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Evaluating Properties
Text Reading:  Ch.3



Technical Objectives:

· Define the term simple compressible substance and determine whether a substance can be modeled this way. Determine the number of independent variables needed to fix the state of a substance.

· Look up thermodynamic properties of a real substance using tables (water, R22, etc.).

· Calculate thermodynamic properties for an ideal gas and recognize when the ideal gas assumption is valid.

· Solve closed system energy transfer problems with real substances and ideal gases.

HW (Due Date: Sept. 21 ):  

3.16, 3.22, 3.27, 3.38, 3.52, 3.69, 3.78, 3.115, 3.129 (note this should be 3.129)
1.  Fixing the State

From Chapters 1 and 2, you are already familiar with the following intensive thermodynamic properties:

As it turns out, not all of these properties are independent.  In other words, if you know several (2 or 3) of these properties, you have completely fixed the thermodynamic state.

1.1 Simple Compressible Substance
A simple compressible substance is one in which the only mode of work is PdV work (i.e. electrical, magnetic, etc. can be ignored).  

2.  P-v-T Relation for a Real Substance.  Figure 3.1a in your book is a 3-D surface plot of the p = p (T,v) for a real substance such as H2O.   A plot such as this would allow you to determine pressure, given the Temperature and specific volume.   The mathematical expression that describes the surface p = p (T,v) - if it is possible to develop such an equation - is called the equation of state.   Consider the following 3-D surface plot of T = T(P,v) for H2O:



For simplicity, it is common practice to redraw the above 3-D surface plot in 2-D.  The following is a 2-D Pressure-specific volume (P-v) diagram for a real substance such as H2O.  The analogy here would be a 3-D surface of Long’s Peak vs. a topographic map of Long’s Peak.  On a P-v diagram, the lines of constant temperature are like the elevation contour lines on a topo map.



The above P-v diagram actually contains 5 different states of a substance:

Notes:  

In addition to the P-v diagram, it is possible to construct a P-T diagram (often called a phase diagram) and a T-v diagram as shown below:



2.1 Phase Change Example: Boiling Water at Constant Pressure
P-v diagrams and T-v diagrams are very useful in helping to understand the phase changes occurring in a process.  Consider the process of boiling water on the stove in your house.  How would this plot on a T-v and P-v diagram?
 .



 

3. Evaluating Property Data

Thermodynamic data (T, P, v, h, s, u) has been evaluated for most real substances that are useful in engineering applications.  For example your thermodynamics book contains the following tabulated thermodynamic data:

For each of these substances, separate tables are provided for superheated vapor, compressed liquid and saturated mixture.  

Consider the following P-v diagram for water and consider the 100 °C isotherm:




Compressed Liquid Properties (Table A-5)

Table A-5 enables you to calculate properties for compressed liquid water.  For example, Table A-5 shows that the specific volume for liquid water at 50 bar, 100°C is:

Superheated Vapor Properties (Table A-4)

Table A-4 enables you to calculate properties for superheated steam.  For example, Table A-4 shows that the specific volume for water vapor at 0.7 bar, 100°C is:

Saturated Mixture Properties (Table A-2)

Table A-2 enables you to calculate properties for the two phase saturated mixture.  For example, Table A-2 shows that at 100 °C, the specific volume of saturated vapor (vg) is:

Similarly, Table A-2 also shows that at 100 °C, the specific volume of saturated liquid (vf) is:

Table A-2 also enable you to determine the critical temperature, critical pressure and critical specific volume:

Quality, X
On the 100 °C isotherm between vf and vg, Pressure = 1.014 bar and Temperature = 100 °C regardless of what percentage of liquid water and vapor water are present (recall the boiling water example).  To calculate the rest of the thermodynamic properties, we must know this ratio.

The quality of a two phase mixture is defined as follows:

(3.1)

By definition, 

Using Quality to Determine Properties within the Two-Phase Region  
If the quality of the two phase mixture is known, it is possible to calculate the specific volume according the following equations:

(3.2)

Similarly, the specific internal energy and specific enthalpy can be evaluated as follows:

(3.6)

(3.7)

Determining the Phase of the Mixture Given Property Data

Usually you are given some property data and you need to figure out what phase(s) are present and which tables to use to calculate the rest of the property data:

Hints:

Example 3.1  Evaluating Properties from the Steam Tables

For each of the given thermodynamic states for water, determine (a) the phase of the substance (compressed liquid, superheated vapor or vapor-liquid mixture) and (b) the temperture or pressure.

1. p = 3 bars, v = 1.200 m3/kg

2. p = 25 bars, u=405.0 kJ/kg

3. T= 200°C and v = 1.172x10-3 m3/kg

4. p = 80 bars and u = 1780 kJ/kg

Example 3.2  Evaluating Property Data for various states in a Process

Known:  Water initially at 3 MPa and 300°C (state 1) is contained in a piston-cylinder.  It is cooled at constant volume until T=200°C (state 2).  It is then compressed isothermally until P=2.5 MPa (state 3).

Find: a) Locate states 1, 2 and 3 on a T-v diagram

b) find v1, v2, P2, X2 and v3.

Assumptions:

Schematic Diagram and Given Data:

Analysis:

First Law of Thermo With Real Property Data.  Now that you know how to navigate the thermodynamic property tables, we can combine these new skills with our ability to calculate PdV work and our knowledge of the First Law of Thermodynamics.
Example 3.3
Known:  A piston-cylinder contains 0.5 kg of steam at 1 MPa and 320 (C.  The steam is compressed at constant pressure until it is a saturated liquid.     
Find:  
a) Sketch the process on a P-v diagram.

Assumptions:  - Closed system

b) The final temperature, T2 [(C].  




   - Quasi-Equilibrium

c) The PdV work done on the system, W12 [J].

d) The net heat transfer to or from the cylinder Q12[J]

Schematic Diagram and Given Data:














Analysis:

4.  Enthalpy:  Another Thermodynamic Property

In chapter 4, we will find that it is quite useful to define another thermodynamic property that combines internal energy, pressure and specific volume.  This property is called enthalpy:

(3.4)

 

The P-h Diagram

In the refrigeration and air conditioning field, the Pressure-enthalpy diagram is most often used as the process diagram of choice:

Example 3.4  Enthalpy

Known:  Refrigerant-22 enters an evaporator at 45°F with an internal energy of 70 btu/lb.

Find:  The enthalpy, h [btu/lb]

Schematic Diagram:

5. Specific Heat

Another important thermodynamic property is specific heat.   Specific heat is defined as the amount of energy required to raise 1 kg of substance by 1 °C:

Specific Heat at Constant Volume

Specific Heat at Constant Pressure

Specific Heat Ratio

6.  Evaluating Liquid Properties

Consider the following P-v diagram for steam:

An examination of the lines of constant temperature in the compressed liquid phase shows that these lines are approximately vertical.  This allows us to make the following approximation for calculating compressed liquid properties (if compressed liquid data is not available):

7.  Equations of State

Returning back to the figure 3.1a, we mentioned that this figure represents the 3-D surface of pressure as a function of Temperature and Specific Volume:




As the figure shows, the behavior of P with respect to T and v is quite complex, since a real substance can exist as a liquid, gas or vapor.  

It is quite useful, however, to develop mathematical expressions that relate P, T and v:  

Such a mathematical representation is called an equation of state.

Why do we need an analytical expression like this?  Aren’t the steam tables good enough?

7.1  The Ideal Gas Equation of State
For gases under many conditions, the ideal gas model is an extremely simple, yet often quite accurate equation of state.

The ideal gas model, which relates P, v and T can be written as follows:

(3.32)             

where:  

When is the ideal gas model valid?

8. Internal Energy, Enthalpy and Specific Heats of an Ideal Gas

Generally speaking, for a real gas, internal energy and enthalpy are functions of temperature and pressure:

For an ideal gas, however, internal energy and enthalpy are assumed to be functions of temperature only:

Since internal energy and enthalpy are functions only of temperature, the specific heats cp and cv are also only a function of temperature for an ideal gas:

(3.38)

Separating the variables in eqn. 3.38 and integrating yields the following relationship between internal energy and temperature:

(3.40)

Similarly, for enthalpy and cp:

(3.41)

(3.43)

Relationship Between Cp and Cv
Since they both are functions only of temperature, for ideal gases Cp and Cv are related to each other.  In other words, if you know Cp, you can easily calculate Cv.

Recall the definition of enthalpy:

Taking the derivative of h with respect to T and substituting Cp and Cv yields:

(3.44)

This is an important result.

Ideal Gas Tables

Since h and u are functions only of temperature, it is possible to tabulate them for various ideal gases.  

Ratio of Specific Heats

Recall back on page 8 of this week’s notes, we defined the specific heat ratio.  Equation 3.44 above can be rearranged to show that:

(3.47a)

(3.47b)

The above relationships are well known in the study of compressible fluid mechanics and rocket science!

Example 3.3  PdV Work for an Ideal Gas 

Known:  An ideal gas undergoes a polytropic compression from V1 to V2.

Find: Find the work as a function of the change in temperature from state 1 to state 2.

Example 3.4.  Using the ideal gas model along with the first law of thermo
Known:  A piston-cylinder assembly contains 2 kg of air at 300 K and 1 atm.  It is compressed to 6 atm and the final temperature is measured to be 470 K.  During the process, 20 J of heat are transferred from the air to the surroundings.

Find: The work required to compress the gas [kJ].

Schematic Diagram and Given Data:

Assumptions:

Analysis:

P [bar]





v [m3/kg]








