity of RC and RRC configurations makes them more
promising options at this early development stage of S-CO2 cycles, and are used for further
studies in this dissertation.

The results of efficiency maximization show that achieving the highest efficiency does
not necessarily coincide with the highest cycle specific power. In addition to the efficiency, the
specific power is also an important parameter when it comes to investment and decision making
since it directly affects the power generation capacity, the size of components and the cost of
power blocks. Consequently, the multi-objective optimization scheme is devised to
simultaneously maximize both the cycle efficiency and specific power in the simple recuperated

and recuperated recompression configurations. The optimization results are presented in the form



of two optimum trade-off curves, also known as Pareto fronts, which enable decision makers to
choose their desired compromise between the objectives, and to avoid naive solution points
obtained from a single-objective optimization approach. Moreover, the comparison of the Pareto
optimal fronts associated with the studied configurations reveals the optimum operational region
of the recompression configuration where it presents superior performance over the simple
recuperated cycle.

Considering the extensive potential of waste heat recovery from energy intensive
industries and stand-alone gas turbines, this dissertation also investigates the optimum design
point of S-CO2 Brayton cycles for a wide range of waste heat source temperatures (500 K to
1100 K). Once again, the simple recuperated and recuperated recompression configurations are
selected for this application. The utilization of heat in WHR applications is fundamentally
different from that in closed loop heat source applications. The temperature pinching issues are
recognized in the waste recovery heat exchangers, which brings about a trade-off between the
cycle efficiency and amount of recovered heat. Therefore, maximization of net power output for
a given waste heat source is of paramount practical interest rather than the maximization of cycle
efficiency. The results demonstrate that by changing the heat source temperature from one
application to another, the variation of optimum pressure ratio is insignificant. However, the
optimum CO2 to waste gas mass flow ratio and turbine inlet temperature should properly be
adjusted. The RRC configuration provides minor increase in power output as compared to RC
configuration. Although cycle efficiencies as high as 34.8% and 39.7% can be achieved in RC
and RRC configurations respectively, the overall conversion efficiency is less than 26% in RRC

and 24.5% in RC.
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1. INTRODUCTION

1.1. Motivation

The future of power generation industry is mainly influenced by two factors, i.e., energy
sustainability and economy. According to Prof. Richard E. Smalley (Nobel Prize Winner, 1996),
energy is the humanity’s first problem in the next 50 years [1]. From the sustainability point of
view, four main concerns drive today’s energy subject.

The first concern is the accelerating growth of energy demand. According to Energy
Outlook 2012 published by British Petroleum [2], the current annual global energy demand is
almost 12.4 Billion tonnes of oil equivalent (Btoe); and it is expected to grow with an average
rate of 1.6%, and reach 16.5 Btoe in 2030. This trend is even more severe for global electricity
demand which escalates with an average rate of 2.6% from 22.5 PWh in 2012 to 36 PWh in
2030; that is 60% increase in electricity demand over 18 years. The second concern is
environmental. More than 80% of the world’s energy demand and 67% of the global electricity
generation are met by burning fossil fuels [3]. The combustion of fossil fuels is the main source
of greenhouse gas emissions, primarily CO2, which has been believed as a major contributor to
the global warming problem. According to the National Oceanic and Atmosphere administration,
the concentration of CO2 in the atmosphere in May 2013 reached a daily average of 400 parts
per million (ppm), the highest level for at least 800,000 years [4]. The third concern is that fossil
fuel resources are finite, and they will eventually run out. In fact, fossil fuels such as oil and gas
are utilized as input feed for several material and manufacturing industries, which makes them

very valuable and irreplaceable commodities. Finally, the forth concern is related to energy
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security and international conflicts due to the geographically uneven distribution of fossil fuel
resources.

Furthermore, economic considerations have even stronger influence on the power
generation industry than energy sustainability does. In the very competitive electricity market,
maximizing the financial profit has always motivated the power generation industry to search for
advanced technologies that can provide the highest energy conversion efficiency with the lowest
possible cost. To just emphasize the significance of this matter, it suffices to mention that only
one percentage point increase in the overall efficiency of national power generation would
roughly result in 7.9 Billion dollars increase in net annual revenue. In addition, maximizing the
power generation efficiency will considerably reduce the adverse effects of environmental
pollutions. It should also be noted that any reduction in the capital or operation cost of power
plants would significantly create additional increase in the net profit.

In summary, energy sustainability and economic considerations are both vital for the
future of power generation industry. From the sustainability point of view, the next generation of
power plants should be less dependent on fossil fuel resources. Along with energy sustainability
considerations, economic incentives also encourage the power generation industry to look for
less costly, yet efficient energy conversion technologies. In association with the aforementioned
motivation, the supercritical carbon dioxide (S-CO2) Brayton cycles present very promising
features in terms of size, efficiency, economy and their proper integration with various
sustainable heat sources. Consequently, this dissertation is intended to address the

thermodynamic performance of these cycles.



1.2. Background

The power generation industry relies mainly on thermal power plants as they supply over
80% of global electricity production. The working principles of thermal power plants are usually
(if not always) based on a thermodynamic cycle in which thermal energy from a heat source is
converted to mechanical energy. Currently, fossil fuels account for almost 85.2% of heat sources
in thermal power plants worldwide [3, 5]. However, as also discussed in the previous section, it
is inevitable for the power generation industry to move towards sustainable heat sources. In this
regard, solar thermal energy, nuclear energy and geothermal energy are three major sustainable
heat sources that are considered as the most promising options. It is noteworthy that these heat
sources have a common feature in their applications; that is, the demanded thermal energy is
utilized in a closed loop system. In addition to aforementioned sustainable energy sources, there
is a substantial amount of energy that can be recovered from waste heat streams. There are many
sources of waste thermal streams dissipated from gas turbines, energy intensive industries, and
also heavy duty transportation devices. It is worth mentioning that in certain regions of the
United States, the waste heat recovery (WHR) is actually considered as an equivalent form of
renewable energy utilization since there are no additional environmental emissions for the extra
recovered heat. For the sake of convenience, all form of energy sources described above are
referred to as sustainable heat sources (SHSs) hereafter.

The steam Rankine cycle is the most common power plant technology that has practically
been integrated to sustainable heat sources. However, steam power plants are complex,
enormous, and expensive. Their high thermal inertia does not allow proper load following
(dispatching) and fast start up. Moreover, the maximum temperature of steam Rankine cycles is

3



in the range of 750 to 890 K, which intrinsically makes their efficiencies stay in the range of
30% to 43% (based on HHV) from conventional to ultra-supercritical plants respectively.
Although advancement in material sciences promises higher steam temperature (up to 1030 K) in
the next decades, the efficiency of next generation ultra-supercritical steam power plants
operating at 1030 K would be on the verge of 50%. All in all, the techno-economic
characteristics of steam power plants seem to hold back this technology from being an
economically appealing option for certain SHS applications such as geothermal, concentrated
solar power (CSP) and Industrial waste heat recovery applications.

In contrast to the steam Rankine cycle, The Brayton cycles are generally simple,
compact, and less expensive. They also offer fast start up, proper load following, and short
construction time. The most well-known among the Brayton cycles is the air breathing gas
turbine cycle. Air breathing gas turbines require turbine inlet temperature (TIT) of above 1750 K
in order to achieve attractive efficiencies of 40% in stand-alone applications and of 60% in
combined cycles. However, the practically suitable temperatures of SHSs are much below
common TITs of efficient gas turbines, which leads to incompetency of the air breathing gas
turbines for SHS applications.

Therefore, apposite efforts have to be made towards redesigning or inventing highly
efficient yet inexpensive power cycles that employ unconventional working fluids. Addressing
the aforementioned quest, over fifty pure working fluids and several multi-component organic
and inorganic fluids have been proposed in the open literature [6-36] to be utilized in various
configurations of power cycles. The selection of working fluid has a major impact on economic

viability and social acceptance of a power plant technology. The working fluid should be



assessed based on several criteria such as environmental aspects, safety concerns, availability,
and cost. Moreover, the efficiency and operating conditions of a thermodynamic power cycle
significantly depend on the working fluid’s thermo-physical properties such as critical pressure,
critical temperature, density, specific heat, viscosity, latent heat, and fluid stability. These
properties not only play important roles in thermal performance of power cycles, but also affect
the size and cost of power plant components. In an extensive study, H. Chen et al. [6] evaluated
35 organic working fluids in subcritical and supercritical Rankine cycles. However, they indicate
there are only a few relatively safe, inexpensive and environmentally benign nominees among
organic fluids. Although certain organic Rankine cycles (ORC) may offer reasonable
efficiencies, the associated organic fluids are mainly safe and beneficial for low-grade heat
sources.

Considering the suitable (efficient) temperature range for SHS applications (500 to 1400
K) and also techno-economic advantages of the Brayton cycle over the steam Rankine cycle, the
recuperated Brayton cycles using supercritical carbon dioxide (S-CO2) have been proposed as
one of the most promising options. Carbon dioxide is environmentally benign, non-toxic, non-
flammable, abundant, and inexpensive. It is a very stable compound as its thermal dissociation
temperature is above 2000 K. In addition, the thermo-physical properties of carbon dioxide have
been thoroughly studied; and they are easily accessible through academic and commercial data
bases. Carbon dioxide has a critical pressure of 7.39 MPa, and a critical temperature of 304.2 K,
which is very close to the standard ambient temperature (298.15 K). Supercritical carbon dioxide
is dense, like a liquid, but it expands to fill a volume like a gas. Sudden changes in

thermodynamic properties of carbon dioxide near its critical point enable the S-CO2 Brayton



cycles to present remarkable performance and high efficiency. Operating at high pressures, the
cycle efficiency is inconsiderably affected by the pressure drop in heat exchangers (e.g. heaters,
recuperators, and coolers). Moreover, supercritical carbon dioxide has a relatively high
volumetric heat capacity; and it offers excellent heat transfer characteristics, which can be
translated to small-size recuperators. The S-CO2 Brayton cycles feature high compactness,
which leads to low capital cost and short construction time. Unlike the steam Rankine cycles, the
S-CO2 Brayton cycles do not require clean water supplies, which is one of the most crucial
issues in the power generation industry. High cycle efficiency, compactness, superior economy,

and no water issues are the features which make these cycles well suited for SHS applications.

1.3. S-CO2 Brayton Cycle Concept

A simple carbon dioxide Brayton cycle is a closed loop recuperated Brayton cycle in
which the working fluid is carbon dioxide. Figure 1-1 demonstrates the cycle in its simplest
configuration which includes a pressurizing device (pump or compressor, depending on the inlet
condition), a recuperator (also known as regenerator), a heater, and a cooler. Carbon dioxide is
pressurized by the compressor (or pump), and absorbs heat through the recuperator and the
heater. This route consisting of points 2, 3, and 4 is the high pressure side of the cycle. Carbon
dioxide then expands in the turbine to a lower pressure level and generates power. The exhaust
of the turbine still carries significant amount of thermal energy; therefore, the low pressure
carbon dioxide is directed towards the low pressure side of the recuperator to exchange heat to

the cold and pressurized fluid coming from the compressor. In order to close the cycle after the



recuperator, carbon dioxide needs to be cooled down in the cooler to the inlet temperature of the

compressor. The route consisting of points 5, 6, and 1 is called the low pressure side of the cycle.

Compressor

v

Cooler |¢—|Recuperator
[\

Figure 1-1: Simple carbon dioxide recuperated Brayton cycle configuration.

Ideally, there are two isentropic processes (compression and expansion), and three
constant pressure heat transfer processes (cooling, recuperation, and heating). However, due to
irreversibilities, the compression and expansion processes are not isentropic; and the heat
transfer processes are not constant pressure either. Figure 1-2 presents an actual schematic of
these processes in a T-s diagram.

Depending on the pressures of high pressure and low pressure sides of the cycle, the
cycle has been called with different names. If the high pressure side of the cycle operates at
pressures above the critical pressure; and the low pressure side is in subcritical pressure region,
the cycle would be called transcritical CO2 cycle. On the other hand, the cycle would be called
supercritical CO2 cycle if both low pressure and high pressure sides of the cycle operate above
the critical pressure. These terminologies are followed by only few people. For the sake of
simplicity, the majority of people use the supercritical CO2 terminology for all types of carbon

dioxide Brayton cycles. In this study, it was also decided to adopt the latter terminology.
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Temperature (K)

Entropy (kJ/kg-K)

Figure 1-2: Carbon dioxide recuperated Brayton cycle T-s diagram.

In spite of similarities in T-s diagrams, the S-CO2 Brayton cycles differ from the air
breathing Brayton cycles in one major aspect which is the temperature pinching in recuperators.
The S-CO2 cycles usually operate at very high pressures (7 to 25 MPa); whereas, air breathing
gas turbines work in pressure range of 0.1 to 3 MPa. In other words, the S-CO2 cycles operates
very close to the critical point of carbon dioxide where the real gas effects are very significant.
Under the real gas effect, the constant pressure specific heat (Cp) of carbon dioxide depends on
both temperature and pressure. Figure 1-3 shows the h-T diagram for carbon dioxide with the
constant pressure lines from 4 to 22 MPa. In this diagram, the slope at any point represents the
constant pressure specific heat. The maximum slope at pressures above the critical pressure is

finite and its value increases with decreasing the pressure towards the critical pressure. On the



critical pressure line, the maximum slope approaches towards quasi-infinite limit as the
temperature reaches its critical value. This phenomenon is also presented in Figure 1-4 on Cp-T
diagram. Note that the red line represents the pressure of 7.4 MPa which is very close to the

critical pressure of carbon dioxide; and it shows severe jump at the critical temperature.
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Figure 1-3: h-T diagram of carbon dioxide.

As a result in the recuperator, the high pressure stream does not have the same heat
capacity as the low pressure stream does. Therefore for a constant amount of exchanged heat, the
temperature variation for a high pressure stream is not the same as the one for a low pressure
stream, which causes the temperature pinching problem. The temperature pinching problem

limits the heat recovery potential, increases the irreversibility in recuperators, and reduces the



efficiency of cycles. The pinching problem can be best demonstrated in T-Q diagrams such as

the one presented in Figure 1-5.
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Figure 1-4: Cp-T diagram of carbon dioxide.
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Figure 1-5: Carbon dioxide recuperated Brayton cycle T-s diagram.
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To summarize, using CO2 as the working fluid brings new aspects to the analysis of the
Brayton cycles. The major differences such as high pressure operation, dense working fluid,
pressure-dependent and non-linear variation of thermodynamic properties, temperature pinching
problem, etc. make the S-CO2 cycles function differently form the regular air breathing gas

turbines.

1.4. Literature Review

1.4.1. History

The idea of using carbon dioxide as the working fluid in a power cycle was originally
patented by Sulzer Bros in Germany in 1948 [37]. However, the concept was preliminary, and it
had not attracted much attention until late 1960’s when these cycles were rediscovered and
further studied in several publications. Despite of studies all around the world including the ones
in Soviet Union [38] and Switzerland [39], the major contributions were done by Feher [40-42]
in the United States and Angelino [43-45] in Italy.

In the CO2 cycle proposed by Feher [41], both high pressure and low pressure sides of
the cycle run above the critical pressure of CO2. However, the inlet temperature of the
compression process is below the critical temperature. In other words, the compression process is
in the liquid phase, which results in using a pump instead of a compressor. Therefore, Feher’s
cycle would be very compact and the compression-expansion work ratio is very low. He also
identified the temperature pinching problem in the regeneration process; however, no solution
was offered by him. The inlet temperatures to the pump and turbine were considered 293 K and
973 K respectively. He did not study the optimum pump inlet pressure as he assumed that

11



parameter to be constant at 2000 psia in his study. He concluded that the S-CO2 cycles present
high thermal efficiency and low volume to power ratio. In the case of using a pump, the cycle is
insensitive to compression efficiency. He suggested a single stage turbine and pump since the
pressure ratio of his cycle was considered between 2 to 3. In a collaborative attempt, Feher and
Hoffmann [42] presented a 150 kWe S-CO2 cycle design based on Feher’s proposed cycle. They
outlined the design procedure with more focus in major components such as pumps, turbines,
and recuperators. A two shaft arrangement was suggested due to incompatible rotational speeds
of turbines and compressors. After performing a parametric study, they stated that the optimum
alternator shaft speed should be around 40000 rpm. They also theorized the start-up and control
mechanisms. Eventually, they succeeded to present a pump efficiency of 75% and a power
turbine efficiency of 85% in their design; and declared the Feher’s cycle as a technically feasible
power cycle.

One of the early but major contributions in this subject was performed by Angelino [43-
45]. In his early study [43], he investigated only the fully condensation CO2 cycle in which the
low pressure side of the cycle operates at subcritical pressure and the heat rejection occurs at
temperature below the critical temperature. He concluded that the fully condensation S-CO2
cycle may offer more efficiency potential than other types of carbon dioxide cycles (e.g.
supercritical and subcritical CO2 cycles). However, he discovered that heat transfer
irreversibility in the regeneration process is considerably significant in the fully condensation
cycle. In an attempt to reduce the heat transfer irreversibility of the regeneration process,
Angelino introduced four partial condensation configurations in his second publication on S-

CO2 cycles [44]. Figure 1-6 shows the partial condensation cycles he proposed.
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Figure 1-6: S-CO2 partial condensation configurations introduced by Angelino in [44]

The proposed configurations present different advantages. For instance, configuration A
offers the highest efficiency. In configuration B, the turbine exhaust pressure is independent of
the condensing pressure. Therefore, the turbine work can be increased (by higher pressure ratio)
without requiring a lower heat rejection temperature. In configuration C, carbon dioxide enters
the high pressure turbine immediately after the regeneration. Thus, the heat addition to the cycle

occurs at lower pressure which reduces the stresses in the main heater. Finally, configuration D
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was introduced in order to study and compare the effects of less compression work but more
irreversibility in the regeneration to the ones in configuration A. As part of his study, he states
that the extremely high density of carbon dioxide allows very small size turbomachinery designs.
Compact heat exchangers can also be attained due to the high density of CO2, larger pressure
drop acceptability, and higher heat transfer coefficient. Angelino concluded that at temperatures
above 650 °C and with the same maximum pressure of 200 atm, the efficiency of configuration
A is higher than that of reheated steam cycle. He also stated that even though the configuration A
presents lower efficiency than that in the reheat steam cycle for the temperatures below 650 °C,
the simplicity and compactness of S-CO2 cycle offer better economy.

Finally in his third publication [45] on S-CO2 cycles, he investigated six new
configurations in addition to three of the previously studied configurations in a wider range of
operating temperatures and pressures. However, he limited his studies to the cycles in which the
cooling processes were in subcritical temperature region, which makes his study not pertinent for
locations where dry cooling is mandatory. Figure 1-7 presents the proposed configurations in his
third publication.

He found that the number of turbine stages in S-CO2 cycles is much less than that in
steam turbines. Moreover, he stated that the exhaust volumetric flow rate per unit power in steam
cycles is 30 to 150 times more than that in S-CO2 cycles, which results in very compact S-CO2
turbine designs. Angelino performed several parametric studies through which the effects of inlet
turbine conditions (temperature and pressure), compressor inlet conditions and heater inlet
temperatures on the efficiency and specific power of S-CO2 cycle were comprehensively

analyzed. Ultimately, he concluded that for a cooling water temperature of 5 °C and turbine inlet
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temperature of 700 °C, the most efficient configuration for the operating pressures above 200
atm is the recompression configuration; while the precompression configuration presents higher
efficiency for the pressure range of 150 to 200 atm. In addition, he inferred that S-CO2 cycles
can provide up to 50% more efficiency than a steam cycle operating in the same condition. He
also reported that reheat S-CO2 cycles present higher efficiency than double reheat steam cycles

for a cooling water temperature of below 20 °C.

TEMPERATURE °C

ENTROPY

Figure 1-7: S-CO2 cycle configurations introduced by Angelino in [45]
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1.4.2. Renaissance of S-CO2 Cycles

Despite all the efforts in analysis and design of S-CO2 cycles in the late 1960’s and
1970’s, the impulse driving the research and development of these cycles rapidly diminished in
the late 1970’s. It is most-likely that the decline was due to lack of knowledge and experience in
design and manufacturing of turbomachineries, compact heat exchangers, seals and bearings
required for the operating conditions of these cycles. Besides, the materials meeting all the
thermal, mechanical and chemical requirements for the components of such cycles were either
too expensive or not developed at the time. After being forgotten for almost three decades, the S-
CO2 cycles began attracting more attention in the late 1990’s and at the turn of this century due
to substantial technological advancement. Several studies have been conducted throughout the

world. However, the most comprehensive and effective efforts have been performed at MIT.

1.4.3. Studies at MIT

Following earlier studies [46, 47] at the Czech Technological University in the late
1990’s, Dr. Vaclav Dostal comprehensively investigated the S-CO2 Brayton cycles in his PhD
dissertation [48] which is considered as one of the most important breakthroughs in the subject.
His PhD dissertation, which was in fact a collaborative research project involving several faculty
members and research scholars at MIT, established an impetus for development of several other
research projects at MIT and in other institutes and organizations. He employed a comprehensive
code to evaluate the performance of various S-CO2 cycles consisting of compressors, turbines,
recuperators and pre-coolers. The turbomachinery modeling subroutines were developed based

on NASA design codes adapted for S-CO2 working fluid properties. He developed a more
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detailed subroutine to model the heat exchangers. He performed primary parametric studies to
locally optimize the performance of a simple S-CO2 cycle with the main focus on performance
and sizing of heat exchangers. In the proposed optimization method, the length of the pre-cooler
and recuperator, the split of the total heat exchanger volume between the recuperator and
precooler and, the cycle pressure ratio were the only decision variables and other parameters
were kept constant. After considering the addition of intercooling and reheating to the simple
cycle, he stated that intercooling yields slight efficiency improvement; and it is not considered as
an attractive option. Reheating offers a better potential; however, using more than one stage of
reheat is economically unattractive.

After reviewing Angelino’s results [44, 45], Dostal decided to investigate the
recompression cycle layout through the rest of his dissertation as the most promising S-CO2
cycle layout. He compared the efficiency and capital cost of the recompression cycle with the
ones in steam and helium cycles as presented in Figure 1-8. For the basic design, turbine inlet
temperature was conservatively selected to be 550 °C and the compressor outlet pressure set at
20 MPa. For these operating conditions the cycle achieves 45.3 % thermal efficiency and
reduces the cost of the power plant by almost 18% compared to a conventional Rankine steam
cycle. The capital cost of the basic design compared to a helium Brayton cycle is about the
same, but the supercritical CO2 cycle operates at significantly lower temperature. The turbine
inlet temperature of an advanced design was considered 650 °C. The thermal efficiency of the
advanced design is close to 50% and the supercritical CO2 cycle is almost 24% less expensive
than the steam cycle and 7% less expensive than a helium Brayton cycle. It is expected in the

future that high temperature materials will become available and a high performance design with
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turbine inlet temperatures of 700 °C will be possible. This high performance design achieves a
thermal efficiency approaching 53%, which yields additional cost savings.

He also compared the size of his S-CO2 preliminary design with the ones for helium and
steam turbines designed by others. This comparison is presented in Figure 1-9. The fact that S-
CO2 turbines are very compact and they require single casing are of great importance in terms of
a power plant economy. Dostal also compared the efficiency of various power cycles such as
helium Brayton, supercritical steam cycle and superheated steam cycle with the efficiency of S-
CO2 cycle for the temperature range of 350 to 950 °C as presented in Figure 1-10. He affirmed

that the supercritical CO2 cycle outperforms other cycles for the turbine inlet temperature of 550

and above.
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Figure 1-8: Net efficiency and relative costs for different power cycles ($/kW) [48]
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Steam turbine: 55 stages / 250 MW
Mitsubishi Heavy Industries Ltd, Japan (with casing)

5m
—
Helium turbine: 17 stages / 333 MW (167 MW,)
X.L.Yan, L.M. Lidsky (MIT) (without casing)

Supercritical CO, turbine: 4 stages / 450 MW (300 MW,)
- (without casing)
Compressors are of comparable size

Figure 1-9: Comparison of turbine sizes [48]
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Figure 1-10: Cycle efficiency comparison of advanced power cycles [48]
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1.4.4. Literature Review Closure

After the preliminary thermodynamic studies mainly by Angelino and Feher in 1960°s
and early 1970’s, the focus of research on S-CO2 cycles was directed towards detailed design of
comprising components (component-level study) such as pumps, compressors, turbines, and heat
exchangers; and system-level thermodynamic studies and cycle optimization were left forgotten.
In addition, the previous studies on S-CO2 cycles were merely for nuclear power applications.
However, S-CO2 cycles have recently attracted considerable attention for new applications such
as CSP, WHR and replacement of steam cycles in combined cycle power plants. According to
the expert panelists of S-CO2 power cycle symposiums, which consist of policy makers in the
U.S. Department of Energy (DOE) and leading industries in the field of power generation, the
most practical and promising avenues for the utilization of S-CO2 power cycles are WHR and
CSP applications. It should be noted that, the S-CO2 Brayton cycles can be utilized as the
bottoming cycle in the combined cycle gas turbine (CCGT) power plants. This application, in
general, can be considered as the WHR application in which the waste heat coming from the
exhaust of gas turbines can be recovered and converted to power.

The recent shift towards new applications necessitates conducting a new set of system-
level thermodynamic analyses of such cycles. It suffices to mention that even slight
modifications in techno-economic features of a power cycle can turn a failing technology into a
very appealing technology. Therefore, the thermodynamic optimization of power cycles is very
crucial in the system-level studies. The previous studies on optimization of S-CO2 Brayton
cycles are mostly done by parametric or gradient based methods which are limited to optimizing

few decision variables; and may result in local rather than global optimum design point.
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Moreover, further analysis and comparison of modifications such as recompression, reheating
and intercooling at their optimum operating conditions are deemed to be essential.

Therefore, part of this dissertation is intended for system-level thermodynamic analysis
and optimization of the S-CO2 Brayton cycles for high temperature CSP applications. Although
maximizing the cycle efficiency in CSP applications seems to be the first priority, there are other
thermodynamic performance indicators such as the specific power that needs to be considered
and possibly maximized as well. Therefore, the considered optimization includes both single-
objective and multi-objective optimization schemes to attain deeper understanding of the
optimized performance. The optimization method is comprehensive (in contrast with parametric
or gradient based optimization methods) in which the decision variables of a cycle are optimized
simultaneously; and global (as opposed to local) optimum solutions are achieved.

In addition, only few studies can be found in which S-CO2 cycles have been investigated
for waste heat recovery applications. And comprehensive studies, which present the optimum
design variables of S-CO2 Brayton cycles for various waste heat source temperatures, have not
been found. Interestingly, the WHR applications are expected to be the first among all other
applications in which S-CO2 cycles will be implemented. As it will be discussed in Chapter 5,
the WHR applications bring new aspects to the modeling and optimization of S-CO2 power
cycles, which makes it necessary to study them independently of other applications.
Consequently, this dissertation also covers the optimization of S-CO2 Brayton cycles for WHR

applications.
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1.5. Objectives and Scope of This Study

The primary goal of this dissertation is to optimize the conceptual design of the S-CO2
Brayton cycles for high temperature CSP and WHR applications. It should be noted that the
framework of this dissertation only covers the analysis of S-CO2 power block, and it does not
include the topping cycle in the WHR applications or the solar block in the CSP applications.
The analysis is based on the thermodynamic performance of such cycles in design point and at
steady state condition. The proposed methodology in this project is computational (mathematical
modeling) and it does not involve any experimental studies. To achieve the specified goal, the

following objectives have to be accomplished.

1.5.1. Objective 1

Develop a comprehensive modeling tool to reliably predict the thermodynamic
performance of various configurations of the S-CO2 Brayton cycle at steady state condition. The
considered configurations include a combination of recuperation, recompression, reheating and
intercooling. The model should be fully flexible in terms of entirely covering the feasible design
domain, and rectifying possible infeasible solutions. The flexibility of the model should also
include the consideration of switching input parameters and design variables with performance
variables interchangeably. Moreover, dealing with time consuming optimization problems
imposes a very important factor which is the model’s ability to perform the cycle calculation in a

fraction of a second.
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1.5.2. Objective 2

Develop an appropriate optimizer tool in order to perform both single-objective and
multi-objective optimization problems. The optimizer tool should be able to integrate with the
developed modeling tool, and reliably solve the optimization problems. The optimizer tools
should have the capability of optimizing non-linear systems with several decision variables
simultaneously, and without being trapped in local optimum points. The optimizer tools should
also be easily adaptable for various objective functions as this feature would be very beneficial in

analyzing the power blocks from different aspects, and also for similar projects in future.

1.5.3. Objective 3

Validate both the modeling results, and reliability and robustness of the optimization tool.
The relative error of the modeling results (as compared to acquired appropriate data) should be
within a reasonable range. Moreover, performance of the optimization tool is evaluated by well-
known benchmark problems that are commonly used in order to rigorously test procedures
specialized for multi-dimensional, non-linear optimization problems with numerous local

optimums.

1.5.4. Objective 4

Perform the thermodynamic analyses and optimization, and develop a set of guidelines
leading to optimum operation of the S-CO2 Brayton cycles for high temperature CSP and WHR
applications. The thermodynamic analyses include both energy and exergy approaches.

Combining the energy and exergy analyses provides valuable information regarding interactions
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between the components and their ultimate effects on cycle performance; efficiency potential and
performance improvement options; and advantages and disadvantages of considered

configurations over each other.

1.6. Dissertation Organization

After the brief introduction, literature review and the project objectives that were
presented in the preceding sections, Chapter 2 describes the research plan and the methodology
put to use to achieve the objectives of this project. It provides concise explanations on the
studied power cycle configurations, the thermodynamic modeling methodology, the optimization
schemes, and the validation of the developed tools.

In Chapter 3, four configurations of S-CO2 Brayton cycles are thermodynamically
optimized for maximum cycle efficiency. This optimization strategy is of high priority in all
applications similar to CSP in which the closed loop heat sources are utilized. Furthermore, a
thorough thermodynamic analysis based on both 1%t and 2" laws of thermodynamics are
performed in order to understand advantages and disadvantages of the cycle configurations over
each other, and also detect and quantify the sources of inefficiencies.

In Chapter 4, the importance of another design characteristic, i.e., cycle specific power is
introduced. Two most promising configurations of S-CO2 Brayton cycles are selected, and a
multi-objective optimization scheme are conducted to arrive at optimum trade-off solutions
between cycle efficiency and specific power.

In Chapter 5, the power generation from waste heat recovery is studied. There are critical

considerations regarding the WHR application, which leads to a different optimization strategy

24



as compared to the one in CSP applications. Ultimately, a new set of guidelines for optimum
operation of S-CO2 Brayton cycles is presented.

Finally, in Chapter 6, a summary of what have been done throughout of this dissertation
and main conclusions are presented. Ultimately, the contributions of this research along with

suggestions for future research topics will be discussed.
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2. METHODOLOGY

2.1. Introduction

The main goal of this study is to optimize the conceptual design of S-CO2 Brayton cycles
for high temperature concentrated solar power (CSP) and waste heat recovery (WHR)
applications. Although several aspects such as material strength, vibration, machining methods,
assembling, maintenance, etc. should be considered when it comes to designing and
manufacturing the components of S-CO2 Brayton cycles, the approach of this study is a system-
level lumped-volume approach, in which the interactions between components are considered in
order to understand how they contribute in performance indicators of the comprising system as a
whole. In the system-level lumped-volume approach considered for this project, the focus is
merely the thermodynamic performance of the S-CO2 Brayton cycle as a system; and it does not
deal with the detailed design of components. However, the components are mathematically
modeled by means of certain characteristic parameters which are accurate enough to represent
the performance of components. The characteristic parameters are chosen in reasonable ranges
based on current or near-future available technologies to avoid any conflict with other aspects of
the design and manufacturing. As also stated in the first chapter, the scope of this study only
covers the power blocks for which thorough thermodynamic analyses and optimization of S-CO2
Brayton cycles in design point and at steady state condition are performed. To this end, four
objectives, which were explained in the first chapter, have to be met. This chapter addresses the

designated objectives one by one through a brief description of the methodology adopted in this
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study. Once again, it is worth mentioning that the proposed methodology in this project is

computational (mathematical modeling) and it does not involve any experimental studies.

2.2. Modeling Tool

2.2.1. Description of Studied Configurations

Simplicity plays an important role in manufacturing and cost effectiveness of a power
cycle. Although several S-CO2 power plant configurations have been proposed, only few of
them are practically promising options [49]. Therefore, four most promising configurations have
been selected to be investigated in this study. The considered configurations are all based on the
recuperated closed-loop Brayton cycle with various modifications in order to increase thermal
efficiency and/or specific power of the cycle.

The simplest studied configuration is a simple recuperated cycle (RC). Figure 2-1 depicts
the RC plant layout along with its T-s diagram. In this configuration, carbon dioxide is
pressurized by the compressor, and absorbs heat through the recuperator and main heater.
Carbon dioxide then expands in the turbine to a lower pressure level and generates power. The
exhaust of the turbine still carries significant amount of thermal energy which is recovered in the
recuperator. In order to close the cycle, carbon dioxide needs to be cooled down in the cooler to
the inlet temperature of the compressor. It is noteworthy that the main heater is either a heat
exchanger in WHR applications or a solar receiver in CSP applications.

As also explained in the introductory chapter, the recuperation process in the RC

configuration introduces significant exergy destruction (irreversibility in heat transfer) to the
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cycle, which is due to temperature pinching problem. To overcome this issue, the recompression

recuperation cycle (RRC) has been proposed.

| Configuration: RC |
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Figure 2-1: Simple recuperated cycle (RC): configuration layout (up); T-s diagram (bottom)

As illustrated in Figure 2-2, RRC configuration employs two distinct recuperators which
are the high temperature recuperator (HTR) and low temperature recuperator (LTR). The low
pressure flow is divided into two streams after leaving the LTR and the cooler #2 at point 9. A
fraction of the flow rejects heat to the cooler #1 and enters the main compressor (C #1), while the
other fraction is pressurized in the recompression compressor (C #2). Both flow fractions are
mixed at point 3, and enter the high pressure side of the HTR and the main heater. After
expanding in the turbine, the flow is directed towards the low pressure side of the HTR and LTR

to preheat the high pressure flow.
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Utilizing double recuperation in the RRC configuration reduces the total heat capacity of
the flow going through the high pressure side of the LTR. This alleviates the pinching problem
and reduces the exergy destruction in the recuperation process as illustrated in Figure 2-3. It is
noteworthy to mention that the heat capacity value determines the slope of heat transfer lines in

the T-Q diagrams.
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Figure 2-2: Recompression recuperated cycle (RRC): configuration layout (up); T-s diagram (bottom)
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Figure 2-3: The effect of double recuperation in RRC on temperature pinching and exergy destruction
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In order to study the effect of reheating on S-CO2 Brayton cycles, the recompression
recuperated cycle with reheat (RRCR) has also been modeled. Figure 2-4 shows the layout of the

RRCR configuration along with its T-s diagram.
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Figure 2-4: Recompression recuperated cycle with reheat (RRCR): configuration layout (up); T-s diagram

(bottom)

The last considered configuration is the recompression recuperated cycle with reheat and
intercooling (RRCRI). Although the combination of double recuperation with reheating and
intercooling increases the complexity level, it may be justifiable as this configuration is expected
to offer significant improvement in both efficiency and specific power. The layout of RRCRI

configuration and its T-s diagram are presented in Figure 2-5.
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Figure 2-5: Recompression recuperated cycle with reheat and intercooling (RRCRI): configuration layout

(up); T-s diagram (bottom)

A system-level modeling tool has been developed in FORTRAN programming language,
which enables one to predict and analyze the thermodynamic performance of the aforementioned

S-CO2 Brayton cycle configurations at steady state condition.

2.2.2. S-CO2 Properties

The first step in thermodynamic modeling of S-CO2 cycles is the calculation of the
working fluid properties. In order to calculate the thermodynamic properties of carbon dioxide, a
set of FORTRAN source codes were put to use as certain subroutines in the developed main

modeling program. These FORTRAN source codes are presented by National Institute of
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Standards and Technology (NIST) in a software package named “REFPROP” [50]. The
REFPROP is a computer program which can generate several databases for fluid properties. It
does not utilize any experimental data, aside from certain constant parameters such as critical
and triple points of the pure fluids. The program uses the most accurate equations of states and
thermodynamic relations to calculate the properties of fluids. The equations are generally valid
over the entire vapor and liquid regions of the fluid, including supercritical states; the upper
temperature limit is usually near the point of decomposition of the fluid, and the upper pressure
(or density) limit is defined by the melting line of the substance. In the case of carbon dioxide,
the employed equations are extracted from the original work published by Span and Wagner

[51].

2.2.3. Assumptions

This study is based on the thermodynamic performance of S-CO2 Brayton cycles in
design point and at steady state condition. The choice of heat source and application introduces
certain limitations and determines the values of input parameters such as maximum allowable
turbine inlet temperature (TIT) and minimum allowable compressor input temperature. In
addition, the deviation between the real and ideal processes in turbines and compressors is
considered by assuming constant isentropic efficiencies, which has also been suggested in
system level optimization problems by many authors [49, 52-55]. The isentropic efficiencies of
turbines and compressors are input parameters to the model. Moreover, as suggested by other
authors including Angelino in [43] and Chacartegui et. al. in [56], the pressure drop in the heat

exchangers and ducts are also taken into account by introducing fractional pressure drop (FPD)
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as an additional input parameter. The FPDs can be implemented in the modeling either in a
piecewise manner or immediately downstream of the compressors. The assumed values of input
parameters for each application (WHR or CSP) will be presented in the corresponding chapters.
In addition to input parameters, the choice of variables is of great importance. The
variables in the modeling are categorized into decision variables and dependent variables. The
dependent variables are calculated through the modeling procedure by using the decision
variables. The dependent variables include the cycle performance indicators such as the cycle
efficiency, specific power, exergy flows, irreversibilities, cooling loads, recuperated heat,
effectiveness of heat exchangers, etc. The decision variables determine the thermodynamic
performance of the cycle; therefore, the optimization should be performed on them. As long as
all decision variables are independent from each other, the decision variables and dependent
variables can be replaced one another depending on the type of analysis and conclusion one may
wish to implement. The author has tried to identify as many decision variables as possible in a
way that the modeling demonstrates more flexibility and the optimization displays more
meaningful and valuable results. The considered decision variables for each cycle configuration
are listed in Table 2-1. Note that the parenthesized numbers in Table 2-1 correspond to the points
presented in the plant layout (Figure 2-1, Figure 2-2, Figure 2-4, Figure 2-5) for each

configuration.
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Table 2-1: Decision variables in all configurations

Decision Variables in Configuration: RC

Decision Variables in Configuration:
RRC

Compressor Inlet Temperature, T(1)

Main Compressor Inlet Temperature, T(1)

Turbine Inlet Temperature, T(4)

Turbine Inlet Temperature, T(5)

Minimum Terminal Temperature Difference, AT,

Inlet Temperature of Recompression, T(9)

Compressor Inlet Pressure, P(1)

Minimum Terminal Temperature Difference, AT

Compressor Outlet Pressure, P(2)

Decision Variables in Configuration:
RRCR

Main Compressor Inlet Pressure, P(1)

Main Compressor Outlet Pressure, P(2)

Main Compressor Mass Flow Fraction

Decision Variables in Configuration:
RRCRI

Main Compressor Inlet Temperature, T(1)

Main Compressor Inlet Temperature, T(1)

Turbine Inlet Temperature, T(5)

Inlet Temperature of 2n Compressor, T(3)

Reheat Temperature, T(7)

Turbine Inlet Temperature, T(7)

Inlet Temperature of Recompression, T(11)

Reheat Temperature, T(9)

Minimum Terminal Temperature Difference, AT;

Inlet Temperature of Recompression, T(13)

Main Compressor Inlet Pressure, P(1)

Minimum Terminal Temperature Difference, AT;

Main Compressor Outlet Pressure, P(2)

Main Compressor Inlet Pressure, P(1)

Inlet Pressure of Reheater, P(6)

Inlet Pressure of Intercooler, P(2)

Main Compressor Mass Flow Fraction

A Compressor Outlet Pressure, P(4)

Inlet Pressure of Reheater, P(8)

Main Compressor Mass Flow Fraction

2.2.4. Modeling Procedure

The overview of the system-level modeling procedure is presented in Figure 2-6. The
input parameters and decision variables are known inputs to the model. The major components
in a recuperated S-CO2 Brayton cycle are compressors, turbines, recuperators, and coolers. A set
of equations for each component is formed by applying the energy and mass conservation laws;

and depending on the component, either turbomachineries or heat exchangers, definitions such as
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isentropic efficiencies and minimum terminal temperature difference (TTD) are employed to
complete the sets of equations. Then completed sets of equations are solved through an iterative
and sequential algorithm; and the values of unknown dependent variables such as outlet
thermodynamic states of compressors, turbines, and recuperators are attained. Ultimately, the
cycle’s performance indicators such as cycle efficiency, specific power, and so forth are

calculated.

Design Variables
(or Decision Variables from the Optimizer)

Input Parameters

V ‘l’

Forming a Set of Equations for the Cycle Components

Heat Exchangers: Turbomachineries:
= Energy Conservation = Energy Conservation
= Mass Conservation = Mass Conservation

= Minimum Terminal Temperature Difference | | = Isentropic Efficiency Definitions

v

SOLVER
= |terative and Sequential Method
= Detect and Rectify Infeasible Solutions
= Calculate Cycle’s Performance Indicators

Figure 2-6: The overview of the system-level modeling

The modeling procedure starts with fixing all the thermodynamic states of the cycle. Note
that a thermodynamic state is considered as a fixed (or known) state if two independent
thermodynamic properties are known. This means all the required thermodynamic properties (in

the region of interest) can be computed by knowing any combination of pressure with
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temperature, enthalpy, or entropy via REFPROP. The input parameters and decision variables
are known inputs to the model; and unknowns are the dependent variables. The inlet and outlet
pressures of compressors are known (decision variables). Therefore, the pressure of all states can
be calculated by using the values of fractional pressure drop. Since the inlet temperature of all
compressors and turbines are also known via decision variables, the inlet states of the
compressors and the turbines are concluded to be fixed (known). Considering the fact that the
outlet specific entropy is equal to the inlet specific entropy in an isentropic process, the
isentropic outlet of the compressors and turbines are also fixed. By using Eg. (2-1) and Eq. (2-2),
the actual outlet states of the compressors and turbines are calculated using the values of the

isentropic efficiencies.

_ hout,is - hin (2'1)
Teomp hout - hin
n — hin - hout (2'2)
furb hin - hout,is

In the RC configuration, the equation set for the recuperator is formed by applying the
conservation of mass and energy. The set of equations is completed by using the definition of
terminal temperature difference. However, the recuperator modeling in other configurations,
which involve recompression, is different from the one in the RC configuration. Since all
recompression configurations (RRC, RRCR and RRCRI) employ the same double recuperation
process, the procedure for computing the unknown states associated with LTR and HTR is

explained based on the RRC configuration.
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In the RRC configuration, the states 2 and 3 are fixed (compressor outlet). The mass flow
rate going from point 2 to 3 can be generally any value depending on the value of mass flow
fraction (decision variable). Therefore, the minimum terminal temperature difference (which is
the pinch point temperature difference under certain conditions) can occur at any end (that is,
either at hot end between 3 and 7, or at cold end between 2 and 8) of the low temperature
recuperator (LTR). As a first guess, the minimum terminal temperature difference is assumed to
be at the cold end between points 2 and 8. The temperature of point 8 is calculated by Eqg. (2-3),
which makes point 8 as a fixed state. Equation (2-4) determines the enthalpy of point 7.

Ty =T, + ATpp (2-3)

h; = hg + [(f)2-3 X (h3 — hy)] (2-4)

In order to test the first guess on the location of the minimum terminal temperature
difference, the temperature of point 7 should be compared to the temperature of point 3. If the
temperature difference between points 3 and 7 is less than the minimum terminal temperature
difference, our first guess was wrong; and the pinch point locati