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Solution to Group Exercise for Unit Seven – Second Law Introduction

Refrigerant 134a in a steady-flow compressor enters as a saturated vapor at –40oC and leaves at a pressure of 1.2 MPa.  The entropy of the exit stream is the same as the entropy of the inlet stream.

1.
Find the following properties at the outlet state: temperature, specific volume, and enthalpy.

If the entropy at the inlet and outlet are the same, the entropy at the outlet equals the value found at the inlet condition of saturated vapor at –40oC.  For refrigerant-134a, Table A-11 (page 928) gives sin = sg(–40oC) = 0.96866 kJ/kg•K..  The compressor outlet is then defined by the conditions that sout = sin = 0.96866 kJ/kg•K., and Pout = 1.2 MPa as given in the problem statement.  Using the superheat table for R-134a, Table A-13, page 932, we find the following entropy values at 1.2 MPa: s( 60oC, 1.2MPa) = 0.9614 kJ/kg•K, and s( 70oC,1.2MPa) = 0.9983 kJ/kg•K.  These two values bracket the desired output entropy value of 0.96866 kJ/kg•K.  We can thus interpolate between the properties at these two temperatures using the following general equation for the property, Y.
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Applying this equation to the desired properties of temperature, specific volume and enthalpy gives the following results for the properties at the outlet state.  Note that we only have to compute the ratio of entropy terms one time in making these calculations.
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2.
If the heat transfer to the compressor is zero what is the work per unit mass?

Here we have to apply the first law for steady flow processes.  For this case, where we have only one inlet and one outlet, the mass balance equation gives
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.  We make the usual assumption that kinetic and potential energy changes are negligible, and we note that the heat transfer is given to be zero so that the first law (with the single mass flow rate) becomes
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We have the value of hout = 292.10 kJ/kg from the previous problem.  We use the saturation table to find hin = hg (–40oC) = 225.86 kJ/kg.  With these enthalpy values we obtain the following result for the work per unit mass.
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Here, the negative value for the work shows us that this is a work input.

3.
If this compressor is used to provide the only work in a refrigeration cycle where the heat added to the cycle at low temperature, |qL|, is 100 kJ/kg, what is the coefficient of performance for the cycle?  What is the value of |qH| for the cycle?

The equation for the coefficient of performance is COP = |QL|/|W|.  For a unit mass flow of refrigerant, we can rewrite the coefficient of performance as cop = |qL|/|w|.  From part 2, w = ‑66.24 kJ/kg so the absolute value of the work input, |w| = 66.24 kJ/kg.  Thus we can find the coefficient of performance as cop = |qL|/|w| = (100 kJ/kg) / (66.24 kJ/kg) or COP= 1.51.

For any cycle, we have the following relationship among |QH|, |QL|, and |W|:  |QH| = |QL| + |W|.  This also applies on a per-unit-mass basis so that |qH| = |qL| + |w|.  For this cycle, then where |qL| = 100 kJ/kg and |w| = 66.24 kJ/kg, |qH| = 100 kJ/kg + 66.24 kJ/kg, so |qH| = 166.24 kJ/kg.
4.
If the compressor inlet and outlet represent the minimum and maximum temperatures for the cycle, what is the coefficient of performance for a Carnot cycle running between this maximum and minimum temperature?

The coefficient of performance for a Carnot cycle with a low temperature reservoir at TL, and a high temperature reservoir at temperature TH is given by the equation COPCarnot = TL/(TH – TL).  Here we are told to compute COPCarnot for TL = Tin = -40oC = 233.15 K and TH = 62.24oC from question 2; so TH = 335.39 K.  These temperature values give COPCarnot = TL/(TH – TL) = (233.15K) / (334.11 K – 233.15 K), so that COPCarnot = 2.28.

5.
Discuss the differences between your answer to questions 3 and 4.

The coefficient of performance for a Carnot cycle is the maximum possible coefficient of performance for a cycle with only two temperature reservoirs.  The COP computed in question 3 is less than the maximum value computed for a Carnot cycle in question 4.  This example is consistent with the notion that the maximum COP for a refrigeration cycle for two temperature reservoirs occurs in a Carnot cycle.

6.
If the compressor outlet pressure were reduced to 800 kPa (while keeping an adiabatic compressor with the outlet entropy equal to the inlet entropy), what would the coefficient of performance for the refrigeration cycle be (assuming that |qL| remains at 100 kJ/kg.)  What is the Carnot cycle coefficient of performance in this case? 

This requires a reworking of questions 1 through 4.  First we have to find the outlet properties where Pout = 800 kPa and sout = sin = 0.96866 kJ/kg•K.  (The value of sin does not change because we have not changed the compressor inlet conditions.  Using the superheat table for R-134a, we find the following entropy values at 800 kPa: s(40oC,800 kPa) = 0.9480 kJ/kg•K, and s(50oC,800 kPa) = 0.9802 kJ/kg•K.  These two values bracket the desired output entropy value of 0.96866 kJ/kg•K.  We can thus interpolate between the properties at these two temperatures to obtain the outlet temperature and enthalpy required for the calculations below.
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We use the same first law analysis derived in the answer to question two and the new enthalpy value for the outlet state to find the work per unit mass in this case.

[image: image10.wmf]kg

kJ

kg

kJ

kg

kJ

h

h

w

out

in

16

.

57

02

.

283

86

.

225

-

=

-

=

-

=


As before, the negative value for the work shows us that this is a work input.

For this case, |qH| = |qL| + |w| = 100 kJ/kg + 66.24 kJ/kg or |qH| = 166.24 kJ/kg.  The coefficient of performance is found to be COP = |qL|/|w| = (100 kJ/kg) / (57.16 kJ/kg) orCOP = 1.75.

Here we find the coefficient of performance for a Carnot cycle with TL = Tin = 233.15 K and Tout = 46.42oC = 319.57 K.  With these temperatures, Carnot = TL/(TH – TL) = (233.15 K) / (319.57 K – 233.15 K), so that COPCarnot = 2.70.   

7.
If the evaporator is designed to remove 1.5 kW of heat from the low temperature compartment, what is the power input to the compressor for the results of (a) problem 3, (b) problem 6?

The coefficient of performance can be expressed in terms of the heat and work values per unit mass or the heat and work rates.  In this case we know the values of COP and are given the heat rate for the evaporator.  We can thus write the following equations:
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 0.994 kW
For problem 3, COP = 1.51 so 
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= (1.5 kW)/1.51 =  0.994 kW.  For problem 6, COP = 1.78 and 
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= (1.5 kW)/1.78 =  0.843 kW.
8.
Discuss the practical implications of the different compressor outlet pressures for this refrigeration cycle.

The different compressor outlet pressures set different outlet temperatures for the high temperature heat rejection.  Higher outlet pressures, which lead to higher temperatures, reduce the coefficient of performance (when the value of TL is not changed.)  This is true for both the actual cycle and for the ideal Carnot cycle.
In most practical refrigeration cycles, the high temperature is the ambient temperature.  Refrigerators are usually designed to operation on hot days so that the high temperature of the refrigerant has to be greater than the highest anticipated ambient temperature.  Providing a large margin of safety to operate at higher ambient temperatures lowers the average performance of the cycle.
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