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Introduction

In the realm of thermal power generation, steam turbines serve as critical components for
converting thermal energy into mechanical work. The efficiency and performance of these turbines
largely depend on the thermodynamic processes involved, with the idealized isentropic process often
used as a benchmark for analysis. This article explores the detailed thermodynamic analysis of an
isentropic steam turbine that processes 5.5 kg/s of steam entering at a pressure of 3 MPa and
exhausts at 50 kPa, with an outlet temperature of 100°C. Understanding this process is essential for
engineers and students aiming to optimize turbine efficiency and improve power plant performance.

Basic Concepts and Parameters

Before delving into the analysis, it is important to understand key concepts and parameters involved:

Steam Properties and Conditions

- Mass flow rate (m): 5.5 kg/s

- Inlet pressure (P1): 3 MPa (or 3000 kPa)

- Inlet temperature (T1): Typically obtained from steam tables at P1, approximately 220°C for
saturated or superheated steam.

- Exhaust pressure (P2): 50 kPa

- Exhaust temperature (T2): 100°C (given)

- Process type: Isentropic (constant entropy) process

- Steam quality at exhaust: To be determined based on the properties at P and T

Thermodynamic Assumptions

- The process is idealized as isentropic, meaning there is no entropy change during expansion.
- Frictional and other irreversibility effects are neglected.

- The work output per unit mass is calculated based on enthalpy differences.

- The properties of steam are obtained from standard steam tables or Mollier diagrams.



Thermodynamic Analysis of the Isentropic Expansion

The process involves expanding high-pressure, high-temperature steam through the turbine to
produce work. Under ideal conditions, the expansion is isentropic, and the key calculations involve
the properties of steam at the inlet and outlet conditions.

Step 1: Determine Inlet Properties

At P1 = 3 MPa, the inlet steam state is typically superheated or saturated. Using steam tables:

- Saturation temperature at 3 MPa: approximately 133.55°C
- If steam is superheated (assumed): T: = 220°C

- Enthalpy (h1): approximately 2828 k]/kg

- Entropy (s1): approximately 6.65 kJ/kg-K

(Values are approximate and should be confirmed from detailed steam tables)

Step 2: Determine Outlet Properties Assuming Isentropic
Expansion

Since the process is isentropic:
- 52 = 51 = 6.65 kJ/kg-K
At P2 = 50 kPa, find the state where entropy equals s2:

- At P> = 50 kPa:

- Saturation temperature = 81.3°C

- Superheated steam properties at 50 kPa and T corresponding to s = 6.65 kJ/kg-K

- Alternatively, if the steam is wet at the outlet (which is likely since T2 = 100°C is given), find the
quality (x) at P2 and Ta.

Using the steam tables at P = 50 kPa and T = 100°C:

-At P =50 kPa, T = 100°C:

- Saturation temperature at 50 kPa is 81.3°C, so T=100°C exceeds saturation temperature,
indicating superheated steam.

- Enthalpy (h2): approximately 2676 kJ/kg

- Entropy (s2): approximately 6.5 k]/kg-K

Since the entropy at the outlet (6.5 kJ/kg-K) closely matches s1, the process remains approximately
isentropic, validating the assumption.

Note: If the actual T2 is 100°C and entropy matches, the steam is slightly superheated at the outlet.



Step 3: Calculate Work Done per Kilogram

The work per unit mass (w) is the difference in enthalpy:

\[
w=h1-h?2
\]

Using approximate enthalpy values:

\[
w = 2828\, \text{k]/kg} - 2676\, \text{kJ/kg} = 152\, \text{k]/kg}
\]

Total Power Output:

\[
\dot{W} = m \times w = 5.5\, \text{kg/s} \times 152\, \text{k]J/kg} = 836\, \text{kW}
\]

Thus, the turbine produces approximately 836 kW of power under idealized isentropic expansion.

Calculating the Efficiency of the Idealized Process

While the theoretical work output is valuable, real turbines experience irreversibilities, leading to
efficiency losses. The isentropic efficiency (n:) compares actual work to ideal work:

\[
Nt = \frac{\text{Actual work output} } {\text{Isentropic work output}}
\]

In this analysis, assuming an ideal (100%) efficiency:

\[
Nt = 1 \Rightarrow \text{Actual work} \approx \text{Isentropic work}
\]

However, real turbines typically have efficiencies between 85% and 95%. For the purpose of this
analysis, the idealized work provides an upper bound.

Mass and Energy Balance Considerations

The mass flow rate of 5.5 kg/s implies continuous operation, and the energy extracted from the
steam is transferred to generate electrical power or drive mechanical equipment.

- Input energy (per second):



\[
\dot{Q} \text{in} = m \times h 1
\]

\[
\dot{Q} \text{in} = 5.5 \times 2828 = 15554\, \text{kW}

\]

- Output energy (power):

\[

\dot{W} = 836\, \text{kW}
\]

- Remaining energy (losses):

\[

\dot{Q} \text{loss} =\dot{Q} \text{in} - \dot{W} \approx 14718\, \text{kW}
\]

This indicates the majority of the thermal energy is not converted into work, emphasizing the
importance of efficiency optimization.

Practical Implications and Applications

Understanding the thermodynamics of an isentropic steam turbine process has several practical
implications:

- Power Plant Design: Engineers can optimize turbine stages to approach ideal efficiencies,
maximizing power output.

- Performance Evaluation: Comparing actual turbine performance with theoretical models helps
identify losses and areas for improvement.

- Operational Optimization: Adjusting parameters like inlet pressure and temperature can enhance
turbine efficiency and overall plant performance.

- Environmental Impact: Improved efficiency reduces fuel consumption and emissions, aligning with
sustainable energy goals.

Conclusion

The analysis of an isentropic steam turbine processing 5.5 kg/s of steam at 3 MPa with an exhaust at
50 kPa and 100°C reveals critical insights into thermodynamic performance. Under ideal conditions,
the turbine can produce approximately 836 kW of power, with the process characterized by minimal
entropy change. While real turbines experience inefficiencies, understanding the idealized process
provides a foundational benchmark for design and optimization. Accurate property data from steam
tables and careful thermodynamic calculations are essential for engineers seeking to improve
turbine efficiency and power plant performance.
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Frequently Asked Questions

What is the primary purpose of an isentropic steam turbine in
power generation?

An isentropic steam turbine converts the thermal energy of high-pressure steam into mechanical
work with minimal entropy increase, optimizing efficiency in power generation systems.

How do you determine the work output of a 5.5 kg/s steam
turbine operating from 3 MPa to 50 kPa?

By using steam tables to find enthalpy values at inlet and outlet conditions, then calculating the
work as W = m(h_in - h out), assuming ideal isentropic expansion.

What are the key assumptions made in analyzing an isentropic
steam turbine process?

The analysis assumes the process is adiabatic (no heat transfer), reversible (no entropy generation),
and that steam expands ideally without losses.

How can you verify if the expansion process is truly isentropic?

By comparing entropy values at inlet and outlet; in an ideal isentropic process, the entropy remains
constant. Any increase indicates irreversibilities.

What is the significance of exhaust steam temperature at 50°C
in this process?

The exhaust temperature indicates the final state of the steam after expansion, affecting the
condenser design and overall cycle efficiency.



How do you calculate the enthalpy and entropy at the inlet and
outlet conditions?

Using steam tables or Mollier diagrams, interpolate values based on pressure and temperature to
find enthalpy and entropy at both states.

What is the approximate work output per second for this
turbine based on the given data?

First, determine the enthalpy difference between inlet and outlet states; then multiply by mass flow
rate (5.5 kg/s). For example, if Ah = 1500 kJ/kg, then power = 5.5 1500 = 8250 kW.

What are common real-world losses that affect the ideal
isentropic efficiency of a steam turbine?

Friction, blade passage losses, leakage, and heat transfer to surroundings reduce efficiency, causing
actual work output to be less than the ideal isentropic case.

Why is it important to analyze the exhaust conditions at 50
kPa and 100°C in turbine performance evaluation?

These conditions help assess the quality of the exhaust steam, condenser requirements, and overall
cycle efficiency, guiding design and operational decisions.

Additional Resources

An Isentropic Steam Turbine Process: An In-Depth Analysis of 5.5 kg/s Steam Expansion from 3 MPa
to 50 kPa at 100°C

Introduction

The isentropic steam turbine process is a fundamental concept in thermodynamics and power
generation, representing an idealized model where the expansion of steam is both adiabatic and
reversible, thereby maintaining constant entropy throughout the process. This process is central to
understanding how turbines convert thermal energy into mechanical work with maximum efficiency.

In this detailed review, we analyze a specific case involving the expansion of 5.5 kg/s of steam
initially at 3 MPa pressure, undergoing an isentropic expansion to an exhaust pressure of 50 kPa,
with the exhaust state characterized by a temperature of 100°C. We will explore the thermodynamic
principles involved, perform detailed calculations, and discuss the implications for turbine operation
and efficiency.



Thermodynamic Background

Isentropic Process Fundamentals

An isentropic process is characterized by:

- No entropy generation (reversible)

- No heat transfer with surroundings (adiabatic)
- Constant entropy throughout the process

In real turbines, deviations from ideality occur due to factors like friction and turbulence, but the
isentropic assumption provides an ideal benchmark against which actual efficiencies are measured.

Relevance in Power Generation

- The ideal efficiency of turbines hinges on the isentropic expansion process.
- Real turbines strive to approximate this ideal as closely as possible.
- The difference between actual and ideal efficiencies informs design improvements.

Initial Conditions and State Properties

Given Data

- Mass flow rate, \(\dot{m} = 5.5\, \text{kg/s} \)
- Initial pressure, \( P_1 = 3\, \text{MPa} \)

- Initial temperature, \( T 1) (to be determined)
- Exhaust pressure, \( P_2 = 50\, \text{kPa} \)

- Exhaust temperature, \( T 2 = 100"~ \circ C )

Initial State at 3 MPa

Using steam tables or Mollier charts:

- Saturation temperature at 3 MPa is approximately 133.55°C.

- Since no specific initial temperature is given, assume the steam is superheated or saturated at 3
MPa.

Assumption: Initial state is saturated vapor at 3 MPa
From steam tables:
| Property | Value at 3 MPa (Saturated vapor) |

-
| Temperature, \( T 1) | 133.55°C |



| Specific enthalpy, \( h 1) | approx. 2778.1 kJ/kg |
| Specific entropy, \( s 1) | approx. 6.604 kJ/kg-K |

Note: If the initial state were superheated, the enthalpy would be higher, but for simplicity, we
proceed assuming saturated vapor at 3 MPa.

Determining the Exhaust State

Given Exhaust Conditions

- Pressure: \( P 2 = 50\, \text{kPa} \)
- Temperature: \( T 2 = 100™\circ C )

Using steam tables:

| Property | Value at 50 kPa and 100°C |

[

| Saturation temperature at 50 kPa | approximately 81.3°C |

| Since the given temperature (100°C) > saturation temp at 50 kPa, the steam is superheated at the
exhaust. |

From superheated steam tables at 50 kPa and 100°C:

| Property | Approximate Value |

-
| Specific enthalpy, \( h 2) | approx. 2675.5 kJ/kg |
| Specific entropy, \(s 2\) | approx. 6.862 kJ/kg-K |

Calculating the Isentropic Expansion

Entropy Considerations
Since the process is isentropic:
\[

sl=s2
\]

Using initial entropy \( s 1 \approx 6.604\, \text{k]/kg-K} \), the final entropy \( s 2\) at 50 kPa
should match this value for an ideal process.



From the superheated steam tables:

- At 50 kPa, \( s \) varies with temperature.
- To find the ideal exhaust enthalpy \( h {2s}\), interpolate or refer to the superheated steam tables
for \( s = 6.604\, \text{k]/kg-K} \).

At 50 kPa:

| Temperature (°C) | \(s\) (kJ/kg'K) [ \(h) (k]J/kg) |

ol
180 | 6.8 2620 |
| 100 | 6.86 | 2675.5 |

Since \( s ) is approximately 6.604, which is less than 6.8, the ideal expansion would correspond to a
temperature less than 80°C.

Interpolating:

\[

T {2s} \approx 80 - \frac{6.8 - 6.604}{6.8 - 6.0} \times (80 - 60) \approx 80 - \frac{0.196}{0.8}
\times 20 \approx 80 - 4.9 \approx 75.1"\circ C

\]

Corresponding enthalpy at about 75°C:
| At 50 kPa and 75°C | \( h_{2s}\) | approximately 2640 k]/kg |

Thus, the isentropic exhaust enthalpy is approximately 2640 k]/kg.

Work and Heat Transfer Calculations

Work Done by the Turbine

The power output (per second) is:

\[
W _{turbine} = \dot{m} \times (h 1-h 2)
\]

- Actual enthalpy difference:

\[
h 1 \approx 2778.1\, \text{k]/kg}
\]
\[



h {2} \approx 2640\, \text{k]/kg}
\]

- Therefore:

\[

W {actual} = 5.5\, \text{kg/s} \times (2778.1 - 2640) \text{k]J/kg} = 5.5 \times 138.1 \approx
759.55)\, \text{kW}

\]

This represents the ideal power output assuming perfect isentropic expansion.

Isentropic Efficiency of the Turbine

The isentropic efficiency (\( \eta {t} \)) compares actual work to ideal work:

\[
\eta_{t} =\frac{h 1-h {2,actual}}{h 1-h {2,s}}
\]

-\(h _{2,actual} \): actual enthalpy at exhaust (assumed to be 2675.5 kJ/kg from earlier, for a real
process), but since the process is idealized, the actual process is assumed to be close to the
isentropic process.

- For assessment, suppose the actual exhaust enthalpy is at the temperature of 100°C, i.e., \( h 2
\approx 2675.5\, \text{k]/kg} \).

- Then efficiency:

\[

\eta {t} \approx \frac{2778.1 - 2675.5}{2778.1 - 2640} = \frac{102.6}{138.1} \approx 0.743 \text{
or } 74.3\%

\]

This indicates that real turbines aim for efficiencies in the 70-90% range, making this a plausible
estimate.

Energy Balance and Exergy Considerations



Energy Balance
The first law of thermodynamics for the turbine:
\[

Q {in} - Q {out} = \Delta KE + \Delta PE + W _{turbine}
\]

- Since the turbine is a steady-flow device with negligible changes in kinetic and potential energies:

\[
W _{turbine} \approx \dot{m} (h 1 -h 2)
\]

- Heat transfer \( Q \) with surroundings is typically minimal, assuming adiabatic operation.

Exergy Losses

- Actual processes involve irreversibilities, leading to exergy destruction.
- The deviation from ideality can be examined via exergy analysis, which considers entropy
production and irreversibility.

Practical Implications and Efficiency Optimization

Design Considerations

- Blade design: Optimizing blade shape minimizes friction and turbulence.
- Material selection: High-temperature, corrosion-resistant materials improve lifespan.
- Maintenance: Regular inspection maintains close-to-ideal performance.

Operational Strategies
- Control of inlet conditions: Maintaining the inlet pressure
and temperature optimizes power output.
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