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Understanding the thermodynamic principles behind Carnot engines is fundamental in the
study of heat engines and their efficiencies. When two reversible Carnot engines, labeled
A and B, are connected in series and operate between a common heat source and a sink,
interesting thermodynamic behaviors emerge. This configuration is crucial in practical
applications such as power generation and refrigeration, where maximizing efficiency and
understanding energy transfer pathways are essential. This comprehensive guide explores
the concept, working principles, mathematical analysis, and real-world implications of two
reversible Carnot engines connected in series, working between source temperatures.

Introduction to Carnot Engines

What Is a Carnot Engine?

A Carnot engine is an idealized heat engine operating on a reversible cycle known as the
Carnot cycle. It is considered the most efficient engine possible, operating between two
thermal reservoirs with temperatures \( T H \) (hot source) and \( T C ) (cold sink). The
Carnot cycle consists of two isothermal processes and two adiabatic processes, ensuring
maximum efficiency and reversibility.

Efficiency of a Carnot Engine

The efficiency (\( \eta \)) of a Carnot engine is given by the relation:
\[

\eta = 1 - \frac{T C}{T H}

\]

where:

-\(T H\) = temperature of the hot reservoir (in Kelvin)

-\(T_C\) = temperature of the cold reservoir (in Kelvin)

This efficiency is the upper limit for any heat engine operating between these two
temperatures.



Series Connection of Two Carnot Engines

Configuration Overview

When two Carnot engines, A and B, are connected in series:

- The hot source supplies heat to engine A.

- The work output from engine A is used to drive engine B or to transfer heat in a specific
manner.

- The cold reservoir of engine A is connected to the hot reservoir of engine B.

- The cold reservoir of engine B discharges heat to the environment.

This configuration allows for a multi-stage process, potentially improving the overall
efficiency or achieving specific energy transfer goals.

Working Principle and Process Flow

The typical process involves:

1. Engine A absorbs heat \( Q {H} \) from the high-temperature source at \( T H\).

2. Engine A performs work \( W_A'\) and rejects heat \( Q {C1} \) to the cold reservoir at
temperature \( T {C1}\).

3. Engine B receives heat \( Q {C1} \) from the cold side of engine A.

4. Engine B performs work \( W _B\) and rejects heat \( Q {C2} \) to the cold sink at\( T C
\).

The key aspect is the temperature at which the engines operate and how heat is
transferred between them.

Thermodynamic Analysis of Series-Connected
Carnot Engines

Fundamental Assumptions

- Both engines are ideal and operate reversibly.
- Heat transfer occurs only between the engines and their respective reservoirs.
- No losses due to friction, unrestrained expansion, or other irreversibilities.

Work and Heat Relations

For each Carnot engine:
\[

W=QH-QC

\]

and efficiencies:



\[
\eta = \frac{W}{Q H} =1 -\frac{Q C}{Q H}
\]

For engine A:

\[

\eta A =1-\frac{T {C1}}{T H}

\]

and

\[

Q {C1} =Q_{H} (1-\eta_ A) = Q_{H} \frac{T {C1}}{T H}
\]

For engine B:

\[

\eta B =1 -\frac{T {C}}{T {C1}}

\]

and

\[

Q {C2} =Q {C1} \frac{T {C}}{T {C1}}
\]

The total work output:

\[

W {total} =W A+ W B
\]

Expressed as:

\[

W {total} = Q {H} \eta A+ Q {C1} \eta B
\]

Since \( Q {C1} ) is obtained from engine A, substituting:

\[

W {total} = Q {H} \eta A+ Q {H} \frac{T {C1}}{T H} \eta B
\]

The overall efficiency:

\[
\eta {overall} = \frac{W {total}}{Q {H}} = \eta A + \frac{T {C1}}{T H} \eta B
\]

Note: The efficiency of the entire series system depends on the intermediate temperature
\(T_{C1}\).

Optimal Conditions and Maximum Efficiency

In ideal conditions, the maximum achievable efficiency occurs when the intermediate
temperature \( T {C1} ) is optimized. Under reversible conditions:
\[



T {C1} =\sqrt{T HT C}

\]

This is the geometric mean of the source and sink temperatures, leading to the maximum
efficiency of the two-stage Carnot system.

The maximum efficiency:

\[

\eta {max} = 1 -\sqrt{\frac{T C}{T H}}
\]

This is known as the Geometric Mean Theorem for multi-stage Carnot engines and shows
the advantage of multi-stage configurations.

Implications and Practical Applications

Advantages of Series-Connected Carnot Engines

- Enhanced Efficiency: Multi-stage systems can approach higher efficiencies than single-
stage engines.

- Temperature Optimization: Intermediate temperatures can be optimized for specific
operational goals.

- Energy Management: Better control of heat transfer and work output in complex
systems.

Limitations and Real-World Considerations

- Irreversibility Losses: Actual engines are not perfectly reversible, reducing efficiency.
- Material Constraints: High-temperature operations are limited by material properties.
- Complexity and Cost: Multi-stage systems are more complex and costly to implement.

Practical Examples

- Power plants employing multiple turbines and heat exchangers.
- Cryogenic and refrigeration cycles utilizing staged compression and expansion.
- Solar thermal power systems with multi-stage concentrators.

Summary and Conclusion

Connecting two reversible Carnot engines in series working between source temperatures
offers significant insights into the thermodynamics of heat engines. The key takeaways
include:

- The overall efficiency depends on the intermediate temperature at which the engines are
coupled.

- The maximum efficiency for such a system is achieved when the intermediate



temperature is the geometric mean of the source and sink temperatures.
- Multi-stage configurations are advantageous in approaching ideal efficiencies but require
careful thermodynamic and engineering considerations.

Understanding these principles aids in designing efficient power systems and optimizing
energy conversion processes. While real engines fall short of the ideal Carnot efficiency
due to irreversibilities, the theoretical framework provides a benchmark for evaluating
and improving thermodynamic systems in practical applications.

Keywords: Carnot engine, reversible engines, series connection, thermodynamics, heat
transfer, efficiency, multi-stage engines, intermediate temperature, power generation,
thermodynamic cycle.

Frequently Asked Questions

What is the basic working principle of two reversible
Carnot engines connected in series between a heat
source and sink?

The two Carnot engines operate sequentially, where the first engine absorbs heat from the
hot reservoir and produces work, rejecting some heat to an intermediate reservoir. The
second engine then uses this intermediate heat to do additional work, ultimately
transferring heat to the cold reservoir. This setup ensures maximum efficiency while
maintaining reversibility.

How is the total work output calculated for two Carnot
engines connected in series working between the same
source temperature?

The total work output is the sum of the work done by each engine. For each Carnot
engine, work is proportional to the heat absorbed and the temperature difference. Since
they are reversible, the efficiencies can be combined using thermodynamic relations to
find the total work, considering the heat exchanges at each stage.

What are the efficiency implications of connecting two
Carnot engines in series between a heat source and
sink?

Connecting two Carnot engines in series does not increase the overall efficiency beyond
that of a single Carnot engine operating between the same source and sink temperatures.
The combined system remains maximally efficient, as Carnot engines are ideal and
operate at maximum efficiency for given temperature differences.



Can the intermediate reservoir temperature be
optimized in a series Carnot engine setup?

Yes, the intermediate reservoir temperature can be optimized to maximize total work
output or efficiency. Adjusting the intermediate temperature affects the heat transfer
rates and work produced by each engine, and the optimal temperature balances these
factors for maximum efficiency.

What is the significance of reversibility in the operation
of two Carnot engines connected in series?

Reversibility ensures that the process is conducted without entropy generation, which
leads to maximum theoretical efficiency. In series connection, reversibility guarantees that
the combined system approaches the maximum possible efficiency dictated by the source
and sink temperatures.

How does the temperature of the heat source influence
the performance of two Carnot engines working in
series?

The source temperature determines the maximum possible efficiency for each Carnot
engine. Higher source temperatures increase potential work output and overall efficiency,
while lower source temperatures reduce the maximum efficiency achievable in the series
setup.

Is it practical to connect multiple Carnot engines in
series in real-world applications?

No, connecting multiple Carnot engines in series is impractical due to the idealized nature
of Carnot cycles and real-world inefficiencies. However, understanding this setup helps in
designing more efficient heat engines and understanding thermodynamic limits.

What is the main advantage of using reversible Carnot
engines in series between a source and sink?

The main advantage is achieving the maximum theoretical efficiency allowed by the
second law of thermodynamics. Reversible Carnot engines set an upper limit for the
efficiency of real engines and help in understanding the thermodynamic constraints of
energy conversion systems.

Additional Resources

A And B Are Two Reversible Carnot Engines Which Are Connected In Series Working
Between Source Temperature is a fascinating concept in thermodynamics, illustrating how
multiple ideal engines can work together to transfer heat and perform work efficiently.
This setup not only provides insights into the fundamental principles of thermodynamic



cycles but also demonstrates the practical implications of connecting reversible engines in
series. Understanding this configuration requires a grasp of the Carnot cycle, the nature
of reversible engines, and the thermodynamic interactions involved when engines are
connected in series operating between a hot source and a cold sink.

Introduction to Carnot Engines and Reversible
Cycles

A Carnot engine is an idealized heat engine that operates on the Carnot cycle, which is the
most efficient cycle possible between two temperature reservoirs. It is a theoretical
construct used to define the maximum efficiency achievable by any heat engine and serves
as a standard against which real engines are compared.

Key features of Carnot engines:

- They operate reversibly, meaning no entropy is generated during the cycle.

- Their efficiency depends solely on the temperatures of the hot source and the cold sink.
- They serve as a benchmark for thermodynamic efficiency.

Reversible engines are those that can operate in both forward and reverse directions
without any entropy production, meaning they can function as a heat engine or a
refrigerator/heat pump seamlessly.

Connecting Two Carnot Engines in Series

When two reversible Carnot engines, labeled A and B, are connected in series, they form
an interesting thermodynamic system. The general setup involves:

- Engine A operates between the hot source (temperature \( T 1)) and an intermediate
reservoir.

- Engine B operates between the intermediate reservoir and the cold sink (temperature \(
T 2\)).

The key idea is that the output of Engine A becomes the input for Engine B, creating a
chain of heat exchanges and work outputs.

Working Principle of Series Connection of



Engines

In this configuration, the two engines work in tandem:

- Engine A absorbs heat \( Q 1) from the hot reservoir at temperature \( T 1) and does
work \( W_A)), rejecting heat \( Q {A\\text{reject}} \) to the intermediate reservoir.

- Engine B absorbs heat \( Q {B,\\text{absorb}} \) from the intermediate reservoir and
does work \( W_B), rejecting heat \( Q_2) to the cold reservoir at temperature \( T 2 ).

Because both engines are reversible and operate in series, the entire system can be
analyzed using the principles of thermodynamics, especially focusing on the conservation
of energy and entropy.

Key points:

- The intermediate reservoir acts as a bridge, receiving heat from Engine A and supplying
heat to Engine B.

- The total work done by the system is \( W _{total} =W A+ W B\).

- The efficiency of the combined system depends on the heat exchanges and the
temperatures involved.

Thermodynamic Analysis

To understand the efficiency and performance, we analyze the system using the laws of
thermodynamics.

Efficiency of Individual Engines

For a Carnot engine operating between two temperatures:

\[
\eta = 1 - \frac{T {cold}}{T {hot}}
\]

- Engine A efficiency:

\[

\eta A =1 -\frac{T {intermediate}}{T 1}
\]

- Engine B efficiency:

\[

\eta B =1 -\frac{T 2}{T {intermediate}}
\]



Overall Efficiency of the Series System

The total efficiency of the series connection is given by:

\[
\eta {total} = \frac{W {total}}{Q 1}
\]

where \( Q 1) is the heat absorbed from the hot source.

Because the engines are reversible and ideal, the total efficiency can be shown to be:

\[
\eta {total} =1 -\frac{T 2}{T 1}
\]

which is the same as the efficiency of a single Carnot engine operating directly between
the hot source \( T 1) and the cold sink \( T _2).

This result emphasizes a key principle: connecting reversible Carnot engines in series
does not increase the maximum efficiency beyond that of a single Carnot engine operating
between the source and sink temperatures.

Features and Characteristics of Series Carnot
Engines

Advantages:

- Maximum theoretical efficiency: Since all engines are reversible, the system operates at
the Carnot limit.

- Flexibility in intermediate temperature: Can be adjusted for specific applications by
choosing the intermediate reservoir temperature.

Disadvantages:

- No efficiency gain: Series connection of Carnot engines does not surpass the efficiency of
a single engine operating directly between the source and sink.

- Complexity in real systems: Actual implementation of multiple reversible engines is
practically impossible; real engines are irreversible with efficiency losses.

- Heat rejection: The intermediate reservoir must handle heat rejection from Engine A,
complicating system design.



Practical Implications and Limitations

While the theoretical analysis indicates that connecting Carnot engines in series does not
improve efficiency beyond a single ideal engine, this concept is crucial in understanding
the limits of thermodynamic systems and the importance of irreversibility.

Practical considerations include:

- Irreversibility in real engines: Real engines cannot be perfectly reversible; thus, actual
efficiencies are lower.

- Heat transfer limitations: Perfect heat exchanges are idealized; real systems face finite
temperature gradients, causing entropy production.

- Intermediate reservoir temperature: Maintaining a stable intermediate temperature
reservoir is challenging, especially when multiple engines operate simultaneously.

Comparison with Other Configurations

Understanding the series connection of Carnot engines allows comparison with other
configurations:

- Parallel connection: Engines operate independently between the same source and sink.
- Combined cycles: More complex arrangements like combined cycle power plants aim to
improve efficiency beyond simple Carnot limits, but they involve irreversibilities.

The series connection underscores the fundamental limit that no matter how engines are
connected in a reversible cycle, the maximum efficiency is governed solely by the
temperature difference between the source and sink.

Summary and Conclusions

A And B Are Two Reversible Carnot Engines Which Are Connected In Series Working
Between Source Temperature is an elegant illustration of thermodynamic principles,
showcasing that:

- The maximum efficiency achievable depends solely on the temperature difference
between the hot source and cold sink.

- Connecting reversible engines in series does not enhance overall efficiency beyond that
of a single Carnot engine operating between the same temperature limits.

- The intermediate reservoir plays a critical role, allowing heat transfer between the
engines but not improving efficiency beyond the Carnot limit.



Understanding this setup reinforces the importance of reversible processes in
thermodynamics and highlights the theoretical bounds of heat engine performance. It also
clarifies that real-world systems, which are inherently irreversible, perform significantly
below these ideal efficiencies, emphasizing the importance of minimizing irreversibilities
in engineering design.

In conclusion, the series connection of Carnot engines provides a fundamental insight: the
optimal efficiency is constrained by the temperature difference between the source and
sink, and no arrangement of ideal (reversible) engines can surpass this fundamental limit.
This principle remains central to the design and analysis of thermal systems and continues
to influence advances in energy conversion technologies.
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