
SCHOOL OF ENGINEERING
MECHANICAL ENGINEERING
LRESE - Laboratory of Renewable Energy Sciences and Engineering

First Name: Last Name: Sciper:

Thermodynamics and energetics I: Exam, Part I

Date: January 23, 2024
Duration: part I, 30 minutes

No documents allowed, calculator only. Answers on these sheets only.
Justify your answers with the relevant equations.

7 exercises - Total: [4.3125 points]

Part I, Exercise 1 [1 points]
Carbon dioxide (CO2) is stored in a tank at 46.2 ◦C and 66.4 bar. The critical temperature
and pressure of CO2 are TC = 31 ◦C and pC = 73.8 bar.
Estimate from the chart below the compressibility factor of CO2 in the tank. Can the gas in
this state be accurately described by the ideal gas model? If not, which model would be more
accurate?
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Part I, Exercise 2 [0.75 points]
Assume steady state in an adiabatic turbine. Explain if the specific entropy of the fluid
increases, decreases or stays constant during:

1. a reversible expansion;

2. an irreversible expansion.

What is the sign of the work transfer rate in the two processes? In which case is the work
transfer rate maximum?

Part I, Exercise 3 [0.5 point]
Write the formula of the exergy transfer by heat. In an evaporator of a refrigeration cycle, is
the exergy provided to or extracted from the working fluid? Why?
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Part I, Exercise 4 [0.75 points]
Assume a reversible isobaric liquid-vapour phase change of a fluid in a closed system. Derive
the relationship between the liquid-vapour specific enthalpy change (hg − hf) and specific
entropy change (sg − sf) from the definition of enthalpy (dh = du + pdv + vdp).

Part I, Exercise 5 [0.375 points]
We consider a vapour compression refrigeration cycle, working with a cold reservoir at 18 ◦C
and ensuring the hot reservoir at 37 ◦C. The refrigeration capacity is 5 kJ/min and the work
input is 1.5 kJ/min.
What is the COP of this cycle?

What is the best possible COP of this cycle?

If the refrigerant is changed (while everything else stayed the same), do you expect the best
possible COP would change? Why? What approach would improve the best possible COP?
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Part I, Exercise 6 [0.625 points]
Draw the Ts-diagram of an
ideal vapour compression heat pump cycle:

Indicate three non-idealities that are present in a realistic vapour compression heat pump
cycle.

What is a typical working fluid for such a cycle?

Is the COP of a heat pump operating with air as the cold reservoir higher, lower or equal if
operated in summer or winter in a climate like Switzerland? Why?

Is the COP in winter higher, lower or equal if the cold reservoir is outside air or ground water?
Why?
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Part I, Exercise 7 [0.3125 points]
What is the Joule-Thomson coefficient for an ideal gas?

For the real gas hydrogen, measurements were done via an isenthalpic expansion, giving inlet
and outlet pressure and temperature of the expansion. How can this data be used to calculate
the Joule-Thomson coefficient?

The Joule-Thomson coefficient is negative for hydrogen at these conditions. If you tank a fuel
cell car with hydrogen, is the temperature therefore increasing or decreasing when filling the
car? What are the implications for the filling process?
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Thermodynamics and energetics I: Exam, Part II

Date: January 23, 2024
Duration: part II, 2 hours 30 minutes

Allowed material: Calculator, personal summary (8 pages A4), and dictionary.
3 exercises - Total: 29.375 points.

Exercise 1: Regenerative Rankine cycle [13.5 points]
A steam power plant with the layout reported below operates with a regenerative Rankine
cycle with one closed feedwater heater (FWH) and reheating.
Steam enters in turbine 1 at 100 bar and 560◦C. After the first expansion, the pressure of
the fluid is 7 bar. A fraction of the total mass flow rate y = ṁ9/ṁtot = 0.15 goes to the
closed FWH and it is then pumped to 100 bar. The other fraction (1 − y) is sent to reheat
in the boiler up to 500◦C. It then reaches turbine 2, where it expands up to 0.08 bar. After
the condenser, the fluid is pumped up to 100 bar, it is heated in the other compartment of
the FWH and it is then mixed with the other stream in a mixing chamber. Water leaves the
FWH (State 9) and the condenser (State 1) as saturated liquid.
The two pumps of the system are driven by the output of the turbines. A heat transfer
rate of 80 MW is provided to the boiler. Adiabatic expansions with isentropic efficiencies
ηs,T1 = 100% and ηs,T2 = 85% can be assumed in turbines 1 and 2, respectively. Adiabatic
compressions with isentropic efficiencies ηs,P1 = 90% and ηs,P2 = 100% can be assumed in
pumps 1 and 2, respectively.
Assume steady state operation, neglect kinetic and potential energy variations as well as pres-
sure drops in the system. Suppose that liquid water behaves as an incompressible substance
with constant specific volume v = 0.001 m3/kg.
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(a) Calculate the specific enthalpy of every state in the cycle. [6.625 points]

Feel free to use the following table as a support.

State
p T x h s
[bar] [◦C] [-] [kJ/kg] [kJ/(kg K)]

1 0.08
2s 100
2 100
3 100
4 100
5 100 560
6 7.00
6s 7.00
7 7.00 500
8s 0.08
8 0.08
9 7.00
10s 100
10 100
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(b) Sketch the qualitative T − s diagram of the cycle. [3 points]
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(c) Calculate the total mass flow rate in the system. [0.625 points]

(d) Calculate the work transfer rates of the turbines and of the pumps. [1.75 points]
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(e) Calculate the thermal efficiency of the cycle. [0.5 points]

(f) Justify if a higher pressure of the condenser increases, decreases or does not modify the
thermal efficiency of the cycle. [0.5 points]

(g) In absolute sign, is the exergy transfer by heat larger in the boiler or in the condenser?
Why? [0.5 points]
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Exercise 2: Air-standard Otto Cycle [9.5 points]

At the beginning of the compression process of a cold air-standard Otto cycle, p1 = 1 bar
T1 = 295 K, V1 = 500 cm3. The maximum temperature in the cycle is 2100 K and the
compression ratio is 9. Assume the specific heat of air to be cp = 1.1 kJ/(kg K) and its molar
mass M = 29 g/mol. State 1 can be assumed to be at ambient pressure and temperature.

(a) Plot the qualitative p− v and the T − s diagram of the cycle. [1 point]

(b) Calculate the heat addition and the net work of the cycle. [4.625 points]
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(c) Calculate the mean effective pressure. [0.5 points]

(d) Calculate the thermal efficiency. [0.5 points]

(e) Calculate the exergy efficiency of the cycle. [2.25 points]
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(f) Considering a general cold air-standard Otto cycle, qualitatively plot the thermal efficiency
as a function of the compression ratio. [0.625 points]
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Exercise 3: Entropy generation in two-compartment cylinder [6.375 points]

A horizontal cylinder is separated into two compartments by an adiabatic, frictionless piston.
One side contains 0.2 m3 of nitrogen and the other contains 0.1 kg of helium, both initially
at 20 ◦C and 95 kPa. The sides of the cylinder and the helium are insulated. Now heat is
added to the nitrogen side from a reservoir at 500 ◦C until the pressure of the helium rises
to 120 kPa. Assume that kinetic and potential energy changes are negligible and nitrogen
and helium are ideal gases with constant specific heats at room temperature, i.e. cp,N2=1.039
kJ/(kg K), cv,N2=0.743 kJ/(kg K) and cp,He=5.1926 kJ/(kg K), cv,He=3.1156 kJ/(kg K). Also,
MN2= 0.028 kg/mol and MHe= 0.004 kg/mol. Assume that the heat transfer occurs at 500
◦C.

(a) Determine the final temperature of the helium. [1.75 point]
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(b) Determine the final volume of the nitrogen. [1.375 point]
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(c) Determine the heat transfer to the nitrogen. [2.125 point]
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(d) Determine the entropy generation during this process. [1.125 point]


