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Unit Four Group Exercise Solution – First Law with Ideal Gases
Air, initially at 150 kPa and 400 K, is contained in a piston-cylinder device with an initial volume of 0.1 m3.  The air is then heated to a final temperature of 600 K.  Compute the heat transfer for the following cases.

(a)
The air is heated in a constant volume process and you can assume that the heat capacity is constant.
For a constant volume process the work is zero and the heat transfer, Q = U = mu = mcvT.  The mass is found from the ideal gas law with R = 0.2870 kJ/kg∙K for air from Table A-1 on page 908.
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With the assumption of constant cv, we find the heat capacity at the average temperature of 500 K as 0.742 kJ/kg·K from Table A-2(b) on page 910; with this value the internal energy change becomes.
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Since the work is zero for this constant volume process, we have the result for the heat transfer from the first law as Q = U + W = 19.39 kJ + 0 kJ = 19.39 kJ.

 (b)
The air is heated in a constant pressure process and you can assume that the heat capacity is constant.
For the constant pressure process, the work is simply P1(V2 – V1), so we have to find the final volume.  We can find this from the ideal gas equation.
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We can now compute the work.
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Since the temperature change is the same as for the constant volume process, the change in internal energy is the same.  This is true for the ideal gas where the internal energy is a function of temperature only.  ThusU = 10.06 kJ from problem (a), and we find the heat from the first law:  Q = U + W = 19.39 kJ + 7.5 kJ = 26.89 kJ.

 (c)
How do your answers to parts (a) and (b) change if you use data from the table for the ideal gas properties of air, Table A-17 on pages 934 and 935?

Since there are no changes in state points, the only change in the solution is in the value of the internal energy change.  Because the temperature changes are the same for parts (a) and (b), we need only compute this change one time and apply it to the results of both problems.  From Table A-17 we find that u = 286.16 kJ/kg at 400 K and u = 434.78 kJ/kg at 600 K so u = 434.78 kJ/kg – 286.16 kJ/kg = 148.62 kJ/k and u = mu = (0.1307 kg)(148.62 kJ/kg) = 19.42 kJ.  This is only 0.03 kJ greater than the value of U found in parts (a) and (b).  Consequently the values of Q and parts (a) and (b) would only increase by 0.03 kJ/kg by the use of the air tables.

Note that we could also use the fact that the heat transfer for a constant pressure process in a closed system is the enthalpy change: Q = H = m[h(T2) – h(T1)] for constant pressure.  From the air tables we find h(T2 = 600 K) = 607.02 kJ/kg and find h(T1 = 400 K) = 400.98 kJ/kg.  This gives Q = H = m[h(T2) – h(T1)]  =  = (0.1307 kg)( 607.02  kJ/kg –  400.98 kJ/kg ) = 26.91 kJ
(d)
The air is heated according to the following equation: P = P1 + (V – V1), where  = 10 kPa/m3 and you can assume that the heat capacity is constant.
In this problem, the initial and final temperatures are the same as in problems (a) and (b) so that the change in internal energy is the same as we found there, U = 19.39 kJ.  For the straight line path the work, which is the area under the path, is the area of a trapezoid.  Thus the work equals (P1 + P2)(V2 – V1)/2.  In this case we have no data about the final state except its temperature.  However, we know that the final pressure, P2, and volume, V2, must satisfy both the path equation and the ideal gas equation.  Writing both of these equations for the final state gives the following.
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Eliminating P2 and rearranging gives us a quadratic equation in the final volume, V2.
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This quadratic equation has the standard form aV22 + bV2 + c = 0 with the following values for the coefficients.
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Using the usual equation for the solution of a quadratic gives two possible roots for V2.
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Since the volume must be positive, we reject the negative root and use the solution that V2 = 0.1495 m3.  We can use either the path equation or the ideal gas equation to find P2.  For this solution we use both approaches as a check on our formulation and solution of the quadratic equation.
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We can use the values of P2 and V2 just found to compute the work.  Once this is done we can add the internal energy change, U = 19.39 kJ, found previously, to compute the heat transfer.
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Q = U + W = 19.39 kJ + 7.428 kJ = 26.83 kJ.
(e)
Repeat part (d) using the air tables.

Since the temperature difference here is the same as in parts (a) and (b), and we found in part (c) that the use of the air tables only increased U by 0.03 kJ, the use of the air tables would change the answer for part (d) to Q = 26.86 kJ. 
(f)
How do your answers to parts (a), (b), and (d) change if you use a power series equation for the heat capacity from Table A-2(c) on page 911?
Since the path and final temperature are the same for all three problems, the work in each problem will be the same when we use the integration for u.  The only difference will be in the internal energy change.  The power series equation in this table gives the molar heat capacity at constant pressure.  We can use this to compute the molar enthalpy change between the two temperatures considered here.
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Substituting the data for a, b, c, and d from Table A-2(c) and the values for T1 and T2 gives the molar enthalpy change as follows.
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Now we have to find the specific internal energy change.  We can do this as follows.
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So the total change in internal energy, U = mu = (0.1307 kg)(150.1 kJ/kg) = 19.61 kJ.  If we use this figure to replace the value of 19.39 kJ, found with the assumption of constant heat capacity, then the value of heat transfer in problems (a), (b) and (d) becomes 19.61 kJ, 27.11 kJ, and 27.05 kJ.
The results for all these problems, using three different approaches to computing the change internal energy are summarized in the table below.

	Summary of all Results in kJ

	Constant Volume Path

	Approach for Internal Energy
	U
	Work
	Heat Transfer

	Constant cv
	19.39
	0
	19.39

	Use ideal gas table
	19.42
	0
	19.42

	Integrate cv(T) equation
	19.61
	0
	19.61

	Constant Pressure Path

	Approach for Internal Energy
	U
	Work
	Heat Transfer

	Constant cv
	19.39
	7.50
	26.89

	Use ideal gas table
	19.42
	7.50
	26.92

	Integrate cv(T) equation
	19.61
	7.50
	27.11

	Straight Line Path

	Approach for Internal Energy
	U
	Work
	Heat Transfer

	Constant cv
	19.39
	7.43
	26.82

	Use ideal gas table
	19.42
	7.43
	26.85

	Integrate cv(T) equation
	19.61
	7.43
	27.04


(g)
Could you compute the heat transfer directly from the heat capacity for any of the questions above? Answer yes or no for each part and give a reason for your answer.

For part (a),Yes. Here the volume is constant so we can find the heat transfer directly from the constant volume heat capacity.  For a constant volume process, Q = m(cvdT.  For constant cv, Q = mcv(T2 – T1).  Thus we can get the same result for Q found in part (a) above as follows.
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For part (b), Yes. Here the pressure is constant, so we can use the constant pressure heat capacity directly.  For a constant pressure process, Q = m(cpdT.  For constant cp, Q = mcp(T2 – T1).  Thus we can get the same result for Q found in part (b) above as follows.
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For part (c), Yes.  Here we could use heat capacities, but we have to account for the temperature variation of the heat capacities.  From the air tables we could use the result that Q = mu for a constant volume process and compute Q = m(u2 – u1) taking the u values from the air table.  We could use Q = mh for a constant pressure process and compute Q = m(h2 – h1) taking the h values from the air table 

We could not use heat capacity to find the heat transfer for parts (d) or (e) because these parts do not have a constant volume or constant pressure path.

The power series approach in part (f) can be used to find 
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 for the constant volume path and 
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