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Solutions to Sample Final Exam Questions
1.
Ten pounds (10 lbm) of water, contained in a piston/cylinder apparatus, has an initial temperature of 200oF and an initial volume of 10 ft3.  It is heated in a series of steps as follows:


1-2)
Constant volume to a pressure P2 = 100 psia.


2-3)
Constant pressure to a volume V3 = 15 ft3.

3-4)
Along a linear path: P = P3 + a (V – V3), where a = 20 psia/ft3, to a volume V3 = 20 ft3.


4-5)
Constant volume to a final temperature T5 = 1600 F.

a.
Find the work and the heat transfer for the overall process (1-5).

For this closed system the first law is Q = U + W = m(ufinal – uinitial) + W =  m(u5 – u1) + (PdV.

The specific internal energy values can be found as follows.  At the initial state the temperature is 200oF and the specific volume, v1 = 10 ft3 / 10 lbm = 1 ft3 / lbm.  From the property tables for water, we see that this is in the mixed region so that we have to find the quality to find u1.
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The final state has a temperature of 1600oF and a specific volume, v5 =v4 = V4/m = 20 ft3 / 10 lbm = 2 ft3/lbm.  We can find this state by interpolation between pressures of 600 psia and 700 psia as follows.
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The total work can be found as the area under the path.  For steps 1-2 and 4-5 where the volume is constant, the work is zero.  We can express the two previous statements by saying that W = W1-2 + W2-3 + W3-4 + W4-5 = 0 + W2-3 + W3-4 +0 = W2-3 + W3-4.  Along the constant pressure path, 2-3, the work is W2-3 = P2-3(V3 – V2).  We are given that 3-4 is a linear path so we can find the work as the area of the trapezoid under this path.  This gives W3-4 = (P3 + P4)(V4 – V3)/2.  Thus our total work is found from the following equation.

W = W2-3 + W3-4 = P2-3(V3 – V2) + (P3 + P4)(V4 – V3)/2

From the given data and the constant volume path from one to two and the constant pressure path from two to three we know the following data: V2 = V1 = 10 ft3; P2-3 = P2 = P3 = 100 psia; V3 = 15 ft3 and V4 = 20 ft3.  We thus know all the values required in the work equation except for P4.  We can find P4 from the path equation by setting V = V4 in that equation.

P4 = P3 + a (V4 – V3) = 100 psia + (20 psia/ft3) (20 ft3 – 15 ft3 ) = 200 psia

We now have all the information required to compute the work.

W = P2-3(V3 – V2) + (P3 + P4)(V4 – V3)/2 =  [ (100 psia) (15 ft3 – 10ft3) 
+ (100 psia + 200 psia) (20 ft3 – 15 ft3)/2 ] (1 Btu / 5.40395 psia∙ft3) 
W = 161.9 Btu
The heat transfer is given by the first law for closed systems.
Q = U + W = m(u5 – u1) + W = (10 lbm)(1628.3 Btu/lbm – 194.61 Btu/lbm) + 161.9 Btu

Q = 14,764 Btu
b.
How would the heat transfer and the work change if the final temperature were higher or lower than 1600 F (with all other conditions the same)?

Since the final step is constant volume, a change in the final temperature would change the final state giving a change in the internal energy.  However, no additional work would be done since the path for this step is constant volume.  Thus a change in the final temperature would change the internal energy and the heat transfer by the same amount leaving the work unchanged.

2.
A helium compressor with an isentropic efficiency of 81% has an inlet pressure and temperature of 100 kPa and 200 K.  The outlet pressure is 2 MPa.  The exit stream from the compressor enters a heat exchanger; the helium leaves the heat exchanger at 1.9 MPa and 300 K.  

a.
What is the required work input for the compressor?

Assume that helium behaves as an ideal gas with constant heat capacity.

Assume a steady flow system for both devices, with negligible changes in kinetic and potential energies.  Each device has one inlet and one outlet so that the first law becomes q = w + hout – hin.  For the compressor, q = 0, and we find the work for the ideal state as ws = hin – hout,s = cp(Tin – Tout,s).  The actual work for this work input device is the ideal work divided by the isentropic efficiency, s.  Using the relation for the isentropic end states for an ideal gas with constant heat capacities, we find the work from the following equation.
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Substituting the values of k = 1.667 and cp = 5.1926 kJ/kg∙K from Table A-2 into this equation with the given data for Tin, Pin, Pout, and s gives the work.
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The work input is 2.967 MJ/kg.

b.
What is the heat transfer in the heat exchanger? 

If we analyze the compressor and the heat exchanger as a single system, the first law gives q = w + hout – hin, = w + cp(Tout – Tin), where Tin = 200 K is the compressor inlet temperature and Tout = 300 K  is the outlet temperature from the heat exchanger.  Since q = 0 for the compressor, the q that we compute for the combined system must come from the heat exchanger.  Using the value of the work found in part a, we can compute this heat transfer as follows.
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q = -2 448 kJ/kg (heat is transferred from the helium)
c.
How would your answer to part (b) change if the exit pressure from the heat exchanger changed (all other quantities remaining the same)?

Since we are analyzing helium as an ideal gas, the heat transfer depends only on the exit temperature and would not change.  Since the compressor properties are assumed the same there will be no change in the work.  Thus a change in the exit pressure from the heat exchanger will have no effect on the results.
d.
How your answers change if you did or did not account for the temperature variation of the heat capacity?
Monatomic gases like helium have a heat capacity that is essentially constant over a wide temperature range.  Because of this there would be no change in the results if we tried to account for a nonexistent temperature dependence.

	2
3.
The steam turbine shown in the diagram at the right is connected to a line with steam at 1.2 MPa and 350 C.  When the valve is opened steam can flow through the turbine to produce work.  The exhaust from the turbine is captured in a reservoir.  The volume of the reservoir (plus the volume of the turbine passages) is 2 m3.


The amount of H2O contained in the reservoir (and turbine passages) before the valve is opened is negligible.  The process is so rapid that the heat transfer can be neglected.


The final pressure in the reservoir (plus turbine passages) when the valve is closed is 200 kPa.

What is the maximum work for this process?
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If we define the system to be the turbine plus the reservoir, we have a transient flow process with only one inlet and no outlets.  Assuming that the changes in kinetic and potential energies are negligible, the general first law and mass balance equations for transient systems reduce to the following equations for this problem.
m2u2 – m1u1 =Q – W + mihi
and
m2  – m1 = mi
Since the process is adiabatic and the turbine and reservoir have a negligible initial mass, we will set Q = 0 and m1 = 0 giving the following results.

m2u2 = – W + mihi
and
m2 = mi
We can this find the work from the following equation.

W = m2hi –  m2u2 = m2(hi –  u2)
To find the maximum work, we have to compute a reversible process.  If we use the transient form of the second law we have the following result for our problem with one inlet and no outlet flows.
Q/T + misi + Sgen = m2s2 – m1s1
For a reversible process the generated entropy, Sgen is zero and since our system is adiabatic with m1 = 0, the second law reduces to the following result for a reversible process.

misi = m2s2
or
si = s2 since mi = m2
We can use the result that s2 = si to determine the final state for maximum work.  Since we know that P2 = 200 kPa and s2 = si = s(1.2 MPa, 350 C) = 7.2139 kJ/kg·K   (h=3154.2 kJ/kg for this inlet state) the final state at 200 kPa is found to be between the saturated vapor and a temperature of 150oC.  We can interpolate to find the internal energy and specific volume at this point.
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We can use the given system volume, V = 2 m3 and the specific volume just found to compute the mass at the end of the process.
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We can find the inlet enthalpy, hi = h(1.2 MPa, 350 C) = 3154.2 kJ/kg and we then have all the data necessary to compute the work.

W = m2(hi –  u2) = (2.156 kg)(3154.2 kJ/kg – 2556.2 kJ/kg)
W = 1289.4 kJ
	4.
A Refrigerant 134a refrigeration cycle, shown in the diagram below, has a condenser pressure of 1200 kPa and an evaporator temperature of -20oC.  The compressor has an isentropic efficiency of 80%.

(a)
Determine the coefficient of performance for the cycle.

The state points for the cycle are shown on the diagram.  For the ideal cycle there is no pressure drop or work in a heat transfer device so P2 = P3 = 1200 kPa and P1 = P4 = Psat(Tevap = –20oC) = 132.82 kPa.  The compressor is assumed to be isentropic so s2 = s1.  State 1 is a saturated vapor and state 3 is a saturated liquid.
	




We apply the first law for open systems assuming steady flow and negligible changes in kinetic and potential energies; each device has one inlet and one outlet.  Thus our first law for each device is 
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We can find the enthalpy values from tables A-11 to A-13.

h1 = hg(Tevap = –20oC) = 238.41 kJ/kg

s1 = sg(Tevap = –20oC) = 0.94564 kJ/kg∙K

h2 = h(P2 = Pcond = 1200 kPa, s2 = s1= 0.94564 kJ/kg∙K) = 287.59 kJ/kg∙K by interpolation.

h3 = hf(Pcond = 1200 kPa) = 117.77 kJ/kg

For the throttling valve, h4 = h3 so, h4 = hf(Pcond = 1200 kPa) = 117.77 kJ/kg
Since there is no useful work in the evaporator, we can find the heat removed from the refrigerated space (the evaporator) using the first law as follows.


[image: image11.wmf]kg

kJ

kg

kJ

kg

kJ

h

h

q

evap

64

.

120

77

.

117

41

.

238

4

1

=

-

=

-

=


Since there is no heat transfer to the compressor, we can find the compressor power input using the first law as follows.
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The coefficient of performance is found from the values computed above for work and heat.
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cop = 2.45
(b) What is the coefficient of performance if the throttling valve is replaced by device that obtains the maximum work for the expansion from the condenser pressure to the evaporator pressure, but all other data in the cycle remain the same?

The ideal expansion device would have constant entropy so that s4 = s3 = sf(P3 = 1200 kPa) = 0.42441.  At the evaporator pressure, this entropy is in the mixed region so we can compute the quality and the enthalpy.  Combining these computations gives
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With this value of h4 the evaporator heat transfer becomes
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The net work is the compressor work less the work provided by the expander.
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The coefficient of performance for this cycle is
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cop = 3.48
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