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CHAPTER 1 
INTRODUCTION AND BASIC PRINCIPLES 

1.1 (Tutorial). Determine if the following properties of the system are intensive or extensive 
properties: 

Property Intensive Extensive 
Volume 
Density 
Conductivity 
Color 
Boiling point (for a liquid) 
Number of moles 

1.2. State and discuss whether each of the following systems could be analyzed as a closed 
or open system. 
- A lecture room
- Human body
- A car engine
- The sun
- The universe

1.3. State if the following processes could be considered as quasi-static processes 
- A compressed gas escaping from a narrow hole in a reservoir
- Combustion in internal combustion engines
- The cooling process of a cup of coffee at 70°C in an environment with a constant
temperature of 69.9999°C.

1.4. The state postulate is completely satisfied by: 
- Two extensive properties
- One intensive property
- Two intensive, independent properties
- One extensive and one intensive property

1.5. Which thermodynamic property is introduced using the zeroth law of thermodynamics? 

1.6. The temperature of a cup of coffee is 23°C. Determine the temperature in K, ° F and R? 
How does it taste? Investigate the reason why? 

1.7 (Tutorial). The temperature of a cup of water drops by 40° F when placed in a refrigerator. 
How much did the temperature of the water change in °C and in K. 
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1.8 (Tutorial). Find the pressure at the bottom the tank including mercury shown in Fig.1.8. 
What will be the height if water is used instead of mercury to get the same pressure at the 
bottom of the tank? Comment on the solution. 

50 kPa 
V 

3m i 
l 

Mercury 
2m SG = 13.57 

Figure 1.8 

1.9. A manometer is used to determine the pressure in a pressurized vessel containing water. 
If the reading shows an elevation of 50 cm. Determine the gage pressure in the vessel? If the 
surrounding atmospheric pressure is 101 kPa, determine the absolute pressure in the vessel. 

1.10 (Tutorial). The tank shown in Fig. 1.10 contains two different immiscible liquids. 
Determine the elevation reading obtained using manometer (1). Determine the elevation 
reading obtained using manometer (2). Determine the total pressure at the bottom of the 
tank. 

(1) (2)

r Liquid (1) 
SG=1 

3m 

l •
Liquid (2) 

0.3m SG=3.4 

Figure 1.10 
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1.11 (Tutorial). Determine the gage pressure at A as read by the U-tube manometer. Density 
of water is p = 1000 kg/m3 and the specific gravity of mercury is SGmercury 13.6. 

Figure 1.11 

3.7m 

3.Sm

3m 

1.12. A first-time 1.82-m tall scuba diver submerged himself into the deep sea in a vertical 
position and immediately he can feel the difference in pressure level acting on his body and 
also the difficulty in manipulating himself in the water. Compute the difference between the 
pressure acting at the head and at the toes of the man, in kPa. Assume the density of water 

remains asp =1000 kg/m3
. 

Figure 1.12 
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1.13. The following simple experimental setup is often used in the laboratory to determine the 
density of a given unknown fluid. It consists of a tank filled with water <Pwate, = 1000 kg/m3), 
divided into two column compartments (see the Figure below). The tested fluid is poured into 
one side, immediately resulting in a rise of the water level to a certain height on the other side 
due to the density difference between the two liquids. Given the final fluid heights shown on 
the figure, compute the density of the tested fluid. Assume the liquid does not mix with water 
and Patm = 101 kPa. 

Fluid 

Water 

115 cm 

Figure 1.13 

1.14. The water in a tank is pressurized by air, and the gage pressure of the air in the tank 
measured by a meter shown in the figure is found to be 78 kPa. Determine the differential 
height h3 of the mercury column if h1 = 0.4 m and h2 = 0.70 m. (note: Pwate, = 1000 kg/m3

, SGon 
= 0. 72, SGmercury 13.6 and Patm = 101 kPa). 

78 kPa 

(7),,----.....____ 
� Air 

Oil 

Figure 1.14 
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1.15. A multi-fluid container opened to the atmosphere contains 3 different liquids, i.e., oil Pait 
= 900 kg/m3

, salted water Pwater = 1035 kg/m3.and glycerin Pgtycerot = 1260 kg/m3
. Determine

the gage pressure at point C if h1 = 80 cm, h2 = 28 cm and h3 = 16 cm. 

Point C 

Oil 

90cm 

i 15cm

Figure 1.15 

1.16 (Tutorial). A large gas chamber is separated into compartments 1 and 2, as shown, 
which are kept at different pressures. Pressure gauge A reads 280 kPa (gauge pressure of 
compartment 1) and the mercury manometer installed between the chambers indicates a 
level difference of 880 mm. If the local barometer reads 101 kPa, i) determine the absolute 
pressures existing in each compartment, and ii) the reading of gauge C in kPa (gauge 
pressure). Density of mercury is 13.6x103 kg/m3

. 

Chamber 1 Chamber2 

h=880mmHg 

Figure 1.16 
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PROPERTIES OF PURE SUBSTANCE 

2.1 Conceptual questions 

- Sketch the variation in the saturation pressure of a pure substance as a function of the
saturation temperature

- What is difference between saturated vapor and superheated vapor?

- Explain the difference between the critical point and the triple point?

- Consider a pure water in the saturated liquid-vapor mixture phase, which of the
following combinations of properties enough to fulfill the state postulate:
i) Temperature and pressure
ii) Temperature and quality
iii) Pressure and specific volume
iv) Temperature and specific volume
v) Specific volume and quality

Consider 1 kg of compressed liquid water at a pressure lower than 4 MPa (< 5 MPa) 
and a temperature of 100°C, its thermodynamic properties are obtained using: 
i) Superheated vapor table considering the same temperature
ii) Saturated liquid-vapor tables considering the same pressure
iii) Saturated liquid-vapor tables considering the same temperature

- Is it possible to have water vapor at 20°C?

- A renowned chef participates a cooking contest where he needs to cook ratatouille in
15 minutes. Should he use a pan that is a) uncovered, b) covered with a light lid or c)
covered with a heavy lid to make sure he can finish his desk within this short period?
Why?

-Does the amount of heat absorbed as 2 kg of saturated liquid water boils at 100°C and
normal pressure have to be equal to the amount of heat released as 2 kg of saturated
vapor condenses at 100°C and normal pressure?

- Does the latent heat of vaporization changes with pressure? Does it take more energy
to vaporize 1 kg of saturated liquid water at 100°C than it needs at 150°C?

- What is vapor quality?

- The ___________ is a point in p-v-T space where solid, liquid and gas phases can
coexist.

- Given two data point (x1, y1) and (x2, y2), write down the equation of line y = f(x). Using
this equation, perform a linear interpolation to determine u [kJ/kg] at x = 270 K if the two
points are given as (250, 2723.5) and (300, 2802.9).
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2.2 (Tutorial) Compute the following properties table for: 
Water  
T [°C] P [kPa] x u [kJ/kg] Phase type 
300 1332.0
150 1595.63

250 0.6
600 3477.0

60 200 --
370 1200 --

Refrigerant-134a 
T [°C] P [MPa] v [m3/kg] h [kJ/kg] Phase type 
-20 0.30
40 147.0
90 0.0046
30 0.24

0.80 292.0

2.3 (Tutorial) A 12-L sealed rigid tank contains 8 kg of refrigerant R-134a initially at 320 
kPa. The tank is heated until the pressure reaches 600 kPa. Determine a) temperature 
and b) total enthalpy at both initial and final states. 

2.4 (Tutorial) A stainless steel, cooking pan without lid, with an inner diameter of 22 cm 
is used to boil water on an electric heater. During boiling, the water drops by 8 cm in 40 
mins. What is the rate of heat transfer to the cooking pan? What would be the boiling 
temperature and the water level after 40 mins while keeping the electric power input if a 
heavy lid is used initially to double the pressure inside the cooking pan?  

2.5 A rigid vessel, volume 2.0 m3, contains 16 kg of saturated liquid-vapor water mixture 
at 85°C. The vessel is heated until all water liquid is completely vaporized. Show the 
process in a T-v diagram and determine the final state temperature and pressure. 

2.6 (Tutorial) A rigid tank with a volume of 83 m3 contains 97.7 kg of water at 100°C. 
Now the tank is slowly heated until the temperature inside reaches 120°C. Determine 
the pressure inside the tank at both the beginning and the end of the heating process. 
What would be the final pressure if the tank’s temperature increased to 125°C? 

2.7 A rigid tank with a volume contains superheated steam at 1200 kPa and 250°C. The 
tank is now cooled until the temperature decreases to 120 °C. What is the pressure, 
quality and the enthalpy at the final state after the cooling? 

2.8 (Tutorial) A 140-L rigid tank initially filled with 1-kg of superheated vapor at 2 MPa 
is cooled until the temperature drops to 50 °C. What are the initial temperature and final 
mixture pressure and quality? 
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2.9 A 0.5-m3 rigid tank initially contained a saturated liquid-vapor mixture of water at 140 
°C is now heated until the mixture reaches the critical state. Determine the mass and 
the volume of liquid before the heating process. 

2.10 Heat is supplied to a piston-cylinder device that contains initially 1.5 kg of saturated 
liquid water at 190°C until the volume quadruples and the liquid is completely vaporized. 
Determine the tank’s total volume, temperature and pressure at the final state, as well 
as the change in total internal energy. 

2.11 (Tutorial) A piston-cylinder device contains a 0.90-kg saturated mixture of R-134a 
at -10°C. The piston weights 10 kg with a diameter of 22 cm. It is free to move without 
any frictional losses. Heat is then supplied slowly using an electric heater to this device 
until the temperature reaches 20°C. Determine the pressure, the volume change of the 
cylinder and the enthalpy change after the heating process. Assume the local 
atmospheric pressure of 97.5 kPa. 

2.12 A piston-cylinder device contains 0.6 kg of steam at 350°C and 1.0 MPa. The 
steam is cooled at constant pressure until half of the mass condenses. Determine the 
final temperature and volume. 

2.13 (Tutorial) A piston-cylinder device initially contains a saturated liquid-vapor mixture 
of water at 800 kPa, with the liquid and vapor volumes equal to 0.004 m3 and 0.95 m3, 
respectively. The mixture is then heated at constant pressure until the temperature rises 
to 250°C. Determine the initial temperature, total mass of water, final volume and 
pressure. 

2.14 (Tutorial) A piston-cylinder device is initially filled with 100 kg of R-134a at 200 
kPa with a volume of 12.3 m3. The system is then cooled at constant pressure until the 
volume is one-half its original size. Determine the final temperature and the change of 
total internal energy.  
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IDEAL GAS EQUATION OF STATE 

3.1 If you are a frequent driver, you can easily realize that the pressure in your car tires 
depends on the ambient (outside) air temperature. Often, you fill your tires to the 
recommended tire pressure of 342 kPa absolute (or 35 psi gauge) during the 

summertime when the temperature is 30°C. Assuming that your tires are made by good 
brand companies and so these do not leak and their volume stays constant at V = 0.025 

m3
, i) what will the tire pressure be during the winter when the temperature is -30°C? ii) 

How much air (in kg) would you need to add to the tire in the winter to bring the 
pressure back to the recommended pressure? iii) What would the resulting pressure be 

the next summer at about the same summer temperature of 30°C, and iv) how much air 
(mass) would you need to bleed of (remove) to get back to the recommended pressure? 
For Air: Rs = 0.287 kJ/kg-K 

3.2 A piston-cylinder device initially contains 36 m3 of an ideal gas at 90 kPa and 25°C. 

Through a thermodynamic process, the gas is now at 101.3 kPa and 4°C. What is the 
final volume of the gas? 

3.3 Consider the system shown in the figure which consists of two tanks connected by a 

valve. One tank contains 4 kg of carbon monoxide at 70 °C and 75 kPa. The other tank 

holds 1 O kg of the same gas at 28 °c and 120 kPa. The valve is opened and the gases 
are allowed to mix while receiving energy by heat transfer from the surroundings. The 

final equilibrium temperature is 40 °C. Applying the ideal gas model, determine the final 
equilibrium pressure. Note that for carbon mononxide: Rs = 0.2968 kJ/kg-K. 

Carbon Carbon 
monoxide � monoxide 

4 kg, 70°C, Valve 10 kg, 28°C, 
75kPa 120 kPa 

3.4 A piston-cylinder device initially contains 0.5 kg of argon at a volume of 0.075 m3 at 
600 kPa. The piston position is now adjusted by changing the weights until the volume 
doubles its original size, while heat is removed to keep the process isothermal. What is 

the final pressure after this process? Note that for argon: Rs = 0.2081 kJ/kg-K. 

3.5 We divide a rigid vessel into two parts using a "magic" partition. Let one side of the 

vessel filled with an ideal gas at 800 °C and the other evacuated completely with a 
volume twice the size of the part filled with the gas. The partition is then removed to 
allow the gas to fill the entire tank. The gas is heated during the process to allow the 
pressure equal to the initial pressure. What is the final temperature of the gas inside this 
vessel? 

Page 1 of2 



3.6 Given a refrigerant-134a vapor at 0.80 MPa and 80°C, determine its specific volume 
using a) the thermodynamic table for the refrigerant-134a; b) the ideal gas equation of 
state; and c) compressibility chart. 

3.7 Given a water vapor at 15 MPa and 350°C, determine its specific volume using a) 
the steam table; b) the ideal gas equation of state; and c) compressibility chart.

3.8 Methane gas initially at 8 MPa and 300 K is heated while maintaining 
constant pressure in a piston-cylinder device until its final volume has increased 
by 50%. Determine the final temperature using a) the ideal gas equation of state; 
and b) the compressibility chart. 

3.9 A free-moving piston-cylinder device initially contains a saturated vapor of water at a 
temperature of 350°C. Heat is added to the system at constant pressure until the vapor 
gas volume has doubled. Determine the final temperature using a) the ideal gas 
equation of state; b) the compressibility chart; as well as the steam table. 

3.1 O There exist different ways to determine the change of an intensive thermodynamic 
properties, e.g., using i) the empirical data for h from the nitrogen table; ii) the empirical 
specific heat equation as a function of temperature; iii) the Cp value at the average 
temperature; iv) Cp value at the room temperature; and v) using specific heat ratio k at 
room temperature. In this question, determine the change of internal energy !!.h [kJ/kg] 
of nitrogen due to the change of temperature from 500 to 1,200 K using all the 
aforementioned methods. 
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ENERGY TRANSFER BY WORK AND HEAT & 
THE FIRST LAW OF THERMODYNAMICS 

4.1 Air is compressed polytropically along a path for which n = 1.30 in a closed 

system. The initial temperature and pressure are 17 C and 100 kPa, respectively, and 

the final pressure is 500 kPa. Assume Rs = 0.287 kJ/kgK and average specific heats 

cv = 0.723 kJ/kgK and cp = 1.01 kJ/kgK. Calculate: a) the final temperature in K; b) the 

work done on the gas, in kJ/kg; and c) the change of specific internal energy. 

4.2 A piston-cylinder device initially contains 1m3 of saturated water liquid at 200°C, which 
is now expanded isothermally until its quality is 70%. Calculate the final volume and 
the total work by this expansion. 

4.3 A piston-cylinder device initially contains 0.30 kg of Nitrogen at 130 kPa and 190°C, 
which is now allowed to expand isothermally to a final pressure of 75 kPa. Compute the 
boundary work, in kJ. 

4.4 A piston-cylinder device initially contains 40 L of saturated liquid refrigerant-134a. The 
piston can move freely without friction and its mass is such that it maintains a pressure of 
500 kPa on the refrigerant. What is the resulting work if the refrigerant is heated to a final 
temperature of 70°C? 

4.5 0.25 kg of steam at 1MPa and 400°C is initially filled inside a piston-cylinder device 
made with a set of stops. The location of the stops corresponds to 55% of the 
initial volume. Now the steam is cooled. Determine the compression work if the final 
state is a) 1MPa and 250°C and b) 500kPa. Also find the temperature at the final state in 
part b). 

4.6 2 kg of saturated vapor of water at 300 kPa is heated a constant pressure until the 
temperature changes to 200 °C. What is the work done by the steam during this process? 

4.7 A piston-cylinder device initially has a volume of 8 m3 and contains 1 kg of Helium at 
150 kPa. The gas is now compressed to 4 m3 while its pressure is kept 
constant. Determine the initial and final temperature and the compression work, in kJ. If 
the process is carried out in isothermal situation instead, what is the work, in kJ? 

4.8 A piston-cylinder device initially contains 0.20 kg of Air at 2.5 MPa and 350°C. The gas 
first expanded isothermally to a pressure of 600 kPa, and then compressed 
polytropically with n = 1.2 back to the initial pressure, and finally compressed at constant 
pressure to the initial state. Calculate the boundary work, in kJ, for each thermodynamic 
process and find the net work for the cycle.  

4.9 A piston-cylinder device initially has a volume of 0.08 m3 of Nitrogen at 150 kPa and 
120°C. The gas is now allowed to expand under a polytropic path to a final state of 100 
kPa and 100°C. Calculate the boundary work, in kJ. 

4.10 3 kg of Nitrogen N2 at 100 kPa and 300 K is initially contained in a piston-cylinder 
device. The gas is now compressed slowly according to the isentropic relationship PV1.4 = 
constant until the final temperature is raised to 380 K. Determine the required input work 
for this thermodynamic process. 
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4.11 A spring-loaded piston-cylinder device initially contains 1 kg of water with 10% quality 
at 90°C. Heat is now added to the medium until the temperature reaches 250°C and 
pressure to 800 kPa. Calculate the total work resulted from this process is kJ. 

4.12 A spring-loaded piston-cylinder device initially contains 2.0 kg of water with 25% 
quality at 1 MPa. Heat is now removed from the medium until it becomes a saturated liquid 
at a temperature of 100°C. Calculate the total work resulted from this process is kJ. 

4.13 i. A single cylinder in a car engine has a maximum volume of 5x10-4 m3 (before the 
compression stroke). After the compression process, the gas has been compressed to 
one-tenth of its initial volume where the temperature is 1500
atm. What is the mass of gas (approximate as pure air and ideal gas) inside the cylinder?  

(Note: 1 atm = 101 kPa and specific gas constant for air Rs is 0.287 kJ/kgK) 

ii. This hot, compressed gas then expands and does work on the piston until the volume is
brought back to its initial value of 5x10-4 m3. The boundary work produced by this
expansion is transmitted by the connecting rod from the piston to the crankshalf which
converts the up and down motion of the piston into the rotary motion of the crankshalf that
eventually turns the wheels of your car.

It is know that the pressure and the volume follow the polytropic relation throughout the 
expansion process: 

constantnPV

where n is the polytropic coefficient. If n = 1.4, find the pressure after expansion and the 
total amount of boundary work produced during this expansion process.  

iii. What is the final temperature in the cylinder and by how much did the internal energy
decrease? Was any heat lost by the hot gases in the cylinder during the expansion?

(assume constant specific heat cv =  0.7175 kJ/ kgK)

4.14 A saturated mixture of liquid water and vapor at 100°C with 12.3% quality is initially 
contained in a rigid tank with a volume of 10 L. Heat is then supplied to this mixture until its 
temperature is 150°C. Calculate the heat transfer required for this process. 

4.15 A saturated water vapor at 200°C is initially contained in a frictionless piston-cylinder 
device. It is condensed subsequently through an isothermal process to a saturated liquid. 
Determine the specific heat transfer and the work done during this process in kJ/kg. 

4.16 A rigid vessel containing a fluid is stirred with a paddle wheel. The work input to the 
paddle wheel is 5100 kJ. The amount of heat removed from the tank is 1600 kJ. Consider 
the tank and the fluid inside a control surface and determine the change in internal energy 
of the control mass. 

4.17 A saturated water vapor is initially contained in a piston-cylinder device. It is then 
cooled at constant pressure to a saturated liquid at 40 kPa. Determine the heat transferred 
and the work done during this process in kJ/kg. 
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4.18 A rigid tank with a volume of 5 m3 contains 0.05 m3 of saturated liquid water and 4.95 
m3 of saturated vapor at 0.1 MPa. The mixture is then heated until all the volume becomes 
saturated vapor only. What is the required heat input in kJ? 

4.19 A piston-cylinder device initially contains 4 kg of a certain gas, which undergoes a 
polytropic process with n = 1.5. The initial pressure and volume are 300 kPa and 0.1 m3, 
and the final volume is 0.2 m3. The change in internal energy during the process is equal 
to - 4.6 kJ/kg (a decrease due to the expansion). Determine the net heat transfer for the 
process in kJ. 

4.20 A cylinder device fitted with a piston contains initially argon gas at 100kPa and 27°C 
occupying a volume of 0.4 m3. The argon gas is first compressed while the temperature is 
held constant until the volume reaches 0.2 m3. Then the argon is allowed to expand while 
the pressure is held constant until the volume becomes 0.6 m3. Determine the total amount 
of net heat transferred to the argon in kJ. 

4.21 A piston-cylinder device initially contains 0.35 kg of water vapor at 3.5 MPa, 
superheated  by 7.4 °C. The stream now loses its heat to the surrounding and the piston 
moves down, hitting a set of stops at which point the cylinder contains saturated liquid 
water. The cooling continues until the cylinder contains water at 200 °C. Calculate the final 
pressure and quality, as well as the boundary work and total heat transfer. 

4.22 2 kg of Air in a closed system undergoes an isothermal process from 600 kPa and 
200 °C to 80 kPa. Calculate the initial volume, work done as well as the heat transfer.  

4.23 1kg of carbon dioxide is initially contained in a spring-loaded piston-cylinder device. 
Heat is supplied from 100 kPa and 25 °C to 1000 kPa and 300°C. What is the heat transfer 
to and work done by the system? 

4.24 A piston-cylinder device equipped with a paddle wheel contains initially air at 500 kPa 
and 27°C. The paddle wheel supplies now 50kJ/kg of work to the air. During this process 
heat is transferred to maintain a constant air temperature while allowing the air volume to 
triple. What is the amount of heat required? 

4.25 A rigid system is built with two tanks initially separated by a partition. Tank A contains 
2 kg steam at 1MPa and 300°C while tank B contains 3kg saturated liquid-vapor mixture at 
150°C with a vapor quality of 50%. The partition is now removed and the two sides are 
allowed to mix until thermodynamic equilibrium is returned. If the pressure at the final state 
is 300 kPa, determine a) the temperature and quality of the steam (if mixture) at the final 
state and b) the amount of heat lost from the tanks. 

4.26 A piston-cylinder device equipped with a set of stops on the top contains initially 3kg 
of air gas at 200 kPa and 27°C. The air is then heated, making the piston to rise until it hits 
the stops, at which point the volume is twice the initial volume before the heating process. 
Heat is continued to supply until the pressure reaches twice the initial pressure. Determine 
the total work done and the amount of heat transfer. 
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CONTROL VOLUME ANALYSIS  
 
Conservation of mass 
 
5.1 Air with density of 2.10 kg/m3 is flowing steadily into a nozzle at 35 m/s and leaves at 175 m/s 
with density of 0.77 kg/m3. If the inlet area of the nozzle is 90 cm2, determine the mass flow rate 
through the nozzle, and the exit area of the nozzle. 
 
5.2 To design a hair dryer, it should contain the following basic components: a duct of constant 
diameter with a few layers of electric resistors, a small fan to pull the air in and to force it through 
the heating resistors. If the density of air is 1.18 kg/m3 at the inlet and 0.90 kg/m3 at the exit, what is 
the percent increase in the velocity of air as it flows through the dryer? 
 
5.3 (Tutorial) Air is flowing at a velocity of 175 m/s into a 1-m2 inlet of an aircraft engine at 100 
kPa and 18°C. Compute the volume flow rate, in m3/s, at the engine’s inlet and the mass flow rate, 
in kg/s, at the engine’s outlet. 
 

5.4 (Tutorial) A pump is used to increase the water pressure from 70 kPa at the inlet to 700 kPa at 
the outlet. Water first enters this pump at 15°C through a 1-cm-diameter opening and leaves through 
a 1.5 cm-diameter outlet. The mass flow rate through the pump is 0.6 kg/s. Compute the velocity of 
the water at the inlet and outlet. Will these velocities change significantly if the inlet temperature is 
raised to 40 °C? 
 

Nozzles and diffusers 
 
5.5 Air at 75 kPa and 127°C is flowing steadily into an adiabatic diffuser at a rate of 5500 kg/h and 
leaves at 100 kPa. The velocity of the air stream changes from 220 to 20 m/s as it passes through the 
diffuser. Determine the exit temperature of the air and the exit area of the diffuser. 
 
5.6 (Tutorial) An adiabatic nozzle is having a steady flow of  carbon dioxide at 1 MPa and 500°C 
with a mass flow rate of 5000 kg/h and leaves at 100 kPa and 400 m/s. The inlet area of the nozzle 
is 35 cm2. Determine a) the inlet velocity and b) the exit temperature.  
 
5.7 (Tutorial) The stators in a gas turbine are designed to increase the kinetic energy of the gas 
passing through them adiabatically. Air flows steadily into a set of these nozzles at 2 MPa and 
371°C with a velocity of 24.4 m/s and leaves the nozzles at 1.724 MPa and 341°C. What is the 
velocity at the exit of the nozzles? 
 
5.8 (Tutorial) Steam flows steadily with a velocity of 10 m/s into a nozzle at 400 °C and 800 kPa, 
and leaves at 300 °C and 200 kPa. The nozzle is not adiabatic and hence, there is a heat loss which 
is found to be at a rate of 25 kW. The nozzle inlet area is 800 cm2. What is the velocity and the 
volume flow rate of the steam at the nozzle exit? 
 
5.9 A steady flow of Refrigerant-134a is found in a diffuser. At the inlet, its state is a saturated 
vapor at 800 kPa with a velocity of 100 m/s. At the outlet, the R-134a leaves at 900 kPa and 40 °C. 
The refrigerant is also receiving heat from the surrounding at a rate of 1.8 kJ/s (or 1.8 kW) as it 
passes through the diffuser. Also, it is found that the exit area is 75% greater than the inlet area. 
What are the exit velocity and the mass flow rate of the refrigerant? 
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Turbines and Compressors 
 
5.10 (Tutorial) A steady flow of Refrigerant-134a enters a compressor at 180 kPa as a saturated 
vapor with a flow rate of 0.40 m3/min and leaves at 700 kPa. The power supplied to the refrigerant 
is measured to be 2.50 kW. What is the temperature of R-134a at the exit of the compressor? 
 
5.11 Refrigerant-134a enters a compressor at a flow rate of 1.20 m3/min with thermodynamic 
condition of 100 kPa and -24°C. The flow leaves the compressor at 800 kPa and 60 °C. Determine 
the mass flow rate of R-134a and the power required by the compressor. 
 
5.12 (Tutorial) Steam is flowing steadily into an adiabatic turbine. The inlet conditions of the 
steam are 6 MPa, 400 °C and 90 m/s, and the exit conditions are 40 kPa, 90% quality and 55 m/s. 
The mass flow rate of the steam is 18 kg/s. Determine the change in kinetic energy, the power 
output and the turbine inlet area. 
 
5.13 Steam flows steadily into a turbine at 10 MPa and 500 °C and leaves at 10 kPa with a quality 
of 88%. The turbine is assumed to be an adiabatic turbine without losses. Neglecting the changes in 
kinetic and potential energies, determine the mass flow rate required for a power output of 5.8 MW. 
 
5.14 An adiabatic compressor is used to compress 8 L/s of air at 120kPa and 22 °C to 1000 kPa and 
300 °C. Determine the work required by the compressor, in kJ/kg, and the power required to run 
this air compressor, in kW. 
 
5.15 (Tutorial) Argon gas flows steadily with a velocity of 50 m/s into an adiabatic turbine at 1500 
kPa and 450°C. The gas leaves the turbine at 140 kPa with a velocity of 140 m/s. The inlet area of 
the turbine is 55 cm2. The power output of the turbine is measured to be 180 kW. Determine the exit 
temperature of the argon. 
 
5.16 (Tutorial) A compressor is used to compress Helium gas from 120 kPa and 300K to 750 kPa 
and 450 K. A heat loss of 18kJ/kg is found during the compression process. Neglecting kinetic 
energy changes, compute the power input required to maintain a mass flow rate of 88 kg/min. 
 
5.17 Air initially at 1400 kPa and 500°C is expanded through an adiabatic gas turbine to 100 kPa 
and 127°C. Air enters the turbine at an average velocity of 45 m/s through the 0.18 m2 opening, and 
leaves through a 1-m2 opening. Determine the mass flow rate of air through the turbine and the 
power produced by the turbine. 
 
5.18 (Tutorial) Steam enters a two-stage steady-flow turbine with a mass flow rate of 22 kg/s at 
600 °C, 5 MPa. The steam expands in the turbine to a saturated vapor at 500 kPa where 8% of the 
steam is removed for some other use. The remainder of the steam continues to expand all the way to 
the turbine exit where the pressure is now 10kPa and quality is 88%. The turbine is assumed to be 
adiabatic. Compute the rate of work done by the steam during the process. Neglect the change in 
kinetic energy. 
 
5.19 Steam expands through a turbine with a mass flow rate of 25 kg/s and a negligible velocity at 
6 MPa and 600 °C. The steam leaves the turbine with a velocity of 175 m/s at 0.5 MPa and 200 °C. 
The rate of work done by the steam in the turbine is measured to be 19 MW. Determine the rate of 
heat transfer associated with this process. 
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Throttling devices 

5.20. (Tutorial) Consider the throttling valve shown on Fig. 5.20. The valve is crossed by a 
gas with an inlet pressure of 1.2 MPa and inlet temperature of 20°C. The exit pressure is 100 
kPa. Assuming that the velocity at the inlet and at the outlet remain the same, determine the exit 
temperature and the ratio between the inlet and exit areas. 

Fig.5.20 

5.21. Consider an adiabatic throttling valve with water entering at pressure of 1.6 MPa, a 
temperature of 150°C and a velocity of 4.5 m/s. The exit pressure is 300 kPa. Determine the 
velocity at the exit. 

Heat Exchanger 

5.22. Two kg of water are condensed per second from 50 kPa and 300°C to saturated liquid. For 
this purpose, cooling water enters the condenser at 20°C and leaves at 35°C. Determine the 
required mass flow rate of the cooling water. 

5.23. (Tutorial) The exhaust gases of a car are to be used to heat up water. 0.5 kg/s of hot gases 
enter the heat exchanger at a temperature of 250°C and leave at a 150°C. If 0.5 kg/s of water enter 
the heat exchanger with an inlet temperature of 20°C, determine the temperature of the water at the 
exit. 
Assume Cp for the hot gases and for the water to be 1.08 and 4.186 kJ/kg K, respectively.  
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Conservation of mass 
 

Question 1.  

Flow through the nozzle is steady. 
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There is only one inlet and one exit, and thus   m m m1 2  . Then the exit area of the nozzle 

is determined to be 
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Question 2.  

Flow through the nozzle is steady. 

  

There is only one inlet and one exit, 

and thus   m m m1 2  . Then,  
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Therefore, the air velocity increases 31.1% as it flows through the hair drier.  

 

Question 3. 

Air is an ideal gas. The flow is steady. 

The gas constant of air is Rs = 0.287 kPam3/kgK  

The inlet volume flow rate is 

 /sm 175 3 m/s) )(175m 1 2

111 (VAV  

The specific volume at the inlet is 
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Since the flow is steady, the mass flow rate remains constant during the flow. Then, 

kg/s 209.53
/kgm 83520
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3
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.v
V
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AIR  

V2 = 175 m/s 

 

V1 = 35 m/s 

A1 = 90 cm2 

V2  V1  



Question 4. 

Flow through the pump is steady.  

The inlet state of water is compressed liquid, approximated as a saturated liquid at the 

given temperature. At 15°C and 40°C, we have: 
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The velocity of the water at the inlet is 
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Since the mass flow rate and the specific volume remains constant, the velocity at the 

pump exit is 
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Using the specific volume at 40°C, the water velocity at the inlet becomes 
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which is a 0.7% increase in velocity.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Nozzles and diffusers 
 

Question 5. 

Potential energy changes are negligible. The device is adiabatic. There is no shaft work. 

The gas constant of air is 0.287 kPa.m3/kg.K. The specific heat is assumed to be constant 

cp =  1.013 kJ/kg-K. 

 

There is only one inlet and one exit, and thus   m m m1 2  . We take diffuser as the system, 

which is a control volume since mass crosses the boundary. The energy balance for this 

steady-flow system can be expressed in the rate form as 
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T2 = 423.7 K 

 

(b)  The specific volume of air at the diffuser exit is 
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From conservation of mass, 
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Question 6. 

 

The gas constant Rs of CO2 is 0.1889 kPa.m3/kg.K and the specific heat at constant 

pressure cp is assumed to be a constant of 1.126 kJ/kg.K 
 

There is only one inlet and one exit, and thus   m m m1 2  . Using the ideal gas relation, the 

specific volume is determined to be 
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We take nozzle as the system, which is a control volume since mass crosses the boundary. 

The energy balance for this steady-flow system can be expressed in the rate form as 

  

      

 

 

For steady state: 
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Substituting, 

  

 

 

 

 

 

 

 

 

Therefore the exit temperature of CO2 is obtained to be T2 = 703.4 K 
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Question 7. 

 

Properties The specific heat of air at the average temperature of ~350°C is cp = 1.008 

kJ/kgK. 

 

There is only one inlet and one exit, and thus mmm   21 . We take nozzle as the system, 

which is a control volume since mass crosses the boundary. The energy balance for this 

steady-flow system can be expressed in the rate form as 
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Solving for exit velocity, 
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Question 8. 
 

This is a steady-flow process. Potential 

energy change is negligible. There is 

no shaft work done.  
 

We take the steam as the system, 

which is a control volume since mass 

crosses the boundary. The energy 

balance for this steady-flow system 

can be expressed in the rate form as: 

 

Energy balance: 
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The properties of steam at the inlet and exit are (Table A-6) 
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The mass flow rate of the steam is 
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The volume flow rate at the exit of the nozzle is 
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Question 9. 

This is a steady-flow process. Potential energy changes are negligible. There is no work. 

From the R-134a tables 
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There is only one inlet and one exit, and thus   m m m1 2  . Then the exit velocity of R-

134a is determined from the steady-flow mass balance to be 
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We take diffuser as the system, which is a control volume since mass crosses the 

boundary. The energy balance for this steady-flow system can be expressed in the rate 

form as 
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Substituting, the mass flow rate of the refrigerant is determined to be 
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Turbines and Compressors 
 

Question 10. 

This is a steady-flow process. Kinetic and potential energy changes are negligible. Heat 

transfer with the surroundings is negligible. So adiabatic system. 

 

We take the compressor as the system, which is a control volume since mass crosses the 

boundary. Noting that one fluid stream enters and leaves the compressor, the energy 

balance for this steady-flow system can be expressed in the rate form as 
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From R134a tables (Table A-12) 
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The mass flow rate is 
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Substituting for the exit enthalpy, 
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From Table, 
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sW  = - 2.5 kW (negative value) since the work is supplied to the system to run the 

compressor. 

 

 

 

 

 

 Compressor 

State 1 

180 kPa 

sat. vap. 

0.40 m3/min 

sW  

State 2 

700 kPa 



Question 11. 

 

This is a steady-flow process. Kinetic and potential energy changes are negligible.  

 

We take the compressor as the system, which is a control volume since mass crosses the 

boundary. Noting that one fluid stream enters and leaves the compressor, the energy 

balance for this steady-flow system can be expressed in the rate form as 
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From R134a tables: 

/kgm 1947.0

kJ/kg 33.236
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kPa 100
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kJ/kg 81.296
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The mass flow rate is 

 kg/s 0.1027
/kgm 0.1947

/sm 60201
3
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Substituting, 

 kW 6.21 - kg296.81)kJ/-33kg/s)(236. 1027021s .()( hhmW   

 

        Work input to the system 

 

 

 

 

 

 

 

 

 

 

Compressor 

800 kPa 

60°C 

100 kPa 

-24°C 

1.20 m3/min 



Question 12. 

 

This is a steady-flow process. Potential energy changes are negligible. The device is 

adiabatic and thus heat transfer is negligible. 

 

From the steam tables 

 
kJ/kg 3178.3

/kgm 0.047420

C400

MPa 6
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and 
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 (a) The change in kinetic energy is determined from 

 
kJ/kg 2 54

/sm 1000
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(b) There is only one inlet and one exit, and thus   m m m1 2  . 

We take the turbine as the system, which is a control volume 

since mass crosses the boundary. The energy balance for this 

steady-flow system can be expressed in the rate form as 
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Then the power output of the turbine is determined by substitution to be 

  MW 12.79).)((  kW 12,786kJ/kg5423178.32470.5kg/s 81sW  

 

(c)  The inlet area of the turbine is determined from the mass flow rate relation, 

 2
m 0.00948

))((


m/s 90

/kgm 0.047420kg/s 811 3

1

1
111

1 V

m
AVAm

v
v


  

 

 

STEAM 

m = 18 kg/s 
· 

P1 = 6 MPa 

T1 = 400C 

V1 = 90 m/s 

P2 = 40 kPa 

x2 = 0.90 

V2 = 55 m/s 

W 
· 



Question 13. 

 

This is a steady-flow process. Kinetic and potential energy changes are negligible. The 

device is adiabatic. 

 

Properties From the steam tables 

kJ/kg 3375.1
C500

MPa 10
1

1

1
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kJ/kg 2296.92392.10.88.81191
880

kPa 01
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There is only one inlet and one exit, and thus   m m m1 2  . We 

take the turbine as the system, which is a control volume since 

mass crosses the boundary. The energy balance for this steady-

flow system can be expressed in the rate form as 
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Substituting, the required mass flow rate of the steam is determined to be 

 kg/s .5)( 38kJ/kg 2296.9-3375.1kJ/s 5800  mm   

 

 

Positive because it is work output from the turbine. 
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1 

2 



Question 14. 

 

This is a steady-flow process. Kinetic and potential energy changes are negligible.  Air is 

an ideal gas with constant specific heats. 

 

The constant pressure specific heat of air is determined at the average temperature cp = 

1.018 kJ/kg·K. The gas constant of air is R = 0.287 kPam3/kgK. 

 

There is only one inlet and one exit, and thus mmm   21 . We take the compressor as the 

system, which is a control volume since mass crosses the boundary. 

 The energy balance for this steady-flow system can be expressed in the rate form as 
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Thus,  

 kJ/kg -283.0 )K573K)(295kJ/kg (1.01821s )( TTcw p  

     Negative to denote work input 

 

The specific volume of air at the inlet and the mass flow rate are 

 /kgm 70550
kPa 120

K) 273K)(22/kgmkPa 2870 3
3

1

1
1 .

.(
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RT
v  

kg/s 0.01134
/kgm 0.7055

/sm 0080
3

3

1

1 
.

v
V

m  

Then the power input is determined from the energy balance equation to be 

 kW 3.21 - ss wmW    

 

 

 

 

 

 

Compressor 

1 MPa 

300°C 

 

120 kPa 

22°C 

8 L/s 



Question 15. 

This is a steady-flow process. Potential energy changes are negligible. The device is 

adiabatic. Argon is an ideal gas with constant specific heats. 

 

The gas constant of Ar is Rs = 0.2081 kPa.m3/kg.K. The constant pressure specific heat of 

Ar is cp = 0.5203 kJ/kg·K 

 

There is only one inlet and one exit, and thus   m m m1 2  . The inlet specific volume of 

argon and its mass flow rate are 

 

  
/kgm 0.1003

kPa 1500

K 723K/kgmkPa 0.2081 3
3

1

1
1 




P
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v  

Thus, 

   skg 7422m/s 50m 0.0055
/kgm 0.1003

11 2

311

1

/. VAm
v
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We take the turbine as the system, which is a 

control volume since mass crosses the 

boundary. The energy balance for this 

steady-flow system can be expressed in the 

rate form as 
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Substituting,   
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2
/sm 1000

kJ/kg 1

2

m/s 50m/s 140
K237KkJ/kg 0.5203kg/s 7422kJ/s 180
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))(().( T

 

It yields   

T2 = 580.4K 

 

 

 

 

Argon 

A1 = 55 cm2 

P1 = 1500 kPa 

T1 = 450C 

V1 = 50 m/s 

P2 = 140 kPa 

V2 = 140 m/s 

180 kW 



Question 16. 

This is a steady-flow process. Kinetic and potential energy changes are negligible.  

Helium is an ideal gas with constant specific heats. 

 

The constant pressure specific heat of helium is given as cp = 5.1926 kJ/kg·K  

 

There is only one inlet and one exit, and thus   m m m1 2  . 

We take the compressor as the system, which is a control 

volume since mass crosses the boundary. The energy 

balance for this steady-flow system can be expressed in the 

rate form as 
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Thus,  

 

kW.  81168

)K504K)(300kJ/kg 26kg/s)(5.19 (88/60+kJ/kg) kg/s)(-18 (88/60
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 TTcmQW p


 

 

 

 

            Work input        Heat loss 

 

 

 

 

 

 

 

 

 

 

Helium 

88 kg/min 

· 

P2 = 750 kPa 

T2 = 450 K 

P1 = 120 kPa 

T1 = 300 K 

W 
· 

Q 



Question 17. 
 

This is a steady-flow process. The turbine is well-insulated, and thus adiabatic.  Air is an 

ideal gas with constant specific heats. 

 

The constant pressure specific heat of air at the average temperature of (500+127)/2 = 

314°C = 587 K is cp = 1.048 kJ/kg·K. The gas constant of air is Rs = 0.287 kPam3/kgK  

 

There is only one inlet and one exit, and thus mmm   21 . We take the turbine as the 

system, which is a control volume since mass crosses the boundary. The energy balance 

for this steady-flow system can be expressed in the rate form as 
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The specific volume of air at the inlet and the mass flow rate are 

/kgm 15850
kPa 1400

K) 273K)(500/kgmkPa 2870 3
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Similarly at the outlet, 
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(b) Substituting into the energy balance equation gives 

 

kW 19,939
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Turbine 

1.4 MPa 

500°C 

45 m/s 

 

100 kPa 

127°C 



0.5 MPa 

sat. vap. 

Question 18. 

This is a steady-flow process. Kinetic and 

potential energy changes are negligible. The 

turbine is adiabatic. 

 

From the steam tables 

g2296.9kJ/k 1239288081191880

kPa 10

kJ/kg 12748
1

MPa 0.5

kJ/kg 3666.9
C060

MPa 5
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We take the entire turbine, including the 

connection part between the two stages, as the 

system, which is a control volume since mass 

crosses the boundary. Noting that one fluid 

stream enters the turbine and two fluid 

streams leave, the energy balance for this 

steady-flow system can be expressed in the 

rate form as 

mass) ofion (conservat 
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Substituting, the power output of the turbine is 

 

kW 29,346





kJ/kg 9229692012748080.9kg/s)(3666 22

920080 3211s

)....(

)..( hhhmW 

 

 

 

 

 

 

 

 

Steam 

22 kg/s 

5 MPa 

600C 

22 kg/s 

II 

10 kPa 

x=0.88 

I 



Question 19. 

Steam expands through a turbine with a mass flow rate of 25 kg/s and a negligible 

velocity at 6 MPa and 600 °C. The steam leaves the turbine with a velocity of 175 m/s at 

0.5 MPa and 200 °C. The rate of work done by the steam in the turbine is measured to be 

19 MW. Determine the rate of heat transfer associated with this process. 

 

This is a steady-flow process since there is no change with time. Kinetic and potential 

energy changes are negligible.  

 

From the steam tables 

 

kJ/kg 8.2855
C020

MPa 5.0

kJ/kg 3658.8
C060

MPa 6
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We take the turbine as the system, which is a control volume since mass crosses the 

boundary. Noting that one fluid stream enters and leaves the compressor, the energy 

balance for this steady-flow system can be expressed in the rate form as 
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Substituting, 

 

kW 2692

/sm 1000

kJ/kg 1
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Negative for heat loss. 

0.5 MPa 

200°C 

Turbine 

25 kg/s 

6 MPa 

600°C 
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SECOND LAW OF THERMODYNAMICS 

6.1 A car engine produces 30 hp while rejecting 35 kW to the atmosphere. Determine its thermal 

efficiency. 

6.2 (Tutorial) Your refrigerator extracts 2.5 kJ of energy form the food in the cabinet. If its 

compressor requires 1.5 kJ as input, determine the coefficient of performance of the refrigerator and 

the amount of heat rejected into the room.   

6.3 In order to heat up your room during winter you need a 2000 W heater, determine the COP of 

the heater if you want the energy consumption not to exceed 500 W.  

6.4 Could you cool down an apartment by opening the door of the refrigerator? Explain why. To 

make this theoretically feasible, what modification you have to introduce?  

6.5 (Tutorial) A simple Rankine cycle requires 2 MW of heat in the boiler and rejects 1 MW into a 

nearby river. Assuming the work of the pump is negligible, determine the thermal efficiency of the 

cycle and the power produced by the turbine. 

6.6 1) Sketch a cycle that violates the Kelvin-Planck statement of the second law of 

thermodynamics. 2) Sketch a cycle that violates the Clausius statement of the second law of 

thermodynamics. 3) Show that a cycle that violates Kevin-Planck statement will also violate 

Clausius statement of the second law of thermodynamics. 

6.7 You have access to two heat reservoirs of 200°C and 23°C. What will be the maximal 

efficiency of any heat engine designed to work between the two reservoirs? 

6.8 (Tutorial) The average winter low temperature in winter in Montreal is around -13°C. 

However, far enough below the ground, the temperature can remain above zero and reaches around 

10°C. If you want to design a heat engine using this difference in temperature, what will be its 

maximal efficiency? 

6.9 What is the maximal performance of a heat pump operating between reservoirs of 5°C and 

23°C?      

6.10 Estimate the maximal performance of your home refrigerator? 

6.11 An inventor was invited to the show `Dragon’s Den` on CBC and claims that she/he 

developed an innovative design for a heat engine capable of receiving 300 KW of heat from a 

reservoir of 1000 K and rejecting 100 KW to a reservoir of 400 K. The inventor asks for a million 

dollars investment for 20% of his company. As an engineer you are asked to give your opinion on 

the invention to one of the Dragons, what will be your advice and why?  



6.12 A household refrigerator uses refrigerant-134a as the working fluid. The refrigerant enters the 

evaporator coils at 100 kPa with a vapor quality of 0.20 and leaves at the same pressure and -26°C. 

If the compressor consumes 550W of power and the COP of the refrigerator is 1.25, what is the 

mass flow rate of the refrigerant and the rate of heat rejection to the kitchen air. 

6.13 A heat engine receives heat from a thermal reservoir at 1200 °C and has a maximum thermal 

efficiency of 38%. The heat engine does maximum work equal to 600 kJ. What is the heat supplied 

to the heat engine from the reservoir? What is the heat rejection and the temperature of the 

lower temperature reservoir?

6.14 An inventor claims to have developed a heat pump that provides a 180 kW heating effect for a 

293 K household while only consuming 70 kW of power and using a heat source at 273 K. Can this 

claim be possible? 

6.15 (Tutorial) A heat pump is used to heat a house and keep it at 20°C. On a day when the 

average outdoor temperature remains at about 2°C, the house is estimated to lose heat at a rate of 

120,000 kJ/hr. A power input of 5 kW is needed to run the heat pump. Is this HP powerful enough 

to do the job? 





should be (35 +22.37)

should 0.39

should be 39%
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THERMODYNAMIC CYCLES 

Rankine cycle 

7.1 This problem analyzes a simple ideal Rankine cycle with R-134a as the working fluid. The 
boiler operates at 1.6 MPa, the condenser at 0.4 MPa, and the turbine inlet at 80 °C. The flow 
leaving the turbine has a temperature of 28°C. The pump requires a specific work of 0.95 kJ/kg. 
Determine the mass flow rate of R-134a required for a 750 kW power production and the resulting 
thermal efficiency of the cycle. Assume no loss or heat transfer between each open-system 
components. 

7.2 (Tutorial) Steam is the working fluid in an ideal Rankine cycle. Saturated vapor enters the 
turbine at 8.0 MPa and the flow leaves the turbine as a saturated two-phase mixture with a vapor 
quality of 67.45%. Saturated liquid exits the condenser at a pressure of 0.0075 MPa. The net power 
output of the cycle is 100 MW. The pump consumes a specific work of 8.06 kJ/kg. Calculate for the 
thermal efficiency of the cycle, the mass flow rate of the steam, in kg/h and the rate of heat transfer 
in the boiler and that from the condensing steam through the condenser, both in MW. Calculate also 
the mass flow rate of the condenser cooling water, in kg/h, if cooling water enters the condenser at 
15 °C and exits at 35 °C. 

Brayton cycle 

7.3 (Tutorial) An aircraft engine is operating on a ideal Brayton cycle with a pressure ratio of 15. 
Heat is added to the cycle at a rate of 500 kW; the mass flow rate in the engine is 1kg/s and the air 
entering the compressor is at 70 kPa and 0°C. Determine the power output by this engine and its 
thermal efficiency. Assume constant specific heats at room temperature. 

7.4 A gas turbine power plant is operating on the simple Brayton cycle with air that has a pressure 
ratio of 12. The compressor and turbine inlet temperatures are 300K and 1000K, respectively. 
Determine the required mass flow rate of air for a net power ouput of 65 MW. Assume both 
isentropic compressor and turbine (i.e., polytropic with n = k) and constant specific heats at room 
temperature.  

Otto cycle 

7.5 (Tutorial) An engine with a compression ratio of 9.0 is running on an air-standard Otto cycle. 
Prior to the compression process (modeled by a polytropic process with n = k = 1.4), the air is at 
100 kPa, 32°C and 600 cm3. The temperature at the end of the polytropic, expansion process is 800 
K. Determine the highest temperature and pressure in the cycle; b) the amount of heat transferred in 
kJ and c) the thermal efficiency. Assume constant specific heat values at room temperature.

7.6 A1.6-L SI engine is operating on a 4-strokes Otto cycle with a compression ratio of 11. The air 
is at 100 kPa and 37°C at the beginning of the compression process, and the maximum pressure in 
the cycle is 8 MPa. The compression and expansion process may be modeled as isentropic (i.e., 
polytropic process with n = k = 1.4. Determine a) the temperature at the end of the expansion 
process, b) the net work output and the thermal efficiency. Assume constant specific heats at 850 K 
temperature. 



Question #1 
 
Steady operating conditions exist. Kinetic and potential energy changes are negligible. 
From the refrigerant tables, 
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Thus, 
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The mass flow rate of the refrigerant and the thermal efficiency of the cycle are then 

 kg/s 24.26===
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kJ/s 750
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Question #3 
Steady operating conditions exist. The air-standard assumptions are applicable. Kinetic 
and potential energy changes are negligible. Air is an ideal gas with constant specific 
heats. The properties of air at room temperature are cp  = 1.005 kJ/kg·K  and  k = 1.4  
 
For the isentropic compression process, 
 K .8591K)(15) 273( 0.4/1.4/)1(

12 === − kk
prTT  

The heat addition is 
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Applying the first law to the heat addition process, 
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The temperature at the exit of the turbine is 
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Applying the first law to the adiabatic turbine and the compressor produce 
 kJ/kg 6.589K)3.5021089)(KkJ/kg 1.005()( 43T =−⋅=−= TTcw p  

 kJ/kg 4.320K)2738.591)(KkJ/kg 1.005()( 12C =−⋅=−= TTcw p  

The net power produced by the engine is then 
 kW 269.2=−=−= kJ/kg)4.3206kg/s)(589. 1()( CTnet wwmW &&  
Finally the thermal efficiency is 
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Question #4 
Steady operating conditions exist. The air-standard assumptions are applicable. Kinetic 
and potential energy changes are negligible. Air is an ideal gas with constant specific 
heats. The properties of air at room temperature are cp = 1.005 kJ/kg·K and  k = 1.4. 
 
Using the isentropic relations,  
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Question #5 
The properties of air at room temperature are  cp  = 1.005 kJ/kg·K,  cv = 0.718 kJ/kg·K, Rs 
= 0.287 kJ/kg·K, and   k = 1.4. 
 
Process 1-2: isentropic compression. 
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Process 3-4: isentropic expansion. 
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Process 2-3: v = constant heat addition. 
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Question #6 
Properties The properties of air at 850 K are cp  = 1.110 kJ/kg·K,  cv  = 0.823 kJ/kg·K, Rs 
= 0.287 kJ/kg·K,  and   k = 1.349 
 
 (a) Process 1-2: polytropic compression 
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Process 2-3: constant volume heat addition 
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Process 3-4: polytropic expansion. 
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Process 4-1: constant volume heat rejection. 
 (b) The net work output and the thermal efficiency are 
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ENTROPY AND ISENTROPIC EFFICIENCY 
 
8.1 Air is compressed steadily by a compressor which consumes 25 kW of power. The air 
temperature is maintained constant at 25°C during this compression process as a result of heat 
transfer to the surrounding at 17°C. Determine the rate of entropy change of the system (i.e., air). 
 
8.2 A rigid tank is divided into two equal parts by a partition. One part is filled with 3 kg of 
compressed liquid water at 400 kPa and 60°C while the other side is evacuated. The partition is 
removed and water expands into the entire tank until the tank reaches a pressure of 40 kPa. What 
is the entropy change of the water during this process? 
 
8.3 Steam is expanded in an isentropic turbine (i.e., during the expansion inside the turbine the 
entropy remains constant). It enters the turbine at 6 MPa and 400°C, and leaves the turbine at 
100 kPa. What is the change in the specific enthalpy of the water between the turbine inlet and 
outlet? 
 
8.4 A cylinder contains 0.5kg of N2 gas initially at 37 °C and 140 kPa. The gas is compressed 
polytropically with n = 1.3 until the volume is reduced by half. Determine the entropy change of 
nitrogen during this process. 
 
8.5 Steam is expanded in an isentropic turbine. At the inlet, the steam is at 2MPa and 360 °C. 
The flow leaves the turbine at 100 kPa. What is the work produced by this turbine? 
 
8.6 2 kg of saturated water vapor initially at 600 kPa is expanded adiabatically in a piston-
cylinder device until it reaches a pressure of 100kPa. It is said to produce 700 kJ of work from 
this process. What is the entropy change during this process? Is it realistic? 
 
8.7 Air initially at 800 kPa and 100 °C with a velocity of 25 m/s is expanded in an adiabatic 
nozzle by a polytropic process with n = 1.3. It exits the nozzle with a pressure of 180 kPa. 
Determine the temperature and velocity at the nozzle exit. 
 
8.8 5-kg of Air initially at 600 kPa and 410°C is expanded adiabatically in a piston-cylinder 
device until the pressure is 100 kPa. Assuming it produces 550 kJ of displacement work, what is 
the entropy change during this process and if this process is realistic. Assume constant air 
properties evaluated at 300 K. 
 
8.9 Steam initially at 7 MPa, 600°C, and 75 m/s enters an adiabatic turbine and leaves it at 50 
kPa, 150°C and 130 m/s. If the power output of the turbine is 5 MW, what are the mass flow rate 
of the steam and the isentropic efficiency of the turbine? 
 
8.10 Air is expanded by an adiabatic turbine from 1.8MPa and 320 °C to 100 kPa. Determine 
the isentropic efficiency if the air leaves the turbine at 0 °C. 
 
8.11 Air is compressed by an adiabatic compressor from 27 °C and 95 kPa to 277 °C and 600 
kPa. Determine the isentropic efficiency of the compressor and the exit temperature of air for the 
isentropic case. Assume constant air properties evaluated at room temperature. 
 
8.12 Refrigerant-134a initially as saturated vapor at 100 kPa enters an adiabatic compressor with 
an isentropic efficiency of 0.80 at a volume flow rate of 0.7 m3/min, and leaves the compressor at 
1MPa. Determine the compressor exit temperature and power input to the compressor.  



 
8.13 Consider a simple Brayton cycle using air as the working fluid. The pressure ratio of this 
cycle is 12. The maximum cycle temperature is 600°C. The compressor inlet is at 90 kPa and 
15°C. Which will have the greatest impact on the back-work ratio WC/WT: a compressor 
isentropic efficiency of 90% or a turbine isentropic efficiency of 90%. Assume constant specific 
heats of air at room temperature. 
 
8.14 A simple Rankine cycle with water as the working fluid operates between 6MPa and 
50kPa.The turbine’s inlet temperature is 450°C. The isentropic efficiency of the turbine is 94%. 
Pressure and pump losses are negligible. The water leaving the condenser is subcooled by 6.3°C. 
The mass flow rate is given to be 20 kg/s and the specific pump work is 6.1 kJ/kg. Determine the 
rate of heat addition in the boiler, the power input to the pumps, the net power, and the thermal 
efficiency of the cycle. 
 
8.15 A simple ideal Rankine cycle with water as the working fluid is considered. The working 
fluid operates its condenser at 40°C and its boiler at 300°C. The pump requires a specific work 
input of 8.65 kJ/kg. Determine the work output from the turbine, the heat addition in the boiler, 
and the thermal efficiency of the cycle. 
 
8.16 A gas turbine power plant that operates on the simple Brayton cycle with air as the working 
fluid has a pressure ratio of 12. The inlet temperature of the compressor and turbine are 300K 
and 1000 K, respectively. Determine the required mass flow rate of air for a net power output of 
70 MW, assuming both the compressor and the turbine have an isentropic efficiency of a) 100% 
and b) 85%. Assume constant air properties evaluated at room temperature. 
 



Question 8.1  
Noting that h = h(T) for ideal gases, hence, h1 = h2  since T1 = T2 = 25°C. From the steady 
energy equation:  
              kW 25−==WQ &&  
The rate of entropy change of air is: 
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Question 8.2  
 
The properties of the water are  
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Then the entropy change of the water: 
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Question 8.3  
The initial state is superheated vapor: 
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The entropy is constant during the process. The final state 
is a mixture since the entropy is between sf and sg  for 100 
kPa. The properties at this state are: 
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The change in the enthalpy across the turbine: 
 kJ/kg 807.4−=−=−=Δ 3.31789.237012 hhh  
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Question 8.4  
N2 as an ideal gas. Nitrogen has constant specific heats at room temperature: Rs = 0.2968 
kJ/kg.K and cv = 0.743 kJ/kg.K. 
 
From the polytropic relation, 
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Then the entropy change of nitrogen: 
 

( ) ( ) ( ) ( ) kJ/K 0.02557−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅+⋅=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=Δ

0.5ln KkJ/kg 0.2968
K 310
K 381.7ln KkJ/kg 0.743kg 0.50

1

2

1

2
avg2 V

V
v lnln, R

T
TcmS N

 
Question 8.5  
The process is isentropic. For steady state: mmm &&& == 21 . From the energy balance for this 
steady-flow system: 
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The inlet state properties are 
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For this isentropic process, the final state properties are 
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Substituting, 
kJ/kg 621.0=−=−= kJ/kg 925389315921 )..(hhw  
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Question 8.6  

From Tables: 
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The entropy at the final state is: 
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The entropy change is 
KkJ/kg 0.238 ⋅−=−=−=Δ 759365215612 ..sss  

The process is not realistic since entropy cannot decrease during an adiabatic process. In 
the limiting case of a reversible (and adiabatic) process, the entropy remains constant.  
 

Question 8.7  
Air is an ideal gas with constant specific heats. At room temperature are cp = 1.005 
kJ/kg·K and k = 1.4. For the polytropic process Constant=nPv :  
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For steady state: mmm &&& == 21 . The energy balance for this steady-flow system is: 
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Solving for the exit velocity, 
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Question 8.8  
Air is an ideal gas with constant specific heats. The properties of air at 300 K are cp = 
1.005 kJ/kg·K, cv = 0.718 kJ/kg·K and k = 1.4. Also, Rs = 0.287 kJ/kg·K  
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From the entropy change relation of an ideal gas, 
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Since the entropy change is positive for this adiabatic process, the process is irreversible 
and realistic.  
 
Question 8.9 

From the steam tables: 
kJ/kg 2780.2
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For steady state: & & &m m m1 2= = . The energy balance for this steady-flow system is: 
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Substituting, the mass flow rate of the steam is: 

kg/s  5.78
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The isentropic exit enthalpy of the steam and the power output of the isentropic turbine: 
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Then the isentropic efficiency of the turbine becomes 
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Question 8.10 
Air is an ideal gas with constant specific heats. 
The properties of air at the anticipated average 
temperature of 400 K are cp = 1.013 kJ/kg·°C and k 
= 1.395 
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The isentropic exit temperature is  
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Question 8.11 
Air is an ideal gas with constant specific heats (k = 1.4) 
The isentropic exit temperature is  
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Then the isentropic efficiency becomes 
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Question 8.12 
From the refrigerant tables 

kJ/kg 282.51
MPa 1
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From the isentropic efficiency relation, 
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( ) ( )

C56.5°=
⎭
⎬
⎫

=
=

=−+=−+=⎯→⎯
−
−

=

a
a

a

sa
a

s

T
h
P

hhhh
hh
hh

CC

2
2

2

1212
12

12

kJ/kg 289.69
MPa 1

kJ/kg 289.69/0.87234.44282.51234.44/ηη

 

The mass flow rate of the refrigerant is determined from 
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Substituting, the power input to the compressor becomes, 
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Question 8.13 
Air is an ideal gas with constant specific heats. The properties of air at room temperature 
are cp  = 1.005 kJ/kg·K  and  k = 1.4. 
 
For the compression process, 
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For the expansion process, 
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The isentropic and actual work of compressor and turbine are 
 kJ/kg 3.299K)2888.585)(KkJ/kg 1.005()( 12Comp, =−⋅=−= TTcW sps  
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The back work ratio for 90% efficient compressor and isentropic turbine case is 
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The back work ratio for 90% efficient turbine and isentropic compressor case is 
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The two results are almost identical. 
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Question 8.14 
From the steam tables, 
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Question 8.15 
From the steam tables, 
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The thermal efficiency of the cycle is 
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Question 8.16 
Air is an ideal gas with constant specific heats. 
The properties of air at room temperature are cp  = 1.005 kJ/kg·K  and  k = 1.4. 
Using the isentropic relations,  
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The net work output is determined to be 
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