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Basics of Thermodynamics

These notes summarize the important principles of an introductory course in thermodynamics.

1 – Properties of multiphase fluids and the state of a system
1.
The ideal gas law PV = mRT, Pv = RT, or P = RT or can be used to make P-v-T (or P--T) calculations where R is the “engineering” gas constant and v is the volume per unit mass ( is the density). R = 
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/M 
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= is the universal gas constant and M is the molecular weight.  In terms of a molar volume, 
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= V / n = v / M, we write the ideal gas law as PV = n
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T, P
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 = 
[image: image6.wmf]R

T or P = c
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T, where c is the total concentration = 1/
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.

2.
The properties of a pure substance in the liquid, gas, or mixed region are shown below.
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3.
Thermodynamic tables (or computer programs) can be used to find property data for pure substances in both the mixed and one-phase regions.

4.
The saturation pressure and saturation temperature are linked.  Either one may be written as a function of the other.  Their relationship is also found in tables.  

5.
Properties of other variables along the line of saturated liquid or saturated vapor follow the same equation of state as the general pure substance.  The general property relations (e.g., for specific volume, can be expressed as a function of pressure and temperature.  Along a saturation line, only one of the variable pair (pressure, temperature) need be given.  The other can be found from the relationship between saturation pressure and saturation temperature.

6.
Mixed region properties are determined by equations like the following v(x,T) = vf(T) + xvfg(T) or v(x,P) = vf(P) + xvfg(P).  Where x is the quality (vapor mass fraction in a saturated liquid-vapor mixture, vf is the specific volume of the saturated liquid, vfg = vg – ff is the change in specific volume between the saturated vapor and saturated liquid states, and vg is the specific volume of the saturated liquid.

7.
Extensive thermodynamic variables, such as volume, V, internal energy, U, enthalpy, H, entropy, S, Helmholtz function, A = U – TS, and Gibbs function, G = H – TS, depend on the size of the system (i.e., the amount of mass, m, in the system.)  Intensive variables such as the temperature, T, and the pressure, P do not depend on the size of the system.  Specific properties, which are the ratio of an extensive variable to the mass of the system, are intensive properties.  Typical specific properties are the specific volume, v = V / m, specific enthalpy, h = H / m, specific entropy, s = S / m, specific Helmholtz function a = A / m, and specific Gibbs function, g = G / m.

8.
Specific properties defined above are written on a per-unit-mass basis.  We can also use a per-unit mole basis, where the number of moles, n = m / M.  M is the molecular weight.  We can use the symbol 
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= V / n = v / M for the volume per unit mole.  Similarly, 
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= U / n = u / M, 
[image: image11.wmf]h

= H / n = h / M, 
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= S / n = s / M, 
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= A / n = a / M, and 
[image: image14.wmf]g

= G / n = g / M.
9.
The state of a thermodynamic system is determined by specifying a certain number of variables.  When the minimum number of variables to specify a state have been determined, all other thermodynamic variables are fixed and can be found from property relations.

10.
For simple systems with only one chemical species, no effects from external fields such as electromagnetic fields and no surface tension effects, two variables are sufficient to satisfy the state of the system.  Typically this may be any pair of variables except in multiphase regions.  In a two phase region one must specify the relative amount of one phase in addition to one other thermodynamic variable.  At the triple point, one specifies the relative amounts of two of the three phases.

11.
Although thermodynamic tables are typically written in terms of temperature and pressure as independent variables, thermodynamic states can be found by the specification of any two properties.  Without computerized property calculations, inverse table interpolation is required to find the thermodynamic state.

12.
For multicomponent systems, the maximum number of independent intensive variables (or degrees of freedom, F, is given by the following equation: F = C – P + 2.  In this equation, C is the number of chemical components and P is the number of phases.  The value of F is the number of variables that determine the state of each phase in the system, not the relative amounts of each phase.  According to this equation, for a pure substance (C = 1), a two-phase system has one degree of freedom and a three-phase system has no degrees of freedom.

13.
For multicomponent systems, the composition can be determined by specifying the masses (or mole numbers) of each component or by specifying the total mass (or moles) and the mass (or moles) of all but one component.  The composition may be specified in terms of mass or mole fractions defined as follows:


Mass fraction:   
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Mole fraction:    
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Here, N is the number of distinct components in the mixture, m is the total mass and n is the total number of moles.

14.
The mixture molecular weight, M, can be defined as follows
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15.
The mass fractions and mole fractions are related by the following equations.
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2 – Work and paths

1.
Processes in closed systems are described by a path which is described by an equation giving P(V) for the process.

2.
The work done by a system on its surrounding during a process is found as 
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path

PdV

; this is the area under the path when it is plotted on a P-V diagram.

3.
In writing work as the integral of PdV we are assuming that the pressure P is the system pressure.  This requires the assumption that the system pressure is equal to the applied pressure.  This cannot be true.  If the system pressure equals the applied pressure no process will take place.  We invoke the idealization known as a quasi-static process in which we assume that the changes in pressure are gradual so that the system pressure is essentially equal to the applied pressure at all times.  This assumption breaks down when the Mach number is large.

4.
We can use the path equation in solving problems;  it is important to distinguish between the path equation and the equation of state that relates P-v-T behavior for the substance.  Path equations refer to processes; equations of state refer to substances.

3 – Heat, internal energy, and the first law for closed systems

1.
A closed system is one in which the total mass is fixed.

2.
An isolated system in one in which both the mass and energy are fixed.

3.
Heat is energy in transit due only to a temperature difference.  Q is the symbol for heat.

4.
Heat added to a system is positive; heat rejected by a system is negative.

5.
From the definition of work, work done by a system is positive; work done on a system is negative.

6.
The first law for a closed system is Q = U + W = mu + W, where U is the thermodynamic internal energy, m is the total mass in the system and u is the specific internal energy.

7.
The internal energy is a property; it depends only on the state of the system.  The change in internal energy for any initial and final state will be the same regardless of the path between those states.

8.
We can also write the first law as q = u + w where q = Q/m and w = W/m.

9.
The enthalpy is a thermodynamic property, defined as h = u + Pv.

10.
Although some thermodynamic tables have the internal energy, in most cases it will be necessary to find the internal energy in tables by finding the enthalpy, pressure and specific volume.  You can then compute u = h - Pv

4 – Heat capacites and ideal gases

1.
Heat capacities Cx (e.g. Cp and Cv) are defined such that dQ = Cx dT in a “constant-x” process.

2.
Although heat capacities are defined in terms of the heat transfer, a path function, they are really thermodynamic properties defined as follows: 
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3.
For ideal gases, the heat capacities are functions of temperature only, and we can write du = cv dT and dh = cp dT.  These property relations are distinct from the equations for the heat transfer.

4.
For the ideal gas, where Pv = RT, the general equation h = u + Pv may be written as h = u + RT.

5.
The temperature depends of the ideal gas heat capacity can be handled by integration equations that are a function of temperature or using tables that give the integrated results for internal energy or enthalpy.

6.
For ideal gases only we can write as h = u - R T

7.
We can convert results on a per-unit-mole basis to results on a per-unit-mass basis and vice versa by using the molecular weight.

8.
be able to find other properties about a state when you know (or able to calculate) the internal energy or enthalpy.

9.
For ideal gases only, cp - cv = R.  On a molar basis, 
[image: image22.wmf]R

c

c

V

P

+

=

.

10.
We can use the equation cp - cv = R to find cp from cv (and vice versa), especially when the heat capacity is a function of temperature.  (i.e. if cp = a + bT + cT2, then cv = (a-R) + bT + cT2.)

5 – First law for open systems

1.
For open systems, the first law applies to a control volume with an arbitrary number of inlet and outlet stream.  For such a system, the first law is written as follows:
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where
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 is the rate of useful work output (energy/time)
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 is the heat input rate  (energy/time)
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 is the mass flow rate (mass/time) of a given inlet or outlet stream


h is the specific enthalpy (energy/mass)
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 is the kinetic energy per unit mass (energy/mass)


gz is the potential energy per unit mass (energy/mass)


E = the total energy in the control volume = mcv(u +  V22 /2 + gz)cv  (energy)

The summations are taken over all inlet and outlet streams.

2.
The mass flow rate, 
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can be related to the velocity, cross sectional area, and specific volume or density by the equation, 
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3.
We can write the mass balance equation for a control volume as follows:
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4.
The equation is simplified if we assume steady state so that time derivatives are zero and the properties of the streams that flow across the control volume boundaries are constant.  With these assumptions, we can write the first law and the mass balance equations as follows.


[image: image31.wmf]å

å

÷

÷

ø

ö

ç

ç

è

æ

+

+

-

÷

÷

ø

ö

ç

ç

è

æ

+

+

+

=

inlets

inlet

inlet

inlet

inlet

outlets

outlet

outlet

outlet

outlet

U

gz

V

h

m

gz

V

h

m

W

Q

2

2

2

2

r

&

r

&

&

&



[image: image32.wmf]å

å

=

outlets

outlet

inlets

inlet

m

m

&

&


5.
Kinetic energy terms are usually negligible unless the Mach number is large; potential energy terms are usually negligible unless the process specifically is intended to use potential energy changes (e.g., a hydroelectric plant.

6.
The simplest open system is a steady-state, steady-flow system in which there is just one inlet and one outlet.  In this case the inlet and outlet mass flow rates must be the same and can be given the single symbol, 
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.  The first law for this system then becomes.
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7.
If we define heat and work ratios, 
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we can rewrite the previous equation as q = w + (houtlet – hinlet).

6 – Heat and refrigeration cycles and the Carnot cycle

1.
In a thermodynamic engine cycle, heat from a high temperature source is added to the device which then performs net work.  Heat is also rejected at a low temperature

2.
In a thermodynamic refrigeration cycle, heat is transferred from a low temperature source to a high temperature sink.  This requires a net work input to accomplish this task.

3.
In the analysis of engine and refrigeration cycles it is convenient to define heat added and heat rejected as absolute values.  This is illustrated in the diagram below.
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2.
For both types of cycles, |W|  = |QH| - |QL|, |W|, |QH|, and |QL| are all positive quantities.  However, if we used our usual sign conventions, the net work for the engine cycle would be positive and the net work for the refrigeration cycle would be negative.

3.
The figure of merit for an engine cycle is the efficiency,  the figure of merit for a refrigeration cycle is the coefficient of performance for regrigeration cycles, 



 =   EQ \F(|W|,|QH|) 

and

=   EQ \F(|QL|,|W|) 
4.
The Carnot cycle, which consists of two isotherms and two reversible adiabatic steps, is the most efficient cycle operating between two and only two temperatures (TH and TL as the high and low temperatures).

5.
The definitions of efficiency and coefficient of performance for a Carnot cycle are given below.



1 -   EQ \F(TL,TH)   =  Carnot

and

  EQ \F(TL,TH - TL)   =   Carnot

7 – Entropy and the second law of thermodyanmics

1.
The second law of thermodynamics may be stated in terms of a thermodynamic function called the entropy.

There exists an extensive thermodynamic property called the entropy (with the symbol, S) defined as follows:

dS =  EQ \F(dU + PdV,T)  .

For any process in a system dS ≥  EQ \F(dQ,T)  , and, for an isolated system

Sisolated system ≥ 0.

2.
Alternative statements of the second law can be derived from this mathematical statement.  Among the most common alternative statements of the second law are the following.

a.
It is impossible to construct an engine cycle with an efficiency of 100%.

b.
It is impossible to transfer heat from a lower temperature to a higher temperature without some external work effect.

c.
No cycle operating between two and only two temperature reservoirs can have greater efficiency (or coefficient of performance for a refrigeration cycle) than a Carnot cycle.

3.
A reversible process is one in which = part of the ≥ used above applies.  It is possible to have dS =  EQ \F(dQ,T)  while not having Sisolated system = 0.  A process for which dS =  EQ \F(dQ,T)  for a system is called internally reversible; a process for which Sisolated system = 0 is internally and externally reversible.

3.
For a process between two states, the maximum work output (minimum work input) is obtained in a reversible process.  The difference between the maximum work and the actual work is called the lost work.

4.
In a reversible adiabatic process, dS =  EQ \F(dQ,T)  = 0 and the final entropy equals the initial entropy.  The maximum possible work for an adiabatic process occurs in this reversible adiabatic process that is also called an isentropic (constant entropy) process.

5.
The maximum work in an adiabatic process can be determined from the knowledge that the maximum work occurs in an isentropic process.  If we determine the entropy from the properties of the initial state and we have one property for the final state, we can determine the final state from the knowledge that the initial and final entropies are the same.  The final state is then determined by its known entropy (equal to the initial entropy) and the one specified property about the final state.

6.
The entropy change of an ideal gas is given by ds = cpdT/T – R dP/P or ds = cvdT/T + Rdv/v.  These equations can be integrated for constant or variable heat capacity as shown below


For constant heat capacity: s2 - s1 = cp ln  EQ \B(\F(T2,T1))   - R  ln  EQ \B(\F(P2,P1))   = cv ln  EQ \B(\F(T2,T1))   + R  ln  EQ \B(\F(v2,v1)) 

If an equation giving the heat capcity, cp or cv as a function of temperature is known we can solve for the entropy change as s2 - s1 =  EQ \I(T1,T2, cp \F(dT,T))   -   R  ln  EQ \B(\F(P2,P1))   =  EQ \I(T1,T2, cv \F(dT,T))   +   R  ln  EQ \B(\F(v2,v1))  

Ideal gas tables define a function so(T) that defines the temperature contribution to s.  With this tabulated function, s2 - s1 = so(T2) -  so(T1) -   R  ln  EQ \B(\F(P2,P1))   
7.
The end states of an isentropic process for an ideal gas are related by various equations that depend on the assumptions about the temperature variation of the heat capacity.  The following relations apply if the heat capacity is constant.  (Here k = cp/c v; this ratio is typically called  in aerodynamics texts.) 
T2 = T1 EQ \B\BC\((\F(P2,P1))(k-1) /k     
T2 = T1 EQ \B\BC\((\F(v1,v2))(k-1)      
P2 = P1 EQ \B\BC\((\F(v1,v2)) k    


Some ideal gas tables, particularly the air tables define two functions, Pr and Tr that treat the temperature dependence of the heat capacity for isentropic processes in ideal gases.  With these functions the end states in an isentropic process are related by the following relations:

 EQ \F(Pr(T2),Pr(T1))   =   EQ \F(P2 ,P1) 

and

 EQ \F(vr(T2),vr(T1))   =   EQ \F(v2 ,v1) 

If the ideal gas tables give the function so(T), but not Pr and Tr,  we can use a trial and error solution of the following equation so(T2) =  so(T1) +   R  ln  EQ \B(\F(P2,P1))   to find the values of one end state if the other three are known.


If we have an equation for cp(T) or cv(T) we can solve one of the following equations by trial and error
  EQ \I(T1,T2, cp \F(dT,T))   =   R  ln  EQ \B(\F(P2,P1))   
or
 EQ \I(T1,T2, cv \F(dT,T))   =   -R  ln  EQ \B(\F(v2,v1))  
8 – Open system entropy, isentropic efficiency, and maximum work

1.
For an open system, we can write the second law of thermodynamics as follows.
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2.
We can also write the second law as an inequality for open systems.
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3.
For a steady-state, steady-flow process, 
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.  If the process is adiabatic, 
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.  If the process is reversible and adiabatic, 
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4.
The isentropic efficiency, s, is an empirical correction factor that allows an design estimate of the actual performance of a device based on experience with similar designs.  It is not an efficiency in the usual sense; rather, it is the ratio of an actual process and an ideal process.  Both processes have the same initial state and the same final pressure.  However, the final state is different in the actual and ideal processes.


This is illustrated in the diagrams below.  In these diagrams, the initial state is state 1 and the actual final state is state 2.  The ideal final state has the same pressure as the actual final state and the same entropy as the initial entropy.  This state is labeled 2s.  The magnitude of the actual work is called |w|; the magnitude of the ideal or isentropic work is called |ws|.  The definition of isentropic efficiency depends on the direction of the work.  The definition for a work input device such as a compressor or pump is different from the definition for a work output device such as a turbine.  (The work is found from a first law analysis for a closed or open system, as appropriate.)
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Work Output Device
s =  EQ \F(|w|,|ws|) 

Work Input Device
s =  EQ \F(|ws|,|w|) 
5. The maximum work is done in a reversible process.  In particular, the maximum work output (mimum work input) is given by the following equations:

a.
At constant entropy and volume, wmax = -u;

b.
At constant entropy and pressure, wmax = -h;

c.
At constant temperature and volume, wmax = -a, where a = u – Ts is the Helmholtz function;

d.
At constant temperature and pressure, wmax = -g, where g = h – Ts = u + Pv – Ts is the Gibbs function.  This equation is particularly important in the analysis of fuel cells.

9 – Thermodynamic cycle analysis

1.
Ideal thermodynamic cycles analyze of interconnected equipment using the basic idealizations:

a.
There are no line losses; the outlet state (i.e. thermodynamic properties) from one device is the same as the inlet state to the next device.

b.
Work devices are reversible and adiabatic (i.e. isentropic).

c.
Heat transfer devices have no pressure loss.

d.
Outlet states from phase change devices (e.g. evaporators and condensers) are saturated liquids or vapors.

These idealizations should only be used if no other information is provided.  If actual data which contradicts these idealizations are given they should be used.

	2.
The Rankine cycle is the idealization of a steam power generation plant.  The devices for this cycle and their interconnections as shown in the diagram at the right.

3.
The efficiency of the simple Rankine cycle if found from the following equation:


 = 
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4.
The cycle efficiency can be found from the condenser pressure and the turbine inlet temperature and pressure, using the cycle idealizations above.  h1 is the enthalpy of a saturated liquid at condenser pressure; h3 is found from P3 and T3.; h4 is h(Pcond, s4 = s3 = s(T3, P3).
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5.
The value of h2 is difficult to find from the usual isentropic table look up.  Instead, one uses an equation for isentropic enthalpy change at nearly constant volume to find the pump work as follows: h2 - h1 = v1 (P2 - P1).

6.
For more complex cycles we have to use the combination of the first law and the mass balance equation for a steady-state, steady-flow system to find the ratio of mass flow rates for a device such as a feedwater heater.  For example, a system with two inlets (1 and 2) and one outlet (3), with no heat transfer, no useful work, and negligible kinetic and potential energies has the following mass and energy balances: 
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.  Combining these equations gives the following result.
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6.
Cycle idealizations can be used to analyze the efficiency of variations on the basic Rankine cycle such as the reheat cycle, the feedwater heater cycle, and the combination of these two. 

7.
The basic vapor-compression refrigeration cycle is shown below.  Using cycle idealizations, we can compute the coefficient of performance for this refrigeration cycle from the condenser and evaporator pressures only.  (An alternative input pair is the temperatures for the condenser and evaporator.)
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	h1 = hg(Pevaporator)         s1= sg(Pevaporator)

T1  = T4 = Tsat(Pevaporator)      P1=P4=Pevaporator
h2 = h(Pcondenser, s2 = s1)

Note if Tcondenser is given it is really T3; 

Pcondenser= P2 = P3 = Psat(Tcondenser = T3)

h4 = h3 = hf(Pcondenser)

 =  EQ \F(h1 - h4,h2 - h1)  =   EQ \F(h1 - h3,h2 - h1)  


8.
 Air-standard cycles are used to analyze internal combustion processes.  In such cycles the energy release from the combustion reactions is modeled as a heat input.  The various end states are determined from ideal gas relations with varying assumptions for the heat capacity.  Such cycles involve individual steps that may be any of the following: constant volume, constant pressure, constant temperature, and constant entropy.

9.
The most important air standard cycles are the Otto cycle which is idealization of the cycle for gasoline fueled engines, the Diesel cycle, which is an idealization for engines that use diesel fuel, the Brayton cycle, which is an idealization for gas turbines, and the Stirling cycle, a high efficiency cycle that has proven difficult to accomplish in practice.

10.
For the Otto cycle, the efficiency is given by the following equation if the heat capacity is assumed top be constant.


[image: image46.wmf]1

)

(

1

1

-

-

=

k

CR

h


In this equation k has its usual definition as the ratio, cp/cv, and (CR) is the compression ratio, the ratio of maximum volume to minimum volume in the cycle.  Because k > 1, this equation predicts that the efficiency will increase as the compression ratio increases.

11.
Air standard cycle analyses can be replaced by fuel-air cycles in which the actual chemical energy release from the reactions is used to calculate the temperature change.  No external heat transfer is assumed.  Such analyses typically have to use chemical equilibrium calculations to provide reasonable estimates of the temperatures and pressures.
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