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Understanding the fundamental operation of steam power plants is essential
for optimizing efficiency and ensuring reliable power generation. Among the
various cycles employed, the regenerative Rankine cycle stands out as a
significant advancement over the simple Rankine cycle, primarily due to its
ability to recover and reuse heat, thereby improving thermal efficiency. This
article explores the operation of an ideal regenerative Rankine cycle
incorporating two open feedwater heaters, elucidating how steam and feedwater
interact within this system to enhance performance.

Overview of the Regenerative Rankine Cycle

The regenerative Rankine cycle is a modification of the basic Rankine cycle,
designed to improve efficiency by preheating the feedwater before it enters
the boiler. This preheating is achieved by extracting a portion of the steam
from the turbine at various stages and directing it to open feedwater
heaters, which transfer heat directly to the feedwater.

Key Features of the Regenerative Cycle:

e Use of open feedwater heaters to recover heat from extracted steam
e Preheating of feedwater to reduce fuel consumption in the boiler

e Improved thermal efficiency and reduced specific fuel consumption

The cycle typically involves multiple extraction points from the turbine,
with steam being diverted at different pressures to different feedwater
heaters, creating a series of heating stages.

Components of the Cycle with Two Open Feedwater
Heaters

Understanding how the components work together is crucial for grasping the



cycle's operation:

1. Boiler

- Converts water into high-pressure, high-temperature steam.
- Supplies the turbine with superheated steam.

2. Turbine

- Expands the high-pressure steam to generate work.
- Divided into stages with extraction points for feedwater heating.

3. Open Feedwater Heaters (Two Units)

- Devices where extracted steam directly condenses into feedwater.
- Increase feedwater temperature by direct mixing with extracted steam.
- Serve as heat exchangers, improving cycle efficiency.

4. Condenser

- Condenses the exhaust steam from the turbine back into water.
- Maintains a low-pressure condenser environment to maximize turbine work.

5. Feedwater Pump

- Increases the pressure of feedwater before entering the boiler.
- Receives preheated water from the feedwater heaters.

Operation of the Ideal Regenerative Cycle with
Two Open Feedwater Heaters

In an ideal regenerative cycle, the process is assumed to be reversible and
adiabatic, meaning no entropy generation or heat loss occurs. Here's how the
cycle operates step-by-step:

Step 1: Pumping of Feedwater

- The cycle begins with feedwater at a low pressure, supplied from the
condenser.

- The feedwater pump compresses this water to the boiler pressure.

- In an ideal cycle, the pump work is minimal but necessary to raise the
water's pressure.



Step 2: Preheating in the Feedwater Heaters

- A portion of the steam extracted from turbine stages is directed to open
feedwater heaters.

- Open Feedwater Heaters Operation:

- Extracted steam directly mixes with feedwater in the heater.

- The mixing process heats the feedwater, increasing its temperature.

- The condensate from the heater, now at a higher temperature, proceeds to
the boiler.

- Benefits:

- Reduces the amount of fuel needed to heat water in the boiler.

- Preheats the feedwater close to the saturation temperature at the boiler
pressure.

Step 3: Combustion and Steam Generation in the
Boiler

- The preheated water enters the boiler.

- Heat addition at constant pressure converts water into superheated steam.
- The steam exits the boiler at high temperature and pressure, ready for
expansion.

Step 4: Expansion in the Turbine

- The superheated steam expands adiabatically in the turbine.

- Work is extracted as the turbine rotates.

- At different stages of expansion, steam is extracted at intermediate
pressures for feedwater heating.

- The steam extraction points are strategically located to maximize heat
recovery.

Step 5: Steam Extraction and Heating in Feedwater
Heaters

- Extracted steam from turbine stages flows into open feedwater heaters.
- In the heaters:

- The extracted steam condenses, transferring its heat directly to the
feedwater.

- The remaining steam continues to expand or is exhausted.

- The feedwater in the heaters is heated further, approaching saturation
temperature at the boiler pressure.

Step 6: Exhaust and Condensation

- After expansion, the remaining steam exits the turbine at low pressure.
- It enters the condenser, where it condenses into water.
- The condenser maintains a low-pressure environment to maximize turbine work



output.

Step 7: Pumping and Cycle Repetition

- The condensate is pumped back to the feedwater heaters and then to the
boiler.
- The cycle repeats continuously, maintaining steady power generation.

Advantages of Using Two Open Feedwater Heaters

Implementing two open feedwater heaters in the regenerative cycle provides
several benefits:

1. Enhanced Thermal Efficiency: Preheating feedwater reduces the energy
required to convert water into steam, leading to lower fuel consumption.

2. Reduced Fuel Costs: Improved efficiency translates into lower
operational costs, making power plants more economical.

3. Better Use of Exhaust Steam: Extracted steam is utilized effectively,
minimizing waste heat dissipation.

4. Higher Overall Plant Efficiency: The regenerative cycle with multiple
heaters approaches the ideal thermodynamic efficiency limits.

Design Considerations for Two Open Feedwater Heaters:
e Placement of extraction points at appropriate turbine stages to optimize
heat transfer
e Ensuring proper mixing and insulation within feedwater heaters

e Balancing heater sizes to match flow rates and temperature requirements

Thermodynamic Analysis and Efficiency

The efficiency of the regenerative Rankine cycle with two open feedwater
heaters can be assessed through thermodynamic analysis, considering the
energy balances at each component.



1. Heat Added in the Boiler (Q_in)

- Calculated based on the enthalpy difference between the inlet and outlet of
the boiler.

2. Work Output of the Turbine (W_t)

- Derived from the enthalpy difference between turbine inlet and exhaust.

3. Heat Recovered in Feedwater Heaters

- The heat transferred to feedwater is obtained from the enthalpy difference
during mixing.

4. Pump Work (W_p)

- Typically small but essential, calculated from the enthalpy change during
compression.

The thermal efficiency (n) of the cycle can be expressed as:

\ [
n = \frac{\text{Net Work Output}}{\text{Heat Added}}

\]

where:

\ [
\text{Net Work Output} =W t - Wp

\]

Including the heat recovered in the feedwater heaters enhances the net work
output for a given heat input, thus increasing efficiency.

Conclusion

An ideal regenerative Rankine cycle with two open feedwater heaters
exemplifies how thermodynamic principles can be harnessed to improve power
plant performance. By intelligently extracting steam at various stages of
expansion and utilizing open feedwater heaters, the cycle preheats feedwater
efficiently, minimizing fuel consumption and maximizing power output. This
configuration strikes a balance between complexity and efficiency, making it
a practical choice for modern thermal power plants seeking to optimize their
operations. Understanding the detailed operation, component interactions, and
thermodynamic implications of this cycle enables engineers to design and
operate more efficient, economical, and sustainable power generation systems.



Frequently Asked Questions

What is the main purpose of using open feedwater
heaters in an ideal regenerative Rankine cycle?

Open feedwater heaters are used to preheat the feedwater by mixing it with
extracted steam from the turbine, which improves cycle efficiency by reducing
the heat input required in the boiler.

How does the regenerative process affect the thermal
efficiency of a Rankine cycle?

Regenerative heating increases thermal efficiency by reducing the fuel
consumption needed to convert water into steam, as the feedwater enters the
boiler at a higher temperature, decreasing the heat addition required.

What are the key assumptions made in analyzing an
ideal regenerative Rankine cycle with open feedwater
heaters?

Assumptions include idealized components with no pressure drops, no heat
losses, reversible processes, and perfect mixing in the open feedwater
heaters, along with saturated or superheated steam conditions.

How do the extraction points for steam in the
turbine influence the cycle performance?

The extraction points determine how much steam is diverted to the feedwater
heaters, affecting the amount of preheated feedwater and the overall
efficiency; optimal extraction balances increased efficiency with turbine
power output.

What is the effect of adding more open feedwater
heaters to the cycle?

Adding more open feedwater heaters can further improve thermal efficiency by
increasing feedwater temperature, but it also complicates the cycle and may
lead to diminishing returns beyond a certain point.

How is the quality of steam at various extraction
points important in the cycle analysis?

Steam quality at extraction points affects the effectiveness of heating and
the potential for turbine erosion; maintaining appropriate quality ensures
efficient heat transfer and turbine longevity.



Can an ideal regenerative Rankine cycle operate with
superheated steam, and how does it impact the cycle?

Yes, the cycle can operate with superheated steam, which can improve
efficiency by increasing the average temperature at which heat is added, but
it requires adjustments in cycle analysis and component design.

What are the typical temperature and pressure
conditions in the open feedwater heaters of an ideal
regenerative cycle?

Open feedwater heaters operate with feedwater at high pressures and
temperatures, usually just below the turbine extraction conditions, ensuring
effective heat transfer without causing damage or excessive condensation.

How does the regenerative cycle compare to a simple
Rankine cycle in terms of efficiency and complexity?

The regenerative cycle is more efficient due to preheating the feedwater, but
it is also more complex to design and operate because of the additional
extraction points and feedwater heaters involved.

Additional Resources
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In the realm of thermal power generation, the efficiency and performance of a
steam power plant are crucial factors that determine its economic viability
and environmental impact. Among various thermodynamic cycles, the
regenerative Rankine cycle stands out for its ability to improve efficiency
by utilizing feedwater heating techniques. Specifically, the implementation
of open feedwater heaters—also known as open feedwater heaters—further
enhances the cycle's performance by preheating the feedwater before it enters
the boiler. This article delves into the intricacies of an ideal regenerative
Rankine cycle with two open feedwater heaters, exploring its fundamental
principles, thermodynamic processes, and practical significance in modern
power generation.

Understanding the Regenerative Rankine Cycle
with Open Feedwater Heaters



Fundamentals of the Rankine Cycle

The Rankine cycle is a fundamental thermodynamic cycle used in thermal power
plants to convert heat energy into mechanical work, which is then transformed
into electrical energy. The basic cycle involves four main processes:

1. Isentropic Expansion in the Turbine: High-pressure, high-temperature steam
expands through a turbine, producing work.

2. Constant Pressure Condensation: The exhaust steam from the turbine
condenses in a condenser, releasing latent heat and forming saturated or
subcooled liquid water.

3. Pump Compression: The condensate is pumped back to boiler pressure.

4. Boiler Heating: The feedwater is heated in the boiler to produce high-
pressure steam for the turbine.

While the basic Rankine cycle offers a straightforward approach, its
efficiency is limited by the temperature difference between the heat source
(boiler) and sink (condenser).

Introduction to Regeneration and Feedwater Heating

To elevate the cycle's thermal efficiency, regeneration is employed. This
involves preheating the feedwater before it enters the boiler, reducing the
heat input required for vaporization. Feedwater heating can be achieved
through:

- Open Feedwater Heaters: These devices directly mix extracted steam with
feedwater, raising the temperature of the feedwater stream.

- Closed Feedwater Heaters: These use heat exchangers where steam and
feedwater do not physically mix but transfer heat via conduction.

In an ideal regenerative Rankine cycle with open feedwater heaters, the
process involves diverting a portion of the steam from the turbine to the
open heater, where it mixes with the feedwater, thus preheating it.

Cycle Description with Two Open Feedwater
Heaters

Process Flow and Thermodynamic Changes

The cycle with two open feedwater heaters involves strategic extraction of
steam at different turbine stages. The typical arrangement includes:

- High-Pressure (HP) Extraction: A portion of the high-pressure steam is
diverted from the turbine after the initial expansion stage.

- Intermediate-Pressure (IP) Extraction: Another steam extraction occurs at
an intermediate stage for further preheating.



These extractions are used to feed the open heaters, where they directly mix
with the condensate returning from the condenser. The key processes are:

1. High-Pressure Extraction and Mixing:

- A portion of high-pressure steam is diverted into the first open feedwater
heater.

This steam mixes with the feedwater, raising its temperature.

2. Intermediate-Pressure Extraction and Mixing:
Another steam extraction occurs at an intermediate turbine stage.
It also mixes with the feedwater, further increasing its temperature.

3. Feedwater Heating and Pumping:

The preheated feedwater from both open heaters is then pumped to boiler
pressure.

- The superheated steam enters the boiler, completing the cycle.

4. Condensation and Return:
- The exhaust steam from the turbine is condensed and the condensate is split
into streams for feedwater heating and makeup water.

Thermodynamic Analysis of the Cycle

The ideal regenerative Rankine cycle with two open feedwater heaters involves
a series of idealized processes:

- Isentropic Expansion in the Turbine:
The high-pressure steam expands adiabatically, producing work, with pressure
and temperature dropping.

- Steam Extraction at Two Stages:
The extracted steam at each stage is assumed to be at the same entropy as the
expansion process, ensuring an ideal, reversible mixing in the open heaters.

- Open Feedwater Heating:
Each open heater operates under the assumption of perfect mixing, where the
enthalpy of the mixed fluid is a weighted average based on mass flow rates.

- Pumping and Heating:
The feedwater is pumped isentropically from the heater outlet to boiler
pressure, and it absorbs heat in the boiler to produce superheated steam.

The key parameters influencing the cycle's performance include:
- Mass flow rates of extraction steam
- Temperature and pressure at each extraction point

- Mass ratios between feedwater and extracted steam

By optimizing these parameters, the cycle achieves improved thermal
efficiency and reduced heat input per unit of electricity generated.



Efficiency Improvements and Practical
Considerations

Advantages of Using Open Feedwater Heaters

Open feedwater heaters offer several benefits in regenerative cycles:

- Enhanced Thermal Efficiency:
Preheating feedwater reduces the energy required in the boiler, leading to
higher overall efficiency.

- Reduced Fuel Consumption:
Improved efficiency translates to less fuel needed for the same power output.

- Simpler Design and Operation:
Open heaters are mechanically simpler compared to closed heat exchangers,
facilitating maintenance.

- Cost-Effectiveness:
Lower capital and operational costs make them attractive in large-scale power
plants.

Limitations and Challenges

Despite their advantages, open feedwater heaters have some limitations:

- Steam Quality Control:
The extracted steam must be of suitable quality to prevent corrosion and
erosion.

- Mixing Efficiency:
Achieving perfect mixing in real conditions can be challenging, leading to
deviations from ideal performance.

- Complexity in Control Systems:
Managing multiple extraction points and flow rates requires sophisticated
control systems.

Impact on Power Plant Performance

Incorporating two open feedwater heaters allows for a significant increase in
cycle efficiency, often by 2-4 percentage points compared to a basic Rankine
cycle. This efficiency gain is especially vital given the high capital costs
and environmental concerns associated with fossil fuel plants.

Additionally, the cycle's improved thermal performance can:



- Reduce greenhouse gas emissions per unit of electricity generated.

- Enable the power plant to operate more economically under varying load
conditions.

- Extend the operational life of plant components by reducing thermal
stresses.

Real-World Applications and Future Outlook

Modern Power Plants and Regenerative Cycles

Most modern thermal power plants incorporate some form of regeneration, often
combining open and closed feedwater heaters to maximize efficiency. The
principles outlined for the ideal cycle serve as a benchmark for actual plant
design, guiding engineers in optimizing extraction points, flow rates, and
equipment specifications.

Advancements in Technology

Emerging technologies aim to further enhance regenerative cycles:

- Advanced Control Systems:
Better regulation of extraction steam and feedwater flow for optimal
performance.

- Material Improvements:
Use of corrosion-resistant materials to handle extracted steam quality.

- Integration with Combined Cycles:
Combining regenerative Rankine cycles with gas turbines or other systems for
higher efficiencies.

Environmental and Economic Significance

As the world transitions towards cleaner energy sources, improving the
efficiency of existing thermal plants remains relevant. Enhanced regenerative
cycles reduce fuel consumption and emissions, making fossil fuel-based power
generation more sustainable in the near term while renewable options expand.

Conclusion

The ideal regenerative Rankine cycle with two open feedwater heaters
exemplifies a sophisticated approach to maximizing thermal efficiency in
steam power plants. Through strategic steam extraction and direct mixing,
plants can achieve higher efficiencies, lower operational costs, and reduced
environmental impacts. As technology advances, these principles continue to
underpin efforts to optimize thermal power generation, balancing economic
viability with sustainability goals.
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