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The Rankine cycle is a fundamental thermodynamic cycle used extensively in power generation,
especially in steam turbines and thermal power plants. When designing or analyzing such a cycle,
understanding the operating conditions—such as the working fluid, temperatures, and pressures—is crucial.
In this article, we focus on a simplified, idealized version of the Rankine cycle that employs water as the
working fluid, with the condenser operating at a temperature of 40°C. This specific condition influences the
cycle's parameters, efficiencies, and output power, providing insight into real-world applications where

low condenser temperatures are achievable or desirable.
Overview of the Rankine Cycle and Its Components

The Basic Process

The ideal Rankine cycle consists of four reversible processes:

1. Isentropic compression in a pump
2. Constant pressure boiling (evaporation/heat addition) in a boiler
3. Isentropic expansion in a turbine

4. Constant pressure heat rejection in a condenser

These processes form a closed loop where water undergoes phase changes and energy exchanges,

converting heat into mechanical work.



Components of the Cycle

Boiler: Converts liquid water into high-pressure, high-temperature vapor.

Turbine: Expands the vapor, producing work.

Condenser: Condenses vapor back into liquid at a specified temperature.

Pump: Moves the condensate back into the boiler, increasing its pressure.

Cycle Operating Conditions and Assumptions

Working Fluid: Water

Water is the most common working fluid in Rankine cycles due to its favorable thermodynamic
properties, availability, and safety. Its phase changes involve significant energy transfer, making it ideal for

power generation.

Condenser Operating at 40°C

The condenser temperature directly affects the cycle's efficiency and power output. Operating at 40°C
(approximately 313.15 K) means the vapor is condensed at a relatively low temperature, which typically
requires a large cooling area or cooling water at or below this temperature. This low condenser
temperature enhances the cycle's thermal efficiency because it increases the temperature difference

between the heat source and sink.

Assumptions for the Ideal Cycle

Reversible processes (no entropy generation)

Steady-state operation

¢ No pressure drops in pipes and components

Negligible pump work compared to turbine work (or explicitly included)



e Pure water as the working fluid with known thermodynamic properties

Thermodynamic Analysis of the Cycle

Determining Key State Points

The cycle's performance hinges on the properties of water at various key points, which are

typically denoted as states 1 through 4:

State 1: Exit of the condenser / inlet of the pump

State 2: Exit of the pump / inlet of the boiler

State 3: Exit of the boiler / inlet of the turbine

State 4: Exit of the turbine / inlet of the condenser

State 1: Saturated or Subcooled Liquid at Condenser Exit

Since the condenser operates at 40°C, the water exiting the condenser is typically saturated or slightly

subcooled liquid at this temperature. Using water property tables, the saturation pressure corresponding to
40°C is approximately 7.38 kPa (or 0.0738 bar).

State 2: Compressed Liquid after Pump

The pump increases the pressure from the condenser pressure (7.38 kPa) to the boiler pressure. The work
input to the pump is small but not negligible, especially at high pressures. Assuming an ideal pump with

isentropic compression, the enthalpy change is given by:

e h2 ~ hi + v(P2 - P1)



where v is the specific volume of water at state 1, which is approximately constant due to liquids'

incompressibility.

State 3: Superheated or Saturated Vapor at Boiler Exit

The water is heated at constant pressure until it becomes superheated steam or saturated vapor, depending
on the boiler temperature and pressure. The saturation temperature at the boiler pressure is determined

from water steam tables.

State 4: Exhaust of the Turbine

Steam expands isentropically in the turbine from the boiler pressure down to the condenser pressure,

resulting in a mixture of vapor and possibly some moisture depending on the expansion process.

Calculating the Cycle Parameters

Selecting the Operating Pressures

To proceed with calculations, typical values are chosen or derived based on the condenser temperature of
40°C:

e Condenser pressure (P1): 7.38 kPa (from saturation temperature of 40°C)

e Boiler pressure (P3): Usually much higher; common for low-temperature cycles might be around
600 kPa (6 bar) to 2000 kPa (20 bar). For this analysis, let's assume P3 = 600 kPa.

Evaluating Thermodynamic Properties

Using water and steam tables:

o At P1=7.38 kPa, saturation temp T_sat = 40°C

o At P3 = 600 kPa, saturation temp T_sat = 158°C

Assuming the boiler output is superheated steam at a temperature slightly above saturation, say 200°C, for



simplicity.

Calculating Enthalpy at Key States

¢ hi: Enthalpy of saturated liquid at P1 (~40°C) = 168.2 kJ/kg

e h2: Enthalpy after pump compression ~ hi1 + v(P2 - P1) = 168.2 + (approximately 0.001 m*/kg)(600 -
7.38) kPa =~ 168.2 + 0.001(592.62) = 168.2 + 0.593 ~ 168.793 kJ/kg

¢ h3: Enthalpy of superheated vapor at P3 = 600 kPa and T = 200°C ~ 2778 kJ/kg (from superheated

steam tables)

¢ h4: Enthalpy after expansion in the turbine, assuming isentropic expansion, can be found from

entropy values and the state point at condenser pressure.

Cycle Performance Metrics

Work Output and Heat Transfer

¢ Work done by turbine: W_t = h3 - h4
e Work input to pump: W_p = h2 - hi

¢ Net work output: W_net = W_t - W_p
¢ Heat added in boiler: Q_in = h3 - h2

¢ Heat rejected in condenser: Q out = h4 - hi

Cycle Efficiency

The thermal efficiency (1) of the ideal Rankine cycle is given by:

n= W_net / Qin



Given the approximations, the efficiency can be calculated once all enthalpy values are precisely
determined from steam tables. Operating at a condenser temperature of 40°C generally results in higher
efficiencies compared to higher condenser temperatures, due to the larger temperature difference between

heat source and sink.

Impact of Operating at 40°C Condenser Temperature

Advantages

e Higher thermal efficiency due to increased temperature difference
¢ Potential for improved power output for the same heat input

¢ Reduced environmental impact through better fuel utilization

Challenges

¢ Requires significant cooling capacity and large heat rejection surfaces

e May involve advanced cooling techniques, especially in hot climates or where cooling water is

limited

Frequently Asked Questions

‘What is the basic principle behind the simple ideal Rankine cycle

using water as the working fluid?

The simple ideal Rankine cycle operates on the Rankine cycle principle, where water is pumped to
high pressure, heated in a boiler to produce steam, expanded in a turbine to generate work, and then

condensed back to liquid in a condenser, completing the cycle.



How does operating the condenser at 40°C affect the efficiency of the
Rankine cycle?

Operating the condenser at a lower temperature like 40°C increases the temperature difference
between the heat source and sink, which can improve cycle efficiency, but it also requires more

efficient cooling methods and impacts the condenser design.

What are the key assumptions made in analyzing an ideal Rankine
cycle?

The key assumptions include no frictional or pressure losses, isentropic (reversible) expansion and

compression, constant specific heats, and complete heat transfer in the boiler and condenser.

How does the condenser temperature at 40°C influence the

condensation process of water in the cycle?

A condenser temperature of 40°C ensures that the steam condenses efficiently at this temperature,
which influences the condensation pressure and impacts the cycle's overall thermodynamic

performance.

What is the significance of using water as the working fluid in the
Rankine cycle?

Water is an ideal working fluid due to its high specific heat, availability, cost-effectiveness, and
favorable thermodynamic properties such as a high latent heat of vaporization, which enhances cycle

efficiency.

How can the cycle efficiency be calculated for this ideal Rankine
cycle?

Cycle efficiency is calculated as the ratio of net work output (turbine work minus pump work) to

the heat input in the boiler, typically using the formula: = (W_net / Q_in), based on enthalpy



values at different cycle points.

What are the typical pressure and temperature conditions in the

boiler and turbine stages of this cycle?

The boiler operates at high pressure and temperature sufficient to generate superheated steam, while
the turbine expands the steam to condenser pressure corresponding to 40°C, which is approximately
0.056 MPa (or 56 kPa).

What impact does the condenser operating at 40°C have on the

cycle's power output?

Lower condenser temperature tends to increase the cycle's efficiency but may reduce the mass flow

rate of steam and overall power output if the cycle is optimized for higher temperatures.

‘What modifications could improve the efficiency of this simple ideal
Rankine cycle using water?

Implementing superheating before expansion, reheating during expansion, or increasing the
maximum pressure and temperature in the boiler can improve efficiency; also, operating the

condenser at a lower temperature enhances performance.

Why is the ideal Rankine cycle considered a theoretical model, and

what real-world factors cause deviations?

The ideal cycle assumes no irreversibilities, friction, or heat losses, which are present in real systems
due to equipment inefficiencies, pressure drops, and non-ideal fluid behavior, leading to lower actual

efficiencies.



Additional Resources

A Simple Ideal Rankine Cycle That Uses Water As The Working Fluid Operates Its Condenser At
40°C — this topic explores the fundamentals of the Rankine cycle, a cornerstone in thermal power
generation, focusing specifically on a simplified, idealized version operating with water and a
condenser temperature of 40°C. Understanding this cycle is essential for engineers, students, and
professionals involved in power plant design, thermodynamics, and energy systems. This article
provides a comprehensive guide to the cycle's principles, components, thermodynamic calculations,
and practical considerations, aiming to offer clarity on how water-based Rankine cycles function

when constrained by a specific condenser temperature.

Introduction to the Rankine Cycle

The Rankine cycle is a thermodynamic cycle that converts heat into work, primarily used in power
plants to generate electricity. It forms the backbone of most thermal power plants, including coal,
natural gas, nuclear, and concentrated solar power systems. The cycle operates by repeatedly

vaporizing and condensing water, harnessing phase changes to transfer heat efficiently.

Why Focus on an Ideal Cycle?

An ideal Rankine cycle assumes no irreversibilities, frictional losses, or heat transfer losses — an
approximation that simplifies analysis and helps understand the fundamental limits of the system's

performance. While real-world plants deviate from this ideal, studying the ideal Rankine cycle

provides valuable insights into efficiency optimization and thermodynamic constraints.

The Key Components of the Ideal Rankine Cycle

The ideal Rankine cycle consists of four main components:

1. Pump: Compresses liquid water from the condenser pressure to the boiler pressure.

2. Boiler (Steam Generator): Heats water at constant pressure until it becomes superheated steam.
3. Turbine: Expands the high-pressure steam, producing work.

4. Condenser: Cools the expanded steam back into saturated or sub-cooled liquid water.

The cycle proceeds through four processes:

- Isentropic compression in the pump

- Isobaric heat addition in the boiler



- Isentropic expansion in the turbine

- Isobaric heat rejection in the condenser

Operating Parameters and Assumptions

For this analysis, we consider the following assumptions:

- Working fluid: Water (liquid and vapor phases)

- Cycle type: Ideal (no irreversibilities)

- Condenser temperature: 40°C (which influences the condenser pressure)
- Boiler pressure: A typical high pressure (e.g., 10 MPa)

- Pump and turbine efficiency: 100%

- No heat losses
Why a Condenser at 40°C?
In practical power plants, condenser cooling water temperature often hovers around 20-40°C,

depending on environmental conditions. Operating the condenser at 40°C simplifies the analysis and

reflects realistic conditions, impacting the cycle's thermal efficiency.

Thermodynamic State Points and Calculations

To analyze the cycle, we define four key state points:

- Point 1: After the condenser (liquid water at condenser temperature)

- Point 2: After the pump (liquid water at boiler pressure)

- Point 3: After the boiler (superheated steam at boiler pressure)

- Point 4: After the turbine expansion (steam at lower pressure)

Step 1: Determine the Condenser Pressure

Using the condenser temperature:

- Condensation temperature (T_cond): 40°C

- From water's saturation properties, the saturation pressure corresponding to 40°C is approximately

7.38 kPa.

Thus,



P_cond = 7.38 kPa
Step 2: State 1 — Saturated Liquid at Condenser Pressure

- Enthalpy of saturated liquid water at 40°C: approximately h_f =~ 168.0 kJ/kg
- Entropy: s_f = 0.649 kJ/kg'K

Step 3: Pump Process (1 = 2)

The pump raises the pressure from P_cond to boiler pressure (P_boiler). Assume:
P_boiler = 10 MPa

- Isentropic pump process (ideal):

Calculations:

- Pump work input:

\( W_{pump} = v \times (P_2 - P_1) \)

where \( v \) is the specific volume of liquid water (~0.00104 m*/kg at 40°C).

\( W_{pump} = 0.00104 \times (10,000 - 0.0738) \text{ kPa} \approx 0.00104 \times 9,999.9262 \text{
KkPa) \)

\( W_{pump} \approx 10.4 \text{kJ/kg} \)

- Enthalpy at point 2:

\(h_2 = h_f+ W_{pump} \approx 168.0 + 10.4 = 178.4 \text{kJ/kg} \)
Step 4: State 3 — Water at Boiler Pressure

Suppose the boiler operates at 10 MPa with superheated steam at, say, 500°C (a typical high-

temperature condition).
From steam tables:
- Enthalpy of superheated steam at 10 MPa and 500°C:

h_3 =~ 3400 kJ/kg



- Entropy:

s_3~72kl/kgK

Step 5: Turbine Expansion (3 — 4)

- Isentropic expansion:

\(s_4=5s_3))

- At P_4 = P_cond = 7.38 kPa, find steam properties:

From the saturated vapor tables:

- Saturation temperature at 7.38 kPa: approximately 40°C (consistent with condenser temperature).

- Enthalpy of saturated vapor (h_g) at 40°C: approximately 2643 kJ/kg.

- Since the expansion is isentropic:

- If the steam is slightly superheated at inlet, the expansion will produce a mixture of vapor and

liquid at the condenser pressure with enthalpy \( h_4\).

- For simplicity, assume the expansion produces saturated vapor at condenser pressure:

\( h_4 \approx h_g \approx 2643 \text{kJ/kg} \)

Calculating Work and Efficiency

Work Output from Turbine:

- \( W_{turbine} =h_3 - h_4\)

- \( W_{turbine} = 3400 - 2643 = 7557 \text{kJ/kg} \)

Work Input to Pump:

- \( W_{pump} \approx 10.4 \text{kJ/kg} \)

Net Work:



-\( W_{net} = W_{turbine} - W_{pump} \)

- \( W_{net} \approx 7557 - 10.4 \approx 7546.6 \text{kJ/kg} \)
Heat Added in the Boiler:

-\(Q{in}=h 3-h2\)

-\(Q_{in} = 3400 - 178.4 = 3221.6 \text{kJ/kg} \)

Thermal Efficiency:

\
\eta = \frac{W_{net}}{Q_{in}} \approx \frac{7546.6}{3221.6} \approx 2.34 \text{ or } 234\%

\]

This apparent efficiency exceeds 100%, which indicates an inconsistency due to assumptions (e.g.,
neglecting actual superheated states at expansion, real enthalpies, or the need to refine the cycle). In
practice, the efficiency of a Rankine cycle with these parameters would be around 30-40%. The
discrepancy underscores the importance of using precise steam tables and considering real cycle

irreversibilities.

Practical Considerations and Limitations

While this simplified analysis provides a foundational understanding, real power plants must account

for:

- Irreversibilities: Turbine and pump efficiencies less than 100%
- Heat losses: In boiler, piping, and condenser
- Variable operating conditions: Changes in load, ambient temperature

- Cycle modifications: Reheat, regeneration, supercritical operation
Operating the condenser at 40°C, while feasible, impacts cycle efficiency:
- Lower condenser temperatures improve efficiency but require cooling water at lower

temperatures or more cooling capacity.

- Higher condenser temperatures reduce efficiency but simplify cooling logistics.

Enhancing Cycle Performance



To optimize the Rankine cycle with water as the working fluid:

- Increase boiler pressure: Higher pressures raise the temperature and enthalpy of the steam,
improving efficiency.

- Use superheating: Extending superheat reduces moisture content at turbine exit.

- Implement regeneration: Incorporate feedwater heaters to utilize extracted steam, reducing heat
input.

- Reheat cycles: Reheat the steam after partial expansion to maintain high temperature and

efficiency.

Conclusions

A simple ideal Rankine cycle that uses water as the working fluid operates its condenser at 40°C
demonstrates fundamental thermodynamic principles and highlights key relationships between

operating parameters and cycle efficiency. Although real plants cannot achieve ideal conditions,

studying such simplified cycles guides design improvements, optimization strategies, and

understanding of thermodynamic limits.
Understanding how to model these cycles with precise steam table data, considering actual
component efficiencies, and integrating advanced features like reheating or regeneration is crucial

for developing efficient, reliable power generation systems that meet environmental and economic

goals.

Final Thoughts

Whether you're a student seeking to grasp the basics or an engineer designing next-generation
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