
Question 3(b) [10 Marks] In A Two Reversible
Power Cycles, Arranged In Series, The First
Cycle Receives

Understanding the Concept of Series Arrangement of
Reversible Power Cycles

Question 3(b) [10 Marks] In A Two Reversible Power Cycles, Arranged In Series, The First
Cycle Receives introduces a fundamental concept in thermodynamics involving the configuration
and operation of multiple power cycles connected in series. This setup is commonly encountered in
advanced thermodynamic analyses, where the goal is to optimize efficiency, energy utilization, and
system performance. This article provides an in-depth exploration of the principles behind such
arrangements, their thermodynamic implications, and practical applications.

Overview of Reversible Power Cycles

What Are Reversible Power Cycles?
Reversible power cycles are idealized thermodynamic cycles that operate without any entropy
generation, meaning they can be reversed without any loss of energy. These cycles serve as
theoretical benchmarks for real-world systems, which inevitably include irreversibilities.

Common examples include:
- Carnot cycle
- Stirling cycle
- Ericsson cycle

The hallmark of reversible cycles is their maximum possible efficiency between two temperature
reservoirs.

Key Characteristics of Reversible Cycles
- No entropy production
- Maximum thermodynamic efficiency
- Operate quasi-statically (infinitely slow processes)
- Idealized models for practical system analysis



Series Arrangement of Two Reversible Power Cycles

What Does 'Arranged in Series' Mean?
Connecting two power cycles in series involves linking the output of the first cycle directly to the input
of the second cycle, with the aim of harnessing the combined work output or improving overall
efficiency. The process flow is sequential:
1. The first cycle processes an energy source (e.g., heat from a high-temperature reservoir).
2. The output (either work or thermal energy) from the first cycle becomes the input for the second
cycle.

This configuration is often used to:
- Extract maximum work from a heat source
- Achieve higher efficiencies
- Implement multi-stage energy conversion processes

Typical Setup of Two Reversible Cycles in Series
- The first cycle absorbs heat \(Q_{H1}\) from a high-temperature reservoir at temperature \(T_{H}\).
- It performs work \(W_{1}\) and rejects heat \(Q_{L1}\) at a lower temperature \(T_{L}\).
- The second cycle receives the thermal energy \(Q_{L1}\) (or a portion thereof) from the first cycle.
- It then performs additional work \(W_{2}\), completing the overall power generation process.

Operational Dynamics of Series Power Cycles

Energy Flow and Interactions
In a series arrangement:
- The first cycle's waste heat rejection becomes the heat input for the second cycle.
- The total work output is the sum of work produced by both cycles:
\[
W_{total} = W_{1} + W_{2}
\]
- The overall efficiency depends on the combined heat inputs and outputs.

Thermodynamic Principles Governing the Arrangement
- Conservation of energy (First Law)
- Entropy considerations (Second Law)
- Reversibility ensures maximum theoretical efficiency for each cycle



Analyzing the First Cycle in a Series Arrangement

Role of the First Cycle
The first cycle typically:
- Operates between high and intermediate temperature reservoirs.
- Converts a portion of the thermal energy into work.
- Rejected heat at an intermediate temperature, which becomes the heat source for the second cycle.

Key Parameters for the First Cycle
- High-temperature reservoir temperature: \(T_{H}\)
- Intermediate temperature at heat rejection: \(T_{R}\)
- Heat absorbed: \(Q_{H}\)
- Work output: \(W_{1}\)
- Heat rejected: \(Q_{R}\)

Efficiency of the First Cycle
Since the cycle is reversible, its efficiency \(\eta_{1}\) is given by the Carnot efficiency:
\[
\eta_{1} = 1 - \frac{T_{R}}{T_{H}}
\]
where temperatures are in Kelvin.

Design Considerations for the Series Arrangement

Matching the Cycles
- The heat rejected by the first cycle must match the heat input of the second cycle.
- Proper temperature matching ensures minimal energy loss and optimal performance.

Impact of Irreversibilities
While the theoretical model assumes perfect reversibility, real systems include:
- Friction
- Heat transfer losses
- Finite temperature gradients

Designing for minimal irreversibilities maximizes the efficiency of the combined system.



Practical Applications of Series Reversible Power
Cycles

Power Plants and Combined Cycles
- Gas turbines combined with steam turbines (combined cycle power plants)
- Multi-stage Rankine cycles for higher efficiency
- Waste heat recovery systems

Advantages of Series Arrangements
- Improved thermal efficiency
- Better utilization of heat sources
- Increased power output

Challenges in Implementation
- Complexity in system design
- Need for precise temperature control
- Material limitations at high temperatures

Thermodynamic Analysis and Calculations

Calculating Work and Efficiency
For each cycle:
- Use the Carnot efficiency for ideal cases.
- Determine heat transfers based on cycle parameters.
- Sum the work outputs for total power generation.

Example:
Suppose the first cycle operates between \(T_{H} = 800\,K\) and \(T_{R} = 500\,K\):
\[
\eta_{1} = 1 - \frac{500}{800} = 0.375
\]
If the heat input \(Q_{H} = 1000\,kJ\):
\[
W_{1} = \eta_{1} \times Q_{H} = 375\,kJ
\]
The heat rejected:
\[
Q_{R} = Q_{H} - W_{1} = 625\,kJ
\]
This rejected heat becomes the input \(Q_{in,2}\) for the second cycle, which operates between



\(T_{R}\) and a lower temperature.

Conclusion: Significance of Series Reversible Power
Cycles

Arranging two reversible power cycles in series is a strategic approach to enhancing overall system
efficiency. By effectively utilizing waste heat from the first cycle, the second cycle can extract
additional work, leading to an optimized energy conversion process. While the idealized models
assume perfect reversibility, understanding these principles guides engineers in designing more
efficient real-world systems, such as combined cycle power plants and waste heat recovery units.

In summary, the study of series arrangements of reversible power cycles is vital for advancing
thermodynamic efficiency and achieving sustainable energy solutions. This theoretical framework
provides a foundation for developing practical, high-performance power generation systems capable
of meeting modern energy demands.

Frequently Asked Questions

What is the significance of arranging two reversible power
cycles in series in thermodynamic analysis?
Arranging two reversible power cycles in series allows for the combined analysis of their overall
efficiency, work output, and heat transfer, enabling optimization of energy utilization and system
performance.

In a series arrangement of two reversible power cycles, how
does the first cycle's output influence the second cycle?
The first cycle's work output or heat rejection serves as the input for the second cycle, affecting its
performance and overall efficiency of the combined system.

What are common configurations of two reversible power
cycles arranged in series?
Common configurations include combining a Carnot cycle with an ideal Rankine cycle or combining
two ideal cycles like Brayton and Rankine cycles to improve overall efficiency.

How does the heat transfer between the two cycles impact
their efficiency?
Efficient heat transfer ensures minimal losses and allows optimal energy transfer between cycles,
thereby maximizing overall efficiency and work output of the combined system.



What is the effect of the first cycle receiving heat from a high-
temperature source?
Receiving heat from a high-temperature source increases the potential work output of the first cycle,
which can enhance the overall efficiency of the combined cycles if properly integrated.

How do the properties of the working fluids in each cycle
influence the overall performance?
The thermodynamic properties of the working fluids, such as specific heat and thermal conductivity,
affect cycle efficiency, heat transfer rates, and compatibility between cycles, impacting overall
performance.

What are the typical assumptions made in analyzing two
reversible power cycles in series?
Common assumptions include idealized reversible processes, no entropy generation, constant
properties, and no heat losses to surroundings to simplify analysis and focus on theoretical maximum
efficiencies.

How can the efficiency of the combined series cycles be
maximized?
Efficiency can be maximized by optimizing the temperature levels, minimizing irreversibilities, and
ensuring effective heat transfer between the cycles to maximize work output and minimize waste
heat.

In what practical applications are series arrangements of
reversible power cycles used?
Such arrangements are conceptual models for designing combined cycle power plants, like combined
gas and steam turbines, to improve overall efficiency and energy recovery.

What are the limitations of analyzing ideal reversible cycles in
practical power systems?
Real systems involve irreversibilities, friction, heat losses, and non-ideal fluid behavior, making actual
efficiencies lower than those predicted by ideal reversible cycle analysis.

Additional Resources
Comprehensive Analysis of Question 3(b): Two Reversible Power Cycles Arranged in Series

---

Introduction



In thermodynamics, power cycles are fundamental to understanding how heat engines convert
thermal energy into work. When analyzing complex systems, it is sometimes necessary to consider
multiple power cycles arranged in series, especially when they are reversible. The scenario described
in Question 3(b)—"In a two reversible power cycles, arranged in series, the first cycle
receives..."—serves as an insightful exploration into the principles of energy transfer, efficiency, and
the thermodynamic interactions between such cycles.

This review aims to dissect the question thoroughly, examining the underlying concepts, assumptions,
and implications of having two reversible power cycles in series, with particular attention to the first
cycle's input. We will explore the theoretical foundations, analyze the thermodynamic processes
involved, and scrutinize the potential outcomes and efficiencies.

---

Fundamental Concepts

Reversible Power Cycles

A reversible cycle is a thermodynamic cycle that proceeds through a series of processes that are ideal
and can be reversed without any entropy generation. Examples include Carnot cycles, Stirling cycles,
and ideal Rankine cycles operating reversibly.

Key features:

- No entropy production
- Maximum theoretical efficiency for given temperature limits
- Idealized processes such as isothermal and adiabatic transformations

Series Arrangement of Cycles

Arranging two power cycles in series implies that:

- The output (or exhaust) of the first cycle becomes the input (or heat source) for the second cycle.
- The cycles share common thermodynamic streams, often with an energy transfer from the first to
the second.
- The overall system's performance depends on each cycle's efficiency and the nature of their
connection.

---

Theoretical Framework

Basic Setup of the System

Consider two reversible power cycles, Cycle 1 and Cycle 2, arranged in series:

- Cycle 1 receives a heat transfer \( Q_{in,1} \) from a high-temperature source, performs work \( W_1
\), and exhausts heat \( Q_{out,1} \) at a lower temperature.
- The exhaust from Cycle 1 becomes the heat source for Cycle 2.
- Cycle 2 absorbs heat \( Q_{in,2} \), does work \( W_2 \), and rejects heat \( Q_{out,2} \).



This configuration can be schematically represented as:

```
High-temperature source --> Cycle 1 --> Cycle 2 --> Ambient or sink
```

---

Analyzing the First Cycle

Input and Output Parameters

The first cycle's operation hinges on several critical parameters:

- Heat absorbed from the high-temperature reservoir: \( Q_{in,1} \)
- Work output: \( W_1 \)
- Heat rejected to the second cycle: \( Q_{out,1} \)

From the first law of thermodynamics:

\[
Q_{in,1} = W_1 + Q_{out,1}
\]

Given the cycle's reversibility, the entropy change within the cycle is zero, which implies:

\[
\frac{Q_{in,1}}{T_{hot}} = \frac{Q_{out,1}}{T_{intermediate}}
\]

where \( T_{hot} \) is the temperature of the high-temperature source, and \( T_{intermediate} \) is
the temperature at which heat is transferred to the second cycle.

Significance of Reversibility

The reversibility of Cycle 1 ensures maximum possible efficiency, which for a Carnot cycle is:

\[
\eta_{Carnot,1} = 1 - \frac{T_{intermediate}}{T_{hot}}
\]

Thus, the efficiency depends on the temperature difference between the high-temperature source and
the intermediate temperature at which the heat is rejected to Cycle 2.

---

Analyzing the Second Cycle

Input from the First Cycle

The second cycle's input is the heat \( Q_{in,2} = Q_{out,1} \) from Cycle 1. Its parameters are:



- Heat absorbed: \( Q_{in,2} \)
- Work produced: \( W_2 \)
- Heat rejected: \( Q_{out,2} \)

Similarly, for the second cycle:

\[
Q_{in,2} = W_2 + Q_{out,2}
\]

And, due to reversibility:

\[
\frac{Q_{in,2}}{T_{intermediate}} = \frac{Q_{out,2}}{T_{sink}}
\]

where \( T_{sink} \) is the temperature of the ultimate heat sink (e.g., ambient environment).

Efficiency Considerations

The second cycle operates at a maximum efficiency:

\[
\eta_{Carnot,2} = 1 - \frac{T_{sink}}{T_{intermediate}}
\]

which depends critically on the intermediate temperature established by the first cycle.

---

Overall System Efficiency

The combined efficiency of the two cycles depends on:

\[
\eta_{overall} = \frac{W_{total}}{Q_{in,1}} = \frac{W_1 + W_2}{Q_{in,1}}
\]

Given the efficiencies:

\[
W_1 = \eta_1 Q_{in,1}
\]
\[
W_2 = \eta_2 Q_{out,1}
\]

The total work output becomes:

\[
W_{total} = \eta_1 Q_{in,1} + \eta_2 Q_{out,1}



\]

Since:

\[
Q_{out,1} = (1 - \eta_1) Q_{in,1}
\]

we can write:

\[
W_{total} = \eta_1 Q_{in,1} + \eta_2 (1 - \eta_1) Q_{in,1}
\]
\[
\Rightarrow \eta_{overall} = \eta_1 + \eta_2 (1 - \eta_1)
\]

This formula emphasizes how the efficiencies of individual cycles influence overall system
performance.

---

Practical Aspects and Implications

Advantages of Series Arrangement

- Enhanced Efficiency: Combining cycles can approach theoretical maximum efficiencies, especially if
both are reversible and operate at optimal temperature differences.
- Energy Cascading: The heat rejected from the first cycle can be utilized effectively by the second,
minimizing waste.

Challenges and Limitations

- Complexity: Managing multiple cycles requires sophisticated control systems.
- Material Constraints: Operating at various temperature levels demands materials that can withstand
thermal stresses.
- Idealization vs. Reality: While reversible cycles are ideal, actual systems involve irreversibilities,
reducing efficiency.

Real-World Applications

- Combined Power Plants: Using multiple cycles (e.g., combined cycle gas turbines) to improve overall
efficiency.
- Cascade Refrigeration: Similar principles applied in refrigeration cycles, where multiple stages are
used for efficiency.

---

Thermodynamic Optimization

Temperature Level Selection



- The choice of intermediate temperature \( T_{intermediate} \) critically affects efficiency.
- Optimal temperature differences maximize work output while minimizing irreversibilities.

Entropy and Exergy Analysis

- Reversible cycles generate no entropy internally; the entropy exchange occurs only at the
boundaries.
- The exergy destruction (irreversibility) in actual systems is a measure of lost potential, which is
minimized in idealized reversible cycles.

---

Conclusion

Question 3(b) probes the core thermodynamic principles underpinning multi-cycle power systems.
Arranging two reversible power cycles in series exemplifies the theoretical limits of energy conversion
efficiency, illustrating how the heat rejected by one cycle becomes the heat input for the next. The
analysis underscores several key points:

- The importance of temperature gradients in maximizing efficiencies.
- How the idealized nature of reversible cycles provides upper bounds for real systems.
- The interdependence of each cycle's performance on the other, emphasizing the importance of
system integration.

In practical engineering, while perfect reversibility is unattainable, understanding these principles
guides the design of efficient combined power plants and energy systems. Future advances focus on
minimizing irreversibilities and optimizing temperature levels to approach the ideal efficiencies
discussed here.

This comprehensive review clarifies that the arrangement of multiple reversible cycles in series is a
powerful conceptual tool to understand and enhance power generation systems, pushing the
boundaries of thermodynamic efficiency within the constraints of real-world materials and processes.
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