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Gas Power Systems
Text Reading:  Ch. 9



Technical Objectives:

· Explain the motivation behind modeling internal combustion engines and gas turbines as air standard cycles.
· Perform air standard analyses of internal combustion engines by modeling the engines as Otto Cycle, Diesel Cycle and Dual Cycles.
· Sketch T-s and P-v diagrams for each cycle, evaluate properties at each state using the ideal gas assumption, apply energy/entropy balances and determine the net power out, thermal efficiency and mean effective pressure.
· Perform air standard analysis of a gas turbine by modeling the system as a Brayton Cycle.

HW (Due Date _____________):  9.5 (a-d), 9.4, 9.7, 9.17, 9.22, 9.45   
1.  Background: Internal Combustion Engines
In this chapter, we will use the process of air standard analysis to model internal combustion engines (spark-ignition, compression-ignition, reciprocating engines) and gas turbines (aircraft engines).   We begin by studying internal combustion (IC) engines.  We classify IC engines as follows:

Spark Ignition (SI) Engine:





Advantages

Compression Ignition (CI) Engine (Diesel Engine):


 Advantages

1.1 Schematic Diagram and Terminology for Internal Combustion Engines

Below is a schematic diagram of a typical spark-ignited internal combustion engine:
Nomenclature:

1.2. The Four-Stroke Spark Ignited Engine

The entire cycle of a 4-Stroke SI engine requires 2 full crank revolutions to complete 4 separate processes.   These 4 processes (strokes) are shown below:


        Intake Stroke



Compression Stroke
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Power Stroke



        Exhaust Stroke
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1.3  The Four-Stroke Compression Ignition (Diesel) Engine

The entire cycle of a 4-Stroke CI engine is similar to the 4-stroke SI engine, but with a charge of air only being admitted into the cylinder during the intake stroke and ignition occurring when a liquid fuel is injected into to cylinder as opposed to being initiated by the spark plug.


        Intake Stroke



Compression Stroke
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Power Stroke



        Exhaust Stroke
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It is possible to instrument a CI or SI engine with a high speed pressure transducer to measure pressure vs. time for the entire 4 strokes.  Volume vs. time can be calculated from the geometry of the piston-cylinder as a function of the measured crank angle.   The P and V data can then be plotted on against one another on a P-V diagram, also called an indicator diagram:
For each complete 4-stroke cycle, the net work produced by the gas within the piston-cylinder is equal to the net area of the P-V diagram:

(9.1a)

Note that the integral is taken in the counter clockwise direction, such that the upper enclosed area (Area A) on the above PV diagram is work done BY the system, whereas the lower enclosed area (Area B) is work done ON the system, which are called pumping losses.
The mean effective pressure is basically the net work divided by the cylinder volume.  This allows one to compare engines of different displacement volumes:

(9.1)

1.4 Two-Stroke Spark Ignited Engine.  2-stroke engines are much simpler than 4-stroke engines and, in theory, have the potential to be more efficient because of the lack of pumping losses.   The downside to these engines is that they are much heavier polluters than 4-strokes because the exhaust and intake occur during the same stroke, as shown below:
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The P-V diagram for a 2-stroke engine is shown below.   Note that the cycle does not have the pumping loop, and thus does not have the same level of pumping losses.
2.  Air Standard Analysis

SI and CI engines are very complicated systems, which include chemical reaction, multi-phase flow, heat transfer, friction, etc.   However, there is much to be gained by developing simplified thermodynamic models using Air Standard Analysis technique.   This technique allows you to determine the effects of compression ratio, and other parameters on engine performance.

The Air Standard Analysis technique employs the following engineering models:
1.

2.

3.  

4.
In a Cold Air Standard Analysis, we make one further assumption:
5. 

Note that most of the examples in Moran and Shapiro do not employ the constant specific heat assumption.  However, in my opinion, it is much more fruitful to employ this assumption, since it allows us to develop closed form analytical solutions (as opposed to relying on tables to evaluate properties).   Accordingly, we will use the cold air-standard approach for all of our problems!

Therefore, we will employ the calorically perfect, ideal gas model as follows:

Equation of State

(3.32)

(3.33)

Internal Energy and Enthalpy Change

(3.50)

(3.51)

Entropy Change

(6.21)

(6.22)

Insentropic Relationships (only valid when s = 0)
(6.43)
(6.44)

(6.55)

Where:

3. The Air Standard Otto Cycle
Spark Ignition engines are often modeled using the Otto Cycle.   The Otto Cycle consists of the following 4 reversible processes:

Process 1-2

Process 2-3

Process 3-4

Process 4-1

These 4 processes are shown below on P-v and T-s diagrams, respectively:

The net work developed by the Otto Cycle is equal to the net area enclosed on the P-v diagram multiplied by the total mass of air:
(Net Work)

And, since all processes are modeled as internally reversible, the net heat transfer to the air is equal to the net area enclosed on the T-s diagram multiplied by the mass of the air:

(Net Heat Addition)

For each of the individual process of the cycle, the work and/or heat transfer can be calculated from the first law for a closed system.   Assuming that potential and kinetic energy effects are negligible, the following can be shown:

(9.2)

Note that once again we have departed from our sign convention and all of the above work and heat quantities are calculated as positive numbers.
Since no work is done during processes 2-3 and 4-1, the net work done by the cycle is:

Alternatively, since for any cycle Wcycle = Qcycle, the net work can also be evaluated as:

The thermal efficiency for the cycle can be evaluated as:

(9.3)

And, assuming constant specific heat, equation (9.3) becomes:

(9.3a)

Since processes 1-2 and 3-4 are isentropic, the pressure and temperature ratios are related to the compression ratio (r = VBDC/VTDC = V1/V2 = V4/V3).  Specifically, assuming constant specific heat:
(9.6)

(9.7)
Equations (9.6) and (9.7) also show that, for the Otto Cycle:

(9.7a)

3.1 Effect of Compression Ratio on Performance

Recall, that the Carnot efficiency is as follows:

(5.9)

An examination of the T-s diagram for the Otto cycle suggests that increasing the average temperature of process 2-3 would have the same qualitative effect as increasing THOT in the Carnot Cycle, which is to increase the thermal efficiency:
Increasing the temperature of process 2-3 can be accomplished by increasing the compression ratio.   Indeed, it can be shown that the efficiency of the Otto cycle is directly related to the compression ratio:

But, from (9.7a), it was shown that T4/T1 = T3/T2, so:

(9,8)

Which shows how the efficiency of the Otto cycle increases with increasing compression ratio.   This is why we like to build engines with as high a compression ratio as possible!

Example 1.   Air Standard Otto Cycle

Known: The temperature at the beginning of the compression process of an air-standard Otto cycle with a compression ratio of 8 is 300 K.   The initial pressure is 1 bar.   The maximum temperature of the cycle is 2000 K.  The cylinder volume is 5 liters.   
Find: (a) the temperature and pressure at the end of each process in the cycle (b) the thermal efficiency (c) the total indicated work [J] and (d) the mean effective pressure [bar].

Schematic Diagram and Given Data:

Engineering Model:

Analysis:

4. The Air Standard Diesel Cycle

The air-standard Diesel Cycle is an ideal cycle that assumes that the heat addition occurs at a constant pressure, starting at top dead center.   The four processes of the cycle are:

Process 1-2

Process 2-3

Process 3-4

Process 4-1

These 4 processes are shown below on P-v and T-s diagrams, respectively:

Once again, since all processes are assumed to be internally reversible, the net work per unit mass developed by the diesel cycle is equal to the area enclosed on the Pv diagram and the net heat addition per unit mass is equal to the area enclosed on the T-s diagram.  

4.1 Air-Standard Diesel Cycle Analysis

The only major difference between the air-standard Otto and Diesel cycles is process 2-3, during which heat addition occurs at constant pressure (as opposed to constant volume in the Otto cycle).   Formulating a first law analysis of process 2-3:

Solving for Q23 yields:

But, recalling the definition of enthalpy (h =  u + Pv), we can simplify the equation as:

(9.10)

The heat rejected during process 4-1 is identical to the Otto cycle:

(9.10a)  

We can now evaluate the efficiency of the cycle, recalling that Wcycle must equal Qcycle:

(9.11)

(9.11b)

By defining the cutoff ratio as:
We can use the isentropic relationships to evaluate T2 and T4, respectively from:

Using the above relationships, it can be shown that the efficiency of the air-standard Diesel cycle (9.11b) can be expressed as:

(9.13) 

Comparing the Diesel cycle efficiency (9.13) to that of the Otto cycle (9.8), shows that for the same compression ratio, the Otto cycle actually has a higher efficiency:
Example 2.   Air Standard Diesel Cycle
Known: The temperature at the beginning of the compression process of an air-standard Diesel cycle with a compression ratio of 18 is 300 K.   The initial pressure is 1 bar.   The cutoff ratio is 2.  The cylinder volume is 5 liters.   

Find: (a) the temperature and pressure at the end of each process in the cycle (b) the thermal efficiency (c) the total indicated work [J] and (d) the mean effective pressure [bar].

Schematic Diagram and Given Data:

Engineering Model:

Analysis:

5. Gas Turbine Power Plants

In a gas turbine engine, atmospheric air is continuously drawn into a compressor where it is compressed to a high pressure.  The air then enters a combustion chamber (or combustor) where it is mixed with fuel and combustion occurs resulting in combustion products at an elevated temperature.   The combustion products then expand through a turbine, where mechanical power is extracted, and exhaust to the atmosphere.  An aircraft turbojet engine, shown below, is an example:

   TurboJet Engine




Thermodynamic Schematic Diagram
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5.1 Air Standard Brayton Cycle Model of a Gas Turbine 
In the air standard analysis of a gas turbine, we replace the open system above by an closed system wherein an external heat source is used to replace the combustion process and, instead of discharging the working fluid to the atmosphere, a heat exchanger is used to cool the working fluid back to its initial state.   Once again, we also use pure air as the working fluid.   The simplest air-standard model of a gas turbine is called the Air Standard Brayton Cycle:
To analyze the above system, we analyze each individual component as an open system using a first law analysis.   Departing again from our sign convention, we will define all Work and Heat as positive values with respect to the direction shown on the above diagram.   The power developed by the turbine (assuming the turbine is adiabatic) is therefore:

(9.15)

Similarly, the power input to the compressor is:

(9.16)

The heat added to the cycle in the heat exchange is:

(9.17)

And, the heat rejected to the atmosphere is:

(9.18)

The thermal efficiency can therefore be evaluated as:

(9.19)

We can also define a back work ratio as follows:

(9.20)

5.2 Ideal Air Standard Brayton Cycle
Equations (9.15) to (9.20) are valid even if in the presence of irreversibilities in the system.  The ideal air-standard Brayton Cycle makes the further assumptions that the turbine and compressor are internally reversible and that there is no pressure drop in either of the heat exchangers.   The ideal Brayton Cycle is shown on P-v and T-s diagrams, below:

Assuming constant specific heat (cold air-standard analysis) and recognizing that s= constant in the turbine and compressor, it is possible to relate T1 /T2 and T3/T4 to their respective pressure ratios as follows:
(9.23)

(9.24)

5.3 Effect of Pressure Ratio on Performance of the Ideal Brayton Cycle

Recall that the thermal efficiency of the Brayton Cycle could be expressed as:

But, T4/T1 = T3/T2, so the above equation reduces to:

(9.25)

This equation shows how the Brayton cycle efficiency varies with the compressor pressure ratio:

Example 3.   The Ideal Air Standard Brayton Cycle

Known: Air enters the compressor of an Air-Standard Brayton Cycle at standard atmospheric conditions (1 bar, 300 K) with a volumetric flow rate of 10 m3 /s.   The temperature at the turbine inlet is 1600 K.  
Find: (a) the net power developed (kW) (b) the back work  ratio and (c) the thermal efficiency.

Schematic Diagram and Given Data:

Engineering Model:

Analysis:










