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Solution to Exercise for Eight – Calculations with Entropy

A steam turbine has an inlet velocity, temperature and pressure of 100 ft/s, 800 F and 1000 psia.  Its outlet velocity and pressure are 300 ft/s and 5 psia.  The turbine is an adiabatic, steady-flow system.

1.
What is the work output per unit mass for the turbine if the outlet temperature is 200 F?

The first law for a steady flow system with one inlet and one outlet is shown below.
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We are given that the system is adiabatic so the heat transfer is zero.  We are given no data on elevations to compute potential energy changes, so we will assume that these are negligible.  Finally, dividing by the mass flow rate gives the following equation for the work per unit mass.
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We find the enthalpies from the steam tables: hin = h(800oF,1000 psia) = 1389.0 Btu/lbm; hout = h(5 psia, 200oF) = 1148.5 Btu/lbm.  We can now use our first law equation to find the work in this case:


[image: image3.wmf](

)

m

m

m

m

out

in

out

in

lb

Btu

ft

lb

s

Btu

s

ft

s

ft

lb

Btu

lb

Btu

V

V

h

h

w

60

.

1

5

.

1148

0

.

1389

25037

300

100

2

1

5

.

1148

0

.

1389

2

2

2

2

2

2

2

2

-

-

=

×

×

ú

ú

û

ù

ê

ê

ë

é

÷

ø

ö

ç

è

æ

-

÷

ø

ö

ç

è

æ

+

-

=

÷

÷

ø

ö

ç

ç

è

æ

-

+

-

=

r

r


w = 238.9 Btu/lbm
2.
What is the maximum work per unit mass for the given inlet state and outlet pressure?

The maximum work for an adiabatic process occurs when the entropy change is zero.  In this case, the maximum work occurs when sin = sout.  The inlet entropy is found from the steam tables as sin = s(800oF, 1000 psia) = 1.5670 Btu/lbm•R.  The outlet state for maximum work has this entropy and the given pressure of 5 psia.  From Table A-5E on page 942, we find that this outlet entropy is between the entropy of the saturated liquid (sf = 0.23488  Btu/lbm•R) and the entropy of the saturated vapor (sg = 1.8438  Btu/lbm•R.)  Thus we are in the mixed region and we have to compute the quality to find the enthalpy.  Using the tabulated value of sfg = sg – sf = 1.60894 Btu/lbm•R, we find
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With this quality, we can now compute the outlet enthalpy.
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The first law analysis remains unchanged.  We still apply the same equation, only with a different outlet enthalpy, to find the work.
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w = 429.3 Btu/lbm
3.
Compare the answer to questions one and two.  Why is there a difference in the work?  Is this difference in work between the two answers the same as a loss of energy?

The difference between questions one and two is a difference in the final state.  The second question finds the maximum work for the given initial state and final pressure.  This is more than the work found in question one.  If we looked at the outlet entropy in question one, we would find that its value is 1.8716 Btu/lbm∙R.  This is an increase over the inlet entropy of 1.5670 Btu/lbm•R.  This increase in entropy is not unexpected since the process is adiabatic and we know that the entropy change must be greater than or equal to zero for an adiabatic process.  We apply the same energy balance in questions one and two.  There is no “loss” of energy in the first problem, compared to the second.  The first problem just has a reduced ability to get the maximum amount of work out of the initial high pressure steam because we could not perform a reversible process.
A closed system containing water with an initial state of 800 F and 1000 psia undergoes an adiabatic expansion to a final pressure of 5 psia.

4.
What is the work output per unit mass if the final temperature is 200 F?

For this closed system, the first law is Q = U + W = m(u2 – u1) + W.  For the adiabatic process where Q = 0 we can find the work per unit mass from the following equation: w = u1 – u2.  We can find the internal energy terms from the property tables for water: u1 = u(800oF,1000 psia) = 1261.7 Btu/lbm; u2 = u(5 psia, 200oF) = 1076.2 Btu/lbm;.  Substituting these values into the first law gives the work per unit mass as follows: w = 1261.7 Btu/lbm - 1076.2 Btu/lbm or w = 185.5 Btu/lbm.
5.
What is the maximum work output per unit mass for the given initial state and final pressure?

As in the steady-flow problem, the maximum work for an adiabatic process occurs when the entropy change is zero.  In this case, the maximum work occurs when s2 = s1.  The initial entropy is found from the steam tables as sin = s(800oF, 1000 psia) = 1.5670 Btu/lbm•R.  The final state for maximum work has this entropy and the given pressure of 5 psia.  From Table A-5E on page 968, we find that this final entropy is between the entropy of the saturated liquid (sf = 0.23488  Btu/lbm•R) and the entropy of the saturated vapor (sg = 1.8438  Btu/lbm•R.)  As before, we first compute the quality using the tabulated value of sfg = sg – sf = 1.60894 Btu/lbm•R.  
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With this quality, we can now compute the internal energy at the final state.
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The first law analysis remains unchanged.  We still apply the same equation, only with a different internal energy at the final state, to find the work.  As before, w = u1 – u2 = 1261.7 Btu/lbm – 901.83 Btu/lbm or w = 359.9 Btu/lbm.

6.
Compare your answers to questions four and five.

The difference here is similar to the difference between the answers to questions one and two.  In question three, we did not achieve a reversible process with a zero change in entropy for our adiabatic system.  Because of this we were not able to obtain the maximum work for the given initial conditions and final pressure.  Note that the state points for the various properties are the same in both the steady-flow problem and the closed-system problem.
A metal block has a constant volume heat capacity given by the equation cv = a + b T with a = .3 Btu/lbm-R and b = .001 Btu/lbm-R2.  It is cooled in a constant volume process from 500 R to 400 R by heat transfer to the surroundings at 410 R.  Assume that the heat transfer to the block and the heat transfer to the surroundings are internally reversible.  Answer all questions below for heat and entropy per unit mass of the block.

7.
What is the heat transfer for the block?

The heat transfer for the block is given by the equation dQ = mcvdT.  Dividing this equation through by the mass gives dq = cvdT.  We thus have
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8.
What is the heat transfer for the surroundings?

The heat transfer for the surroundings is the negative of the heat transfer to the block.  That is qsurroundings = –( –75 Btu/lbm of block) = 75 Btu/lbm of block.  We see that the heat transfer is out of the block (for which q is negative) into the surroundings (for which q is positive).
9.
What is the entropy change of the surroundings?

We assume that the surroundings behave as an internally reversible temperature reservoir with a constant temperature of 410 R.  With this assumption, Ssurroundings = Qsurroundings/Tsurroundings.  If we divide by the mass of the block we have ssurroundings = (75 Btu/lbm of block) / 410 R.  Thus, we have ssurroundings = 0.1829 Btu/R/lbm of block
10.
What is the entropy change of the block?

Since the block is internally reversible we can apply dS = dQ/T = mcvdT/T.  Dividing by m gives ds = cvdT/T.  Integrating this result gives the entropy change for the block.
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11.
Do the answers to 9 and 10 satisfy the second law?
Yes.  If we compute the total entropy change of an isolated system consisting of the block plus the surroundings, we see that the total entropy change of this isolated system is 0.1829 – 0.1669 = 0.0160 Btu/R/lbm of the block.  A positive entropy change for an isolated system satisfies the second law.  How can we do this?  I. e., how can we transfer heat from a block to cool it to 400 R when the surroundings are only at 410 R?  We would have to have an engine cycle that operates between the high temperature as the block cools and the surroundings producing work.  That engine cycle would, in turn, drive a refrigeration cycle that could cool a portion of the environment to a lower temperature so that it could receive heat from the block when its temperature was less than 410 R.  Not very practical!  However this points out that cooling something without taking the opportunity to produce work is an opportunity lost.  In most cases this is done where the initial cost of providing the engine to produce the work is not worth the value of the work obtained.
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