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Solutions to Group Exercise for Unit Three – Heat, Internal Energy and the First Law
1.
Ten pounds (10 lbm) of Refrigerant-134a fills a container with a volume of five cubic feet (5 ft3) at a temperature of 0oF.  Heat is added in two steps.  In the first step, the pressure remains constant and the volume increases to 10.5 ft3.  In the second step, the volume remains constant until the temperature reaches 80oF.

a.
Sketch the path for this process.

                  P2

      P

         P1
                                                           V
                       V1                V2

Label the initial point of the path as state 1 as specified by (P1, V1); the final point is state 2, specified by (P2, V2); the intermediate point is (P2, V1),
b.
Write the equation for the work for this process.

The work is the area under the path which is P1(V2 – V1).
c.
Identify the state points that you need to find the work for the overall process.
We already have V1 = 5 ft3 and V2 = 10.5 ft3, but we do not have P1.  From the R-134a saturation table, A-11E, on page 978, we see that the initial specific volume, v1 = V1 / m = 5 ft3 / 10 lbm = 0.5 ft3/lbm lies between vf(0oF) = 0.01185 ft3/lbm and vg(0oF) = 2.1564 ft3/lbm.  Thus we are in the mixed region so that the pressure, P1 = Psat(0oF) = 21.185 psia (from Table A-11E.)
d.
Compute the work.
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= 21.56 Btu
We could also have used the single conversion factor 5.40395 psia·ft3/Btu to convert the work in psia·ft3 into Btu
e.
Find the change in internal energy for the overall process.

The overall change is u2 – u1 = u(P2,v2) – u(P1,v1).  In part c, we noted that the initial state was in the mixed region.  We thus have to compute the value of u1 from the quality at this state.  We found the values of vf and vg in the solution to part c; the corresponding values of uf and ug from table A-11E are 12.152 Btu/lbm and 94.63 Btu/lbm.  From the initial specific volume of 0.5 ft3/lbm, we can find the quality and then use that quality to find the internal energy at the initial state.  These calculations are shown below.
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Note that we could have also used the value of ufg in the tables to compute u1 as follows:


[image: image4.wmf]m

m

m

o

fg

o

f

lb

Btu

lb

Btu

lb

Btu

F

T

u

x

F

T

u

u

93

.

30

48

.

82

)

2276

.

0

(

152

.

12

)

0

(

)

0

(

1

1

1

1

=

÷

ø

ö

ç

è

æ

+

÷

ø

ö

ç

è

æ

=

=

+

=

=


At the final state the temperature is 80oF and the volume is 10.5 ft3.  The mass of 10 lbm is constant so we can find the specific volume at this state, v2 = V2/m = 10.5 ft3/ 10 lbm = 1.05 ft3/lbm.  Searching the superheat tables on page 980 for this specific volume at 80oF, we find that that v2 lies between tabulated specific volumes of 1.0540 ft3/lbm at 50 psia and 0.8636 ft3/lbm at 60 psia.  (We could just assume that 10.5 is close enough to 10.540 and use the data at 50 psia.  The calculations below are an illustration of how we would have to proceed if we really needed to interpolate.)

[image: image5.wmf]m

m

m

m

m

m

m

m

lb

Btu

lb

ft

lb

ft

lb

ft

lb

ft

a

lb

Btu

lb

Btu

lb

Btu

u

67

.

107

0540

.

1

05

.

1

0540

.

1

8636

.

0

68

.

107

23

.

107

68

.

107

3

3

3

3

=

÷

÷

ø

ö

ç

ç

è

æ

-

-

-

+

=


So the interpolation makes almost no difference to value of ufinal.  Part of this is due to the small dependence of internal energy on pressure in many regions of the tables.  Now that we have ufinal we can find the change in internal energy as follows.


[image: image6.wmf]Btu

lb

Btu

lb

Btu

lb

u

u

m

U

m

m

m

44

.

767

93

.

30

67

.

106

)

10

(

)

(

1

2

=

÷

ø

ö

ç

è

æ

-

=

-

=

D


f.
Find the heat transfer for the overall process.
We now know W and U so we can easily find the heat transfer, Q, from the first law.

Q = U + W = 767.44 Btu + 21.56 Btu = 789.0 Btu
2.
Use the data on the initial and final states in this problem to verify that you can compute the specific internal energy, u, from the specific enthalpy, pressure and specific volume using the equation u = h – Pv.

We were given the following data about the initial state: v1 = V1 / m = 5 ft3 / 10 lbm = 0.5 ft3/lbm and T1 = 0oF.  In problem 1, we used these given data to find P1 = Psat(0oF) = 21.185 psia, x1 = 0.2276 and u1 = 30.93 Btu/lbm.  If we did not have the internal energy in tables we would have to compute the enthalpy at the initial state from the mixed region data for hf and hg as follows.
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Using the data found for h1, P1, and v1, we would compute the initial value of u as follows.
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This matches the value found from tables for internal energy.

At the final state we were given T2 = 80oF and v2 = V2/m = 10.5 ft3/ 10 lbm = 1.05 ft3/lbm.  We found that a specific volume of 1.05 ft3/lbm at 80oF lay between tabulated specific volumes of 1.0540 ft3/lbm at 50 psia and 0.8636 ft3/lbm at 60 psia.  Although we could just use the data at 50 psia, we use the interpolation below to show the full process.
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Using these values of P, v, and h we find the internal energy at the final state as follows
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We see that the values found from u = h – Pv agree with the u values in the tables.  We also see that we have to use a unit conversion factor to get the correct units for Pv before subtracting it from h.

3.
Consider a modification of the process described in the first problem where the initial and final states are the same, but the path is changed.  For this problem, the first step of the path is a constant volume process to the final pressure and the second step is a constant pressure process to the final state.  What is the heat transfer?
The path for this process is shown in the diagram below.  The initial point of the path is (P1, V1); the final point is (P2, V2); the intermediate point is (P2, V1).  The work is the area under the path.
                  P2

      P

         P1
                                                           V
                       V1                V2

The work is thus given by the equation W = P2(V2 – V1).  Since the end states are the same as in the first problem, the values of the volume terms in the work do not change.  However, we now use P2 instead of P1 in the work equation.  Since the initial and final states are the same here as they were in problem one, the overall change in internal energy is the same as found in that problem.  Because we did not have to find the final pressure in problem one, we can find it here.  The final state was approximately at a pressure of 50 psia.  Interpolation gives the following result for the final pressure.
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With this value for P2 we can find the work as follows.

[image: image12.wmf](

)

Btu

lb

ft

Btu

ft

in

ft

ft

in

lb

V

V

P

W

f

f

10

.

51

169

.

778

144

5

5

.

10

21

.

50

)

(

2

2

3

3

2

1

2

2

=

×

-

=

-

=


We could also have used the single conversion factor 5.40395 psia·ft3/Btu to convert the work in psia·ft3 into Btu
Although the work changes for this path, the internal energy difference is the same as in the first problem because the states (and the mass) do not change.  Thus we can use the work this found with the value from problem one for U to get the following result for the heat transfer, from the first law.
Q = U + W = 767.44 Btu + 51.10 Btu = 816.5 Btu
4.
Consider a second modification of the process described in the first problem where the initial and final states are the same, but the path is changed.  For this problem, the path is a single straight line between the initial and final states.  What is the heat transfer?

The path for this process is shown in the diagram below.  The initial point of the path is (P1, V1); and the final point is (P2, V2).
                  P2

      P

         P1
                                                           V
                       V1                V2

The work is the area under the path which is the area of a trapezoid: W = (P1 + P2)(V2 – V1)/2.  Using the values of pressure and volume previously found gives the work for this case.
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We could also have used the single conversion factor 5.40395 psia·ft3/Btu to convert the work in psia·ft3 into Btu
Using this value for the work with the value from problem one for U, which we can use because the initial and final states are the same here as they were in problem one, gives the following result for the heat transfer, from the first law.

Q = U + W = 767.44 Btu + 36.33 Btu = 803.8 Btu
5.
One hundred kilograms (100 kg) of water fills a cylinder-pressure apparatus with an initial pressure and temperature of 10 MPa and 100oC, respectively.  The water is then cooled in a polytropic process.  The path equation for this process is PVn = C, where n = 1.3 and C is a constant.  The final pressure is 0.02 MPa.  Find the heat transfer.
At the initial state the specific volume, v1 = v(10 MPa, 100oC),  At this state we have a compressed liquid because T1 = 100oC is less than the saturation temperature at P1= 10 MPa which is 311.0oC.  We can used the compressed liquid tables on page 922 to find that v1 = 0.0010385 m3/kg and u1 = 416.23 kJ/kg at T1 = 100oC and P1 = 10 MPa.  Since m = 100 kg we have V1 = mv1 = (100 kg)( 0.0010385 m3/kg) = 0.10385 m3.
We can use the polytropic path equation to find the final volume.
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We have to compute the final specific volume v2 = V2/m = (12.375 m3)/(100 kg) = 0.12375 m3/kg in order to find the internal energy at the final state.  At P = 0.02 MPa = 20 kPa the specific volume, v2, is seen to be in the mixed region.  We can use the values of vf and vg from Table A-5 on page 916 to compute the final quality.  This quality can then be used to find the internal energy, u2.
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For the polytropic process, PVn = C the path equation is P = CV-n and the work is found by the usual PdV integral over the path.
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To simplify this integral we note that we can write the constant as 
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.  Using two different forms for C that give us cancellation of powers of volume gives the following result.
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Substituting the data for pressures and volumes into this work equation gives.
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We now have all the data we need to find the heat transfer: Q = U + W = mu + W.
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Q = –10.308 MJ

The negative sign for the heat transfer means that heat is removed from the system.  This makes sense since we start at a temperature of 100oC and finish at the saturation temperature for P = 20 kPa, which is 60.06oC.
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