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Thermodynamics 

It is the science of the relations between heat, work and the properties of the systems. 

Approaches in Thermodynamics: 

In macroscopic approach, certain quantity of matter is considered, without considering the 

events occurring at the molecular level. These effects can be perceived by human senses or 

measured by instruments. 

eg: pressure, temperature  

Thermodynamics based on macroscopic approach is called Classical thermodynamics. 

In microscopic approach, the effect of molecular motion is considered. 

eg: At microscopic level the pressure of a gas is not constant, the temperature of a gas is a 

function of the velocity of molecules. Most microscopic properties cannot be measured with 

common instruments nor can be perceived by human senses 

Thermodynamics based on microscopic approach is called Statistical Thermodynamics 

System 

The system is a quantity of matter or a region in space on which we focus our attention (eg: the 

water kettle or the aircraft engine). 

Surroundings 

The rest of the universe outside the system close enough to the system to have some 

perceptible effect on the system is called the surroundings. 

 

Boundaries 

The surface which separates the system from the surroundings are called the boundaries as 

shown in fig below (eg: walls of the kettle, the housing of the engine). 
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Open System 

A system in which, mass and energy (work or heat) can be transferred across the boundary. 

 
Closed System 

A system in which there is no mass transfer but only energy transfer across the boundary. 

 

Isolated System 

A system in which there is no mass transfer and energy transfer across the boundary. 

 

Properties 

It is some characteristic of the system by which the condition of system is described. 

Extensive property: 

Properties whose value depends on the size or extent of the system 

If mass is increased, the value of extensive property also increases. eg: volume, mass 

Intensive property: 

Properties whose value is independent of the size or extent of the system. eg: pressure, 

temperature (p, T). 

State 

A system is said to be in a state when it has definite values for properties. Any operation in 

which one or more properties change is called a ‘change of state’. 
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Equilibrium State 

It is a state of balance. A system is said to be in equilibrium state if it is under mechanical, 

chemical and thermal equilibrium. 

Mechanical equilibrium: No unbalanced forces, ie no difference in pressure within the system 

Chemical equilibrium: No chemical reaction within the system 

Thermal equilibrium: No difference in temperature within the system 

Process 

The succession of states passed through during a change of state is called the path of the system. 

A system is said to go through a process if it goes through a series of changes in state. 

Consequently: 

A system may undergo changes in some or all of its properties in a process. 

Quasi-static Process 

A process in which the intermediate states are equilibrium states is called quasistatic or quasi-

equilibrium process. Generally quasi-static processes are slow processes. 

Cycle 

A series of processes at the end of which the system comes back to initial state. 

Open and closed cycle 

In a closed cycle, the same working substance will be undergoing the cycle again and again.  

In an open cycle, the working substance will be exhausted at the end of a series of processes 

which will be repeated again and again. 

Zeroth Law of Thermodynamics 

If two systems (say A and B) are in thermal equilibrium with a third system (say C) separately 

(that is A and C are in thermal equilibrium; B and C are in thermal equilibrium) then they are 

in thermal equilibrium themselves (that is A and B will be in thermal equilibrium. 

 

Two systems are said to be equal in temperature, when there is no change in their respective 

observable properties when they are brought together. In other words, “when two systems are 

at the same temperature they are in thermal equilibrium”(They will not exchange heat). 

Note: They need not be in thermodynamic equilibrium. 
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Point and path function 

Path function: The function whose value is dependent on the path of the process. e.g. work 

transfer and heat transfer  

Point function: The function the change in whose value is independent on the path of the 

process. e.g. pressure,  temperature, etc. 

Reversible and irreversible process 

Reversible process: A reversible process is one which can be stopped at any stage and reversed 

so that the system and surroundings are exactly restored to their initial states. 

Irreversible process: An irreversible process is one which can be stopped at any stage and 

reversed but the system and surroundings are not restored to their initial states. 

Work and its Sign convention   

Work is transient quantity which appears at the boundary when a system changes its state due 

to the movement of a part of the boundary under the action of a force. 

Sign convention: 

If the work is done by the system, Work output of the system = + W 

 If the work is done on the system, Work input to system = – W 

Heat and its Sign convention   

Heat is transient quantity which appears at the boundary when a system changes its state due 

to a difference in temperature between the system and its surroundings.  

Heat received by the system = + Q, Heat rejected or given up by the system = – Q. 

Flow energy      

Energy required to introduce a quantity of fluid in a pipe section is flow energy. It is equal to pV. 

Internal Energy 

Internal energy of a gas is the energy stored in a gas due to its molecular interactions. It is denoted as U 

Enthalpy of a system 

It is the sum of internal energy and flow energy. i.e. H = U+ pV 

Latent heat 

Amount of heat required to cause a phase change in unit mass of a substance at constant pressure and 

temperature. 
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Process 
Units Constant Volume 

(V=C) 

Constant Pressure 

(p=C) 

Isothermal          

(pV=C) 

Adiabatic Process 

(𝒑𝑽𝜸 = 𝑪) 

Polytropic Process              

(𝒑𝑽𝒏 = 𝑪) 

p-V Diagram 

 

     

Work Done  
kJ 

W=0 W = p1(V2 − V1) W = p1V1 ln (
V2

V1
) W =

p1V1 − p2V2

γ − 1
 W =

p1V1 − p2V2

n − 1
 

Change In Internal 

Energy  

kJ 
∆U = mCv(T2 − T1) ∆U = mCv(T2 − T1) ∆U = 0 ∆U =  −W ∆U = Q − W 

Heat Transfer  
kJ 

Q = mCv(T2 − T1) Q = mCP(T2 − T1) Q = W = p1V1 ln (
V2

V1
) Q = 0 Q = [

𝛾 − 𝑛

 (𝛾 − 1)
] × W 

Change In Entropy  
kJ/K 

∆S = mCv ln (
T2

T1
) ∆S = mCP ln (

T2

T1
) ∆S = mR ln (

V2

V1
) ∆S = 0 ∆S = mCn ln (

T2

T1
) 

p  , V , T   Relations 

 

T2

T1
=

p2

p1
 

T2

T1
=

V2

V1
 

V2

V1
=

p1

p2
 

p2

p1
= (

V1

V2
)

γ

 

T2

T1
= (

V1

V2
)

γ−1

 

T2

T1
= (

P2

P1
)

γ−1
γ

 

p2

p1
= (

V1

V2
)

n

 

T2

T1
= (

V1

V2
)

n−1

 

T2

T1
= (

P2

P1
)

n−1
𝑛

 

 Where C=Constant,  1 and 2 indicates as initial 

and final state, 

 Equation for Ideal Gas :  pV = mRT 

 Pressure  ‘p’   –    kN/m
2
 (1 bar =1 X 10

2
 kN/ m

2
) 

 Volume     ‘ V ‘  -     m
3
         

 Mass          ‘m’    -     kg          

 Gas Constant  ‘R’    -   0.287 kJ/kg.K 

 Temperature   ‘T’    -  K             ( 0°C = 273K ) 

 Enthalpy            ‘h’ =  u + Pv      or     h = CpT  

 

 pv = RT 

Specific Volume ′𝑣′ =
𝑉

𝑚
   m

3
/kg 

 

 𝐩�̇� = �̇�𝐑𝐓 

Volume flow rate ′V̇′ − m3/s 

Mass flow rate ‘ṁ’ – kg/s 

 

 𝐩�̅� = �̅�𝐑𝐓 

Molar volume V- m3/kgmol 
Number of moles ‘n’ 

Entropy for all process can also be calculated by: 

∆S = mCv ln (
T2

T1
) + mR ln (

V2

V1
),           ∆S = mCP ln (

T2

T1
) − mR ln (

P2

P1
) 

∆S = mCP ln (
V2

V1
) + mCv ln (

P2

P1
) 

For Ideal Gas (Air): 

Specific Heat ‘Cp’   = 1.005 kJ/kg.K,   ‘Cv’   = 0.718 kJ/kg.K 

For Water : 

Specific Heat ‘Cp’   = 4.186 kJ/kg.K,  

Index of Expansion ′𝐧′ =
ln (

p2

p1
)

(ln
V1

V2
)
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STEADY FLOW ENERGY EQUATION: 

 

 

 

 

 

 

 

 

 
Inlet:  

Kinetic energy + Potential energy+ Internal energy+ Flow energy + Heat  
𝐂𝟏

𝟐

𝟐
+ 𝐠𝐳𝟏 + 𝐮𝟏 + 𝐩𝟏𝐯𝟏 + 𝐐    (J/kg) 

Exit 

Kinetic energy + Potential energy+ Internal energy+ Flow energy + Heat 
𝐂𝟐

𝟐

𝟐
+ 𝐠𝐳𝟐 + 𝐮𝟐 + 𝐩𝟐𝐯𝟐 + 𝐖 (J/kg) 

According to the Energy Conservation Priciple 

Inlet Energy = Exit Energy 

𝐂𝟏
𝟐

𝟐
+ 𝐠𝐳𝟏 + 𝐮𝟏 + 𝐩𝟏𝐯𝟏 + 𝐐 =

𝐂𝟐
𝟐

𝟐
+ 𝐠𝐳𝟐 + 𝐮𝟐 + 𝐩𝟐𝐯𝟐 + 𝐖 

 

𝐐 − 𝐖 =
  𝐂𝟐

𝟐 − 𝐂𝟏
𝟐

𝟐
+ 𝐠(𝐳𝟐 − 𝐳𝟏) + (𝐮𝟐 − 𝐮𝟏) + (𝐩𝟐𝐯𝟐 − 𝐩𝟏𝐯𝟏 )      (J/kg) 

 

𝐐 − 𝐖 =
  𝐂𝟐

𝟐 − 𝐂𝟏
𝟐

𝟐𝟎𝟎𝟎
+

𝐠(𝐳𝟐 − 𝐳𝟏)

𝟏𝟎𝟎𝟎
+ (𝐮𝟐 − 𝐮𝟏) + (𝐩𝟐𝐯𝟐 − 𝐩𝟏𝐯𝟏)       (kJ/kg) 

 

�̇� − �̇� = �̇� [
  𝐂𝟐

𝟐 − 𝐂𝟏
𝟐

𝟐𝟎𝟎𝟎
+

𝐠(𝐳𝟐 − 𝐳𝟏)

𝟏𝟎𝟎𝟎
+ (𝐮𝟐 − 𝐮𝟏) + (𝐩𝟐𝐯𝟐 − 𝐩𝟏𝐯𝟏)] (kJ/s) 

 

�̇� − �̇� = �̇� [
  𝐂𝟐

𝟐 − 𝐂𝟏
𝟐

𝟐𝟎𝟎𝟎
+

𝐠(𝐳𝟐 − 𝐳𝟏)

𝟏𝟎𝟎𝟎
+ (𝐡𝟐 − 𝐡𝟏)]                                 (kJ/s) 

 

FOR OPEN SYSTEM: 

𝐐 − 𝐖 = ∆𝐄 

 

FOR CLOSED SYSTEM: 

𝐐 − 𝐖 = ∆𝐔 

(i) Rate of heat transfer in the heat exchanger  

 From steady flow energy Equation: 

 �̇� (
C1

2

2000
+

gz1

1000
+ u1 + p1v1) + Q̇ = �̇� (

C2
2

2000
+

gz2

1000
+ u2 + p2v2) + Ẇ 

z1 = z2,   C1 = 0, C2 = 0 ,  W=0,   h1 = u1 + p1v1 and h2 = u2 + p2v2 

                        𝐐𝟏𝟐 = �̇�(𝐡𝟐 − 𝐡𝟏)       (kJ/s) 

(ii) The power output from the turbine assuming no heat loss 

 From steady flow energy Equation: 

 �̇� (
C1

2

2000
+

gz1

1000
+ u1 + p1v1) + Q̇ = �̇� (

C2
2

2000
+

gz2

1000
+ u2 + p2v2) + Ẇ 

Where,  z1 = z2, h1 = u1 + p1v1 and h2 = u2 + p2v2,  Q = 0 

𝐖𝟏𝟐 = �̇� [
𝐂𝟏

𝟐−𝐂𝟐
𝟐

𝟐𝟎𝟎𝟎
+ (𝐡𝟏 − 𝐡𝟐)]      (kJ/s) 

 

(iii) The power required to run the compressor assuming no heat loss 

 From steady flow energy Equation: 

 �̇� (
C1

2

2000
+

gz1

1000
+ u1 + p1v1) + Q̇ = �̇� (

C2
2

2000
+

gz2

1000
+ u2 + p2v2) + Ẇ 

Where,  z1 = z2, h1 = u1 + p1v1 and h2 = u2 + p2v2,  Q = 0 

𝐖𝟏𝟐 = �̇� [
𝐂𝟏

𝟐−𝐂𝟐
𝟐

𝟐𝟎𝟎𝟎
+ (𝐡𝟏 − 𝐡𝟐)]    (kJ/s)       (Negative work will attain) 

 

(iv) The velocity at exit of the nozzle 

 From steady flow energy Equation: 

 ṁ (
C1

2

2000
+

gz1

1000
+ u1 + p1v1) + Q̇ = m (

C2
2

2000
+

gz2

1000
+ u2 + p2v2) + Ẇ 

Where,  z3 = z4,    Q=0,   W=0,   h3 = u3 + p3v3 and h4 = u4 + p4v4 

C2
2

2
=

C1
2

2000
+ (h1 − h2)                 C2 = √C1

2 + 2000 (h1 − h2)             

        𝐂𝟐 = 𝟒𝟒. 𝟕√(𝐡𝟏 − 𝐡𝟐))    (m/s) If C1 is negligible 

Z1 
Z2 

INLET OUTLET 
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Problems on First law of thermodynamics closed system: 

1. A mass of 1.5 kg of air is compressed in a quasi-static process from 0.1 MPa to 0.7 MPa for 

which pV = C. The initial density of air is 1.16 kg/m
3
. Find the work done by the piston to 

compress the air. 

 Given:  m=1.5 kg, P1=0.1MPa, P2=0.7MPa, ρ=1.16kg/m
3
  

 Find: The work done by the piston (W)  

 Solution: 

ρ =
m

V
            V1 =

m

ρ
=

1.5

1.16
            𝐕𝟏 = 𝟏. 𝟐𝟗𝟑 𝐦𝟑 

For quasi-static process 

W = ∫ pdV             W = p1V1 ∫
dV

V

V2

V1
            W = p1V1 ln (

V2

V1
) 

At  pV = C             p1V1 = p2V2 = C            
V2

V1
=

p1

p2
 

W = p1V1 ln (
V2

V1
)     W = p1V1 ln (

p1

p2
)     W = 0.1 × 1.293 ln (

0.1

0.7
)       𝐖 = − 𝟐𝟓𝟏. 𝟔𝟑 𝐤𝐉 

2. A mass of gas is compressed in a quasi-static process from 80 kPa, 0.1 m
3
 to 0.4 MPa, 0.03 

m
3
. Assuming that the pressure and volume are related by pV

n
 = constant, find the work 

done by the gas system. 

 Given:  P1=80 kPa, P2=0.4MPa, V1=0.1 m
3
, V2=0.03 m

3
 

 Find: (i) n, (ii) The work done (W)  

 Solution: 

At  pVn = C             p1V1
n = p2V2

n                

Taking Log on  

ln p1 + n ln V1 = ln p2 + n         n(ln V1 − ln V2) = ln p2 − ln p1          n (ln
V1

V2
) = ln (

p2

p1
)  

n =
ln(

p2
p1

)

(ln
V1
V2

)
             n =

ln(
400

80
)

(ln
0.1

0.03
)
              𝐧 = 𝟏. 𝟑𝟑𝟔𝟕 ≈ 𝟏. 𝟑𝟒 

W = ∫ pdV           W =
p1V1−p2V2

n−1
          W =

80×0.1−400×0.03

1.34−1
           𝐖 = −𝟏𝟏. 𝟕𝟔𝟒𝐤𝐉 

3. At the beginning of the compression stroke of a two-cylinder internal combustion engine 

the air is at a pressure of 101.325 kPa. Compression reduces the volume to 1/5 of its 

original volume, and the law of compression is given by pV
1.2 

= constant. If the bore and 

stroke of each cylinder is 0.15 m and 0.25 m, respectively, determine the power absorbed in 

kW by compression strokes when the engine speed is such that each cylinder undergoes 500 

compression strokes per minute. 

Given:  P1=101.325 kPa, V2=1/5 V1 , D=0.15 m, L=0.25m, N=500rpm and pV1.2 = C 

 Find: The power absorbed in kW (P)  
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 Solution: 

p1V1
1.2 = p2V2

1.2        p2 = (
V1

V2
)

1.2

× p1 =  (5)1.2 × 101.325           𝐩𝟐 = 𝟔𝟗𝟗. 𝟒𝟏𝐤𝐏𝐚 

Initial Volume (𝐕𝟏) =
πd2

4
× L            V1 =

π×0.152

4
× 0.25             𝐕𝟏 = 𝟎. 𝟎𝟎𝟒𝟒𝟐 𝐦𝟑 

Final Volume (𝐕𝟐) =
V1

5
             V2 =

0.00442

5
             𝐕𝟐 = 𝟎. 𝟎𝟎𝟎𝟖𝟖𝟒 𝐦𝟑 

Work done 𝐖 =
n

n−1
[p2V2 − p1V1]              W =

1.2

1.2−1
[(699.41 × 0.000884) − (101.325 × 0.00442)] 

𝐖 = 𝟑. 𝟓𝟗𝐤𝐉 

4. Air at 1.02 bar, 22°C, initially occupying a cylinder volume of 0.015 m
3
, is compressed 

reversibly and adiabatically by a piston to a pressure of 6.8 bar. Calculate :(i) The final 

temperature ;(ii) The final volume ;(iii) The work done. 

 Given:  P1=1.02 bar, T1=22°C+273= 295K, V1= 0.015 m
3
, P2= 6.8 bar, pVn = C 

 Find  : (i) T2 , (ii) V2, (iii) W 

 Solution: 

(i) Final temperature 

From the relation 

 
T2

T1
= (

P2

P1
)

γ−1

γ
        T2 = (

P2

P1
)

γ−1

γ
× T1             T2 = (

6.8

1.02
)

1.4−1

1.4
× 295        𝐓𝟐 = 𝟓𝟎𝟕. 𝟐𝟒𝐊 

(ii)  Final Volume 

 p1V1
γ

= p2V2
γ
       

p1

p2
= (

V2

V1
)

γ

      V2 = (
P1

P2
)

I

γ
× V1 = (

1.02

6.8
)

I

1.4
× 0.015     𝐕𝟐 = 𝟎. 𝟎𝟎𝟑𝟖𝟕 𝐦𝟑 

(iii) Work  

 W = ∫ pdV          W =
p1V1−p2V2

γ−1
            W =

102×0.015−680×0.00387

1.4−1
               𝐖 = −𝟐. 𝟕𝟓𝟒𝐤𝐉 

5. 0.15 m
3
 of an ideal gas at a pressure of 15 bar and 550 K is expanded isothermally to 4 

times the initial volume. It is then cooled to 290 K at constant volume and then compressed 

back polytropically to its initial state. Calculate the net work done and heat transferred 

during the cycle. 

Given: V1= 0.15 m
3
 , P1=15 bar, T1= T2 =550K,  

V2

V1
= 4 

T3=290K, V2 = 4 × V1 = 0.6 m3 

Find  : (i) W , (ii) Q 

Solution: 

Process 1-2: Isothermal Process 

 

At  pV = C           p1V1 = p2V2         p2 =
V1

V2
× p1 =

0.15

4×0.15
× 15        𝐩𝟐 = 𝟑. 𝟕𝟓𝐛𝐚𝐫 

Work done 𝐖𝟏𝟐 = p1V1 ln
V2

V1
= (15 × 105) × 0.15 ln(4)           𝐖𝟏𝟐 = 𝟑𝟏𝟏. 𝟗𝐤𝐉 
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Process 2-3: Constant Volume Process,  Work done 𝐖𝟐𝟑 = 0 

At  
p

T
= C           p2T3 = p3T2           p3 =

T3

T2
× p2 =

290

550
× 3.75          𝐩𝟑 = 𝟏. 𝟗𝟖 𝐛𝐚𝐫 

Process 3-1: Polytropic Process 

  At  pVn = C             p3V3
n = p1V1

n           

 Taking Log on  

ln p3 + n ln V3 = ln p1 + n ln V1      n(ln V3 − ln V1) = ln p3 − ln p1          n (ln
V3

1
) = ln (

p1

p3
)  

n =
ln(

p1
p3

)

(ln
V3
V1

)
            n =

ln(
15

1.98
)

(ln(4))
            𝐧 = 𝟏. 𝟒𝟔 

 Work done: 

 𝐖𝟑𝟏 =
p3V3−p1V1

n−1
         𝐖𝟑𝟏 =

1.98×105×0.6−680×105×0.15

1.46−1
           𝐖𝟑𝟏 = −𝟐𝟑𝟎. 𝟖𝟕𝐤𝐉 

 Total Work done 

𝐖 = 𝐖𝟏𝟐 + 𝐖𝟐𝟑 + 𝐖𝟑𝟏          𝐖 = 𝟑𝟏𝟏. 𝟗 + 𝟎 + (−𝟐𝟑𝟎. 𝟖𝟕)       𝐖 = 𝟖𝟏. 𝟎𝟑𝐤𝐉 

6. 0.2 m
3
 of air at 4 bar and 130°C is contained in a system. A reversible adiabatic expansion 

takes place till the pressure falls to 1.02 bar. The gas is then heated at constant pressure till 

enthalpy increases by 72.5 kJ. Calculate (i) The work done (ii) The index of expansion, if 

the above processes are replaced by a single reversible polytropic. Process giving the same 

work between the same initial and final states. Take Cp = 1 kJ/kg K, Cv = 0.714 kJ/kg K. 

Given: V1= 0.2 m
3
 , P1=4 bar, T1= 130°C, P2= 1.02 

bar, ∆h = 72.5kJ, Cp = 1 kJ/kgK, Cv = 0.714 

kJ/kgK. 

Find  : (i) W , (ii) n, (iii)  

Solution:  

From the characteristic gas equation:  

R = CP − CV         R = 1 − 0.714             𝐑 = 𝟎. 𝟐𝟖𝟔 
𝐤𝐉

𝐤𝐠
. 𝐊 

γ =
CP

CV
                    γ =

1

0.714
                       𝛄 = 𝟏. 𝟒 

Process 1-2: Reversible adiabatic process: 

  p1V1
γ

= p2V2
γ
        V2 = (

P1

P2
)

I

1.4
× V1 = (

4

1.02
)

I

1.402
× 0.2            𝐕𝟐 = 𝟎. 𝟓𝟑 𝐦𝟑 

From the relation,  
T2

T1
= (

P2

P1
)

γ−1

γ
    T2 = (

P2

P1
)

γ−1

γ
× T1      T2 = (

1.02

4
)

1.4−1

1.4
× 403     𝐓𝟐 = 𝟐𝟕𝟐. 𝟕𝐊 

 Work  

W12 =
p1V1−p2V2

γ−1
            W12 =

(4×105×0.2)−(1.02××105×0.53)

1.4−1
           𝐖𝟏𝟐 = 𝟔𝟒. 𝟖𝟓𝟎𝐤𝐉 
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Process 2-3: Constant pressure process 

Q23 = mCp(T3 − T2)      72.5 = 0.694 × 1 × (T3 − 272.7) 

         T3 = 𝟑𝟕𝟕𝐊 
m =

P1V1

RT1
=

(4 × 105) × 0.2

286 × 403
 

   𝐦 = 𝟎. 𝟔𝟗𝟒𝐤𝐠 

At  
V

T
= C              V2T3 = V3T2              V3 =

T3

T2
× V2 =

377

272.7
× 0.53          𝐕𝟑 = 𝟎. 𝟕𝟑𝟐𝐦𝟐 

W23 = p2(V3 − V2)           W23 = 1.02 × 105(0.732 − 0.53)                   𝐖𝟐𝟑 = 𝟐𝟎. 𝟔𝟎𝟒𝐤𝐉 

 Total Work done: 

𝐖 = 𝐖𝟏𝟐 + 𝐖𝟐𝟑          𝐖 = 𝟔𝟒. 𝟖𝟓 + 𝟐𝟎. 𝟔𝟎𝟒          𝐖 = 𝟖𝟓. 𝟒𝟓𝟒𝐤𝐉 

 Index of expansion, n: (If the work by the polytropic process is the same)  

 W13 =
p1V1−p3V3

n−1
         85.454 =

(4×102×0.2)−(1.02××102×0.53)

n−1
         𝐧 = 𝟏. 𝟎𝟔𝟐 

7. A cylinder contains 0.45 m
3
 of a gas at 1 × 10

5
 N/m

2
 and 80°C. The gas is compressed to a 

volume of 0.13 m
3
, the final pressure being 5 × 10

5
 N/m

2
. Determine :(i) The mass of gas  (ii) 

The value of index ‘n’ for compression  (iii) The increase in internal energy of the gas  (iv) 

The heat received or rejected by the gas during compression.. Take  = 1.4, R = 294.2 

J/kg°C. 

 Given: V1= 0.45 m
3
 , P1=1x 10

5
 N/m

2
 , T1= T2 =80°C,  V2= 0.13 m

3
 ,  P2=5x 10

5
 N/m

2
 

 Find  : (i) m ,  (ii) n , (iii) ΔU , (iv) Q 

 Solution: 

(i) The mass of gas  : 

m =
P1V1

RT1
                m =

(1×105)×0.45

294.2×353
                       𝐦 = 𝟎. 𝟒𝟑𝟑𝐤𝐠 

(ii) The value of index ‘n’ for compression 

 At  pVn = C             p1V1
n = p2V2

n                

Taking Log on  

ln p1 + n ln V1 = ln p2 + n ln V2     n(ln V1 − ln V2) = ln p2 − ln p1        n (ln
V1

V2
) = ln (

p2

p1
)  

n =
ln(

p2
p1

)

(ln
V1
V2

)
            n =

ln(
5

1
)

(ln
0.45

0.13
)
            𝐧 = 𝟏. 𝟐𝟗𝟔 ≈ 𝟏. 𝟑 

(iii) The increase in internal energy of the gas  (polytropic process) 

  
T2

T1
= (

V1

V2
)

n−1

            T2 = (
V1

V2
)

n−1

× T1       T2 = (
0.45

0.13
)

1.3−1

× 353        𝐓𝟐 = 𝟓𝟎𝟗. 𝟕𝐊 

∆U = mCv(T2 − T1)        ∆U = 0.433 ×
0.2942

1.4−1
(509.7 − 353)             ∆𝐔 = 𝟒𝟗. 𝟗𝐤𝐉 
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(iv) The heat received or rejected by the gas during compression 

W = ∫ pdV          W =
p1V1−p2V2

γ−1
            W =

1×105×0.45−5×105×0.13

1.3−1
              𝐖 = −𝟔𝟕. 𝟒𝟒𝐤𝐉 

Q = ∆U + W         Q = 49.9 − 67.44         𝐐 = −𝟏𝟕. 𝟒𝟒𝐤𝐉 

8. Three grams of nitrogen gas at 6 atm and 160°C in a frictionless piston cylinder device is 

expanded adiabatically to double its initial volume, then compressed at constant pressure 

to its initial volume and then compressed again at constant volume to its initial state.  

Calculate the network done on the gas.  Draw the P-V diagram for the processes.           

Given: 

m = 3g = 3 × 10−3kg 

P1 = 6atm = 6.08 × 102kN/m2 

T1 = 160℃ + 273 = 433K 

V1 = V3 

V2 = 2V1 

Find:Network done? 

Assume γ = 1.4 

 

m =
P1V1

RT1
            V1 =

mRT1

P1
               V1 =

3×10−3×0.287×433

6.08×102               𝐕𝟏 = 𝟎. 𝟎𝟎𝟎𝟔𝟏𝒎𝟑 

V2 = 2 × 0.00061                  𝐕𝟐 = 𝟏. 𝟐𝟐 × 𝟏𝟎−𝟑 𝒎𝟑 

Process 1-2: Revesible adiabatic expansion: 

 p1V1
γ

= p2V2
γ
       

p2

p1
= (

𝑉1

𝑉2
)

𝛾

       p2 = 6.08 × 102 × (
0.00061

𝟏.𝟐𝟐×𝟏𝟎−𝟑)
1.4

       𝐩𝟐 = 𝟐. 𝟓 × 𝟏𝟎𝟐𝒌𝑵/𝒎𝟐 

      W =
p1V1−p2V2

γ−1
            W =

6.08×102×0.00061−2.5×102×𝟏.𝟐𝟐×𝟏𝟎−𝟑

1.4−1
              𝐖 = 𝟐𝟐𝟓. 𝟔𝟑𝐤𝐉 

Process 2-3: Constant pressure cooling 

W23 = P(V3 − V2)           W23 = 2.5 × 102(0.00061 − 1.22 × 10−3)          𝐖𝟐𝟑 = −𝟎. 𝟏𝟓𝟐𝟓 𝐤𝐉 

Process 2-3: Constant volume compression 

𝐖𝟑𝟏 = 𝟎 

Network done: 

Wnet = 225.63 − 0.1525 + 0                𝐖𝐧𝐞𝐭 = 𝟐𝟐𝟓. 𝟒𝟖𝐤𝐉 

9. A gas undergoes a thermodynamic cycle consisting of three processes beginning at an 

initial state where p1 = 1 bar, V1 = 1.5 m
3
 and U1 = 512 kJ. The processes are as follows: 

(i) Process 1–2: Compression with pV = constant to p2 = 2bar, U2 = 690 kJ,  

(ii) Process 2–3: W23 = 0, Q23 = –150 kJ, and  

(iii) Process 3–1: W31 = +50 kJ. Neglecting KE and PE changes,  

Determine the heat interactions Q12 and Q31. 
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 Given: P1=1 bar , V1= 1.5 m
3
 ,  U1= 512kJ,  P2=2 bar , U2= 690kJ , W23 = 0,  

       Q23 = –150 kJ, W31 = +50 kJ 

 Find  : (i) Q12 ,  (ii) Q31  

 Solution: 

 Process 1–2: Isothermal Process 

 𝑄12 = ∆𝑈 + ∫ pdV        𝑄12 = 𝑈2 − 𝑈1 + p1V1 ln (
V2

V1
)    𝑄12 = (690 − 512) + 100 × 1.5 ln (

1

2
) 

𝑄12 = 178 − 103.972          𝐐𝟏𝟐 = 𝟕𝟒. 𝟎𝟑𝐤𝐉 

Process 2–3: Constant Volume Process 

      W23 = 0,       Q23 = –150 kJ 

Process 3–1: Adiabatic Expansion Process 

Q23 = (U2 − U3) + W          −150 = (690 − U3) + 0               𝐔𝟑 = 𝟓𝟒𝟎𝐤𝐉 

𝑄31 = (U3 − U1) + W              𝑄31 = (540 − 512) + 50         𝐐𝟑𝟏 = 𝟐𝟐𝐤𝐉 

10. A gas undergoes a thermodynamic cycle consisting of the following processes: 

i. Process 1–2: Constant pressure p = 1.4 bar, V1 = 0.028 m3, W12 = 10.5 kJ 

ii. Process 2–3: Compression with pV = constant, U3 = U2 

iii. Process 3–1: Constant volume, U1 – U3 = – 26.4 kJ.  

There are no significant changes in KE and PE. (a) Sketch the cycle on a p–V diagram, (b) 

Calculate the network for the cycle in kJ (c) Calculate the heat transfer for process 1–2, (d) 

Show that cycle ΣQ =  ΣW. 

Given: P1=1.4 bar , V1= 0.028 m
3
 , W12= 10.5kJ,  

U3= U2 U1 – U3 = – 26.4 kJ, 

Find: (i) Sketch the cycle,  (ii) The net work for the 

cycle (iii) 𝑄12 (iv) Show that cycle ΣQ =  ΣW 

Solution: 

 

 Process 1–2: Constant Pressure Process 

𝑊12 = 𝑃(V2 − V1)          10.5 = 1.4 × 100(V2 − 0.028)        𝐕𝟐 = 𝟎. 𝟏𝟎𝟑𝐦𝟑 

U1 − U3 = −26.4        U1 − U2 = −26.4                                                     𝐔𝟐 = 𝐔𝟏 + 𝟐𝟔. 𝟒 

 𝑄12 = ∆𝐸 + ∫ pdV        𝑄12 = 𝑈2 − 𝑈1 + 𝑊12        𝑄12 = (26.4) + 10.5            𝐐𝟏𝟐 = 𝟑𝟔. 𝟗𝐤𝐉 

                             W12 = 10.5kJ 

Process 2–3: Isothermal compression Process 

W23 = p2V2 ln (
V3

V2
)          W23 = 1.4 × 100 × 0.103 ln (

0.028

0.103
)                 𝐖𝟐𝟑 = −𝟏𝟖. 𝟕𝟖𝟑 𝐤𝐉 

Q23 = (U2 − U3) + W23          Q23 = (0) + (−18.783)                             𝐐𝟐𝟑 = −𝟏𝟖. 𝟕𝟖𝟑𝐤𝐉 

 Process 3–1: Constant Volume Process        W31 = 0 

Q31 = (U3 − U1) + W              Q31 = (−26.4) + 50                                  𝐐𝟑𝟏 = 𝟐𝟔. 𝟒𝐤𝐉 
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(b) The net work for the cycle 

W = W12 + W23 + W31         W = 10.5 − 18.783 + 0                          𝐖 = −𝟖. 𝟐𝟖𝟑𝐤𝐉 

(d) Show that cycle ΣQ =  ΣW 

 W12 + W23 + W31 = 𝑄12 + 𝑄23 + 𝑄31        −8.283 = 36.9 − 18.783 − 26.4 

   ΣQ =  ΣW is proved 

11. 90 kJ of heat are supplied to a system at a constant volume. The system rejects 95 kJ of 

heat at constant pressure and 18 kJ of work is done on it. The system is brought to original 

state by adiabatic process. Determine :  

(i) The adiabatic work ; 

(ii) The values of internal energy at all end states if initial value is 105 kJ.  

Given: 

Heat supplied at constant volume =90kJ 

Heat rejected at constant pressure=-95kJ 

Work done on the system = -18kJ 

Initial value of internal energy = 105kJ 

Solution: 

 

Process l-m: Constant volume heat supplied 

W𝑙−m = 0 

Q𝑙−m = W𝑙−m + (Um − U𝑙)         Q𝑙−m = (Um − U𝑙)         90 = (Um − 105)        𝐔𝐦 = 𝟏𝟗𝟓𝐤𝐉 

Process m-n: Constant pressure heat rejected 

Q𝑚−n = W𝑚−n + (Un − U𝑚)     −95 = −18 + (Un − U𝑚)   Un − U𝑚 = −77kJ     𝐔𝐧 = 𝟏𝟏𝟖𝐤𝐉 

Process n-l: Adiabatic Expansion Q𝑛−𝑙 = 0, for Adiabatic process  

∫ 𝛿𝑄 = 90 − 95 = −5kJ 

∮ δQ = ∫ 𝛿𝑤              ∫ 𝛿𝑊 = −18 + 𝑊𝑛−𝑙           −5 = −18 + 𝑊𝑛−𝑙              𝐖𝐧−𝐥 = 𝟏𝟑𝐤𝐉 

12. A fluid system, contained in a piston and cylinder machine, passes through a complete cycle of four 

processes. The sum of all heat transferred during a cycle is -340 kJ. The system completes 200 

cycles per min. 

Process       Q (kJ/min)     W (kJ/min)      E (kJ/min) 

 1-2                  0                  4340                   - 

 2-3              42,000                0                      - 

 3-4             -  4,200                0                -73,200 

 4-1                   -                      -                      - 

Complete the above table showing the method for each item, and compute the net rate of 

work output in kW.                               
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Solution: 

Sum of all heat transferred during the cycle = -340 kJ 

Number of cycles completed by the system = 200 cycle/min 

Process 1-2: 

Q12 = W12 + ∆E12          0 = 4340 + ∆E12                        ∆𝐄𝟏𝟐 = −𝟒𝟑𝟒𝟎 𝐤𝐉/𝐦𝐢𝐧 

Process 2-3: 

Q23 = W23 + ∆E23          42000 = 0 + ∆E23                      ∆𝐄𝟐𝟑 = 𝟒𝟐𝟎𝟎𝟎 𝐤𝐉/𝐦𝐢𝐧 

Process 3-4:  

Q34 = W34 + ∆E34          −4200 = W34 − 73200            𝐖𝟑𝟒 = 𝟔𝟗𝟎𝟎𝟎 𝐤𝐉/𝐦𝐢𝐧 

Process 4-1: 

∑ QCycle = −340 kJ/min  

The system completes 200 cycles / min 

Q12 + Q23 + Q34 + Q41 = 200 × (−340)         0 + 42000 − 4200 + Q41 = 200 × (−340) 

𝐐𝟒𝟏 = −𝟏𝟎𝟓𝟖𝟎𝟎 𝐤𝐉/𝐦𝐢𝐧 

Now, ∫ 𝑑𝐸 = 0 , since cyclic integral of any property is zero 

∆E12 + ∆E23 + ∆E34 + ∆E41 = 0          −4340 + 42000 + (−73200) + ∆E41 = 0 

∆𝐄𝟒𝟏 = 𝟑𝟓𝟓𝟒𝟎 𝐤𝐉/𝐦𝐢𝐧 

Q41 = W41 + ∆E41          −105800 = W41 − 35540             𝐖𝟒𝟏 = −𝟏𝟒𝟏𝟑𝟒𝟎 𝐤𝐉/𝐦𝐢𝐧 

Rate od work output = −68000
kJ

min
= −

68000

60
= 𝟏𝟏𝟑𝟑. 𝟑𝟑 𝐤𝐖  

13. 680kg of fish at 5°C are to be frozen and stored at – 12°C. The specific heat of fish above 

freezing point is 3.182, and below freezing point is 1.717 kJ/kg K. The freezing point is – 

2°C, and the latent heat of fusion is 234.5 kJ/kg. How much heat must be removed to cool 

the fish, and what per cent of this is latent heat? 

 Given: m=680 kg, T1=5°C, T2= – 2°C, T3= – 12°C, Cafp=3.182
kJ

kg K
,  

    Cbfp=1.717 
kJ

kg K
, hfg=234.5 kJ/kg 

 Find  : (i) Heat removed to cool the fish, (ii) percentage of this is latent heat. 

 Solution: 

Heat to be removed above freezing point: 

Qaf = mCafp(T1 − T2)           Qaf = 680 × 3.182 × (5 − (−2))               𝐐𝐚𝐟 = 𝟏𝟓. 𝟏𝟒𝟔𝐌𝐉 

Latent heat to be removed:  

QLH = m × hfg                 QLH = 680 × 234.5                                          𝐐𝐋𝐇 = 𝟏𝟓𝟗. 𝟒𝟔𝐌𝐉 

Heat to be removed below freezing point: 

Qaf = mCbfp(T2 − T3)          Qaf = 680 × 1.717 × (−1 − (−12))           𝐐𝐚𝐟 = 𝟏𝟏. 𝟔𝟕𝟔𝐌𝐉 

Total Heat:  

Q = Qaf + QLH + Qaf               Q = 15.146 + 159.46 + 11.676                  𝐐 = 𝟏𝟖𝟔. 𝟐𝟖𝟏𝟔𝐌𝐉 
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14. A gas of mass 1.5 kg undergoes a quasi static expansion, which follows a relationship P=a+bV, 

where ‘a’ and ‘b’ are constants. The initial and final pressures are 1000 kPa and 200 kPa 

respectively and the corresponding volumes are 0.2 m
3
 and 1.2 m

3
. The specific internal energy of 

the gas is given by the relation u=(1.5 pv-85) kJ/kg, where p is in kPa and V is in m
3
/kg. Calculate 

the net heat transfer and the maximum internal energy of the gas attained during expansion. 

 Given:  m=1.5 kg, P1=1000kPa , P2=200kPa , V1=0.2 m
3
, V2=1.2 m

3
,  

 Find  : (i) The net heat transfer, (ii) The maximum internal energy 

 Solution: 

 p = a + bV, Where a and b are constants 

 Substitute P1  V1 and P2, V2, in the above quation to find the a and b are constants 

     1000 = a + 0.2b   1 

       200 = a + 1.2b   2 

           b = - 800 

Substitute value b in the first equation 

1000 = a + 0.2b         1000 = a + (0.2x(-800))        a=1160 

  The equation becomes 

    p = 1160 - 800V 

 Work done: 

 W = ∫ pdV             W = ∫ [1160 −  800V]
V2

V1
𝑑𝑉            W = [1160V −  400V2]V1

V2 

       𝑊 = [1160(V2 − V1) −  400[𝑉2
2 − 𝑉1

2]]    

      𝑊 = [1160(1.2 − 0.2) −  400[1.22 − 0. 22]] 

       𝐖 = 𝟔𝟎𝟎 𝐤𝐉 

Change in internal energy:  

u1 = 1.5p1v1 − 85         u1 = 1.5 × 1000 ×
0.2

1.5
− 85         𝐮𝟏 = 𝟐𝟏𝟓 𝐤𝐉/𝐤𝐠 

u2 = 1.5p2v2 − 85         u2 = 1.5 × 200 ×
1.2

1.5
− 85           𝐮𝟐 = 𝟏𝟓𝟓 𝐤𝐉/𝐤𝐠 

 ∆U = m(u1 − u2)          ∆U = 1.5(215 − 155)                  ∆𝐔 = 𝟔𝟎𝐤𝐉 

 (i) The net heat transfer 

  Q = ∆U + W              Q = 60 + 600                               𝐐 = 𝟔𝟔𝟎𝐤𝐉 

 (ii) The maximum internal energy 

u = 1.5pv − 85       u = 1.5(1160 − 800v)v − 85        u = 1.5(1160v − 800v2) − 85 

  
∂u

∂v
= 1.5(1160v − 1600v) − 85,    For maximum u, 

∂u

∂v
= 0,  v =

1160

1600
= 0.725 

umax = 1.5(1160 × 0.725 − 800 × 0.7252) − 85            𝐮𝐦𝐚𝐱 = 𝟑𝟑𝟓. 𝟓 𝐤𝐉/𝐤𝐠 

Umax = m × umax        Umax = 1.5 × 335.5                       𝐔𝐦𝐚𝐱 = 𝟓𝟎𝟑. 𝟐𝟓𝐤𝐉    
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15. A system of volume V contains a mass m of gas at pressure p and temperature T. The 

macroscopic properties of the system obey the following relationship: 

[𝑷 +
𝒂

𝑽𝟐
] (𝑽 − 𝒃) = 𝒎𝑹𝑻 

 Where a, b, and R are constants. Obtain an expression for the displacement work done by 

the system during a constant-temperature expansion from volume V1 to volume 

V2.Calculate the work done by a system which contains 10 kg of this gas expanding from 1 

m
3
 to 10 m

3
 at a temperature of 293 K. Use the values a = 15.7 ×10 Nm

4
 , b = 1.07 ×10

−2
m

3
 , 

and R = 0.278 kJ/kg-K. 

 Given:  m=10kg, V1=1 m
3
,V2=10 m

3
, a = 15.7 ×10 Nm

4
, b = 1.07 ×10

−2
m

3
, R = 0.278 kJ/kg-K 

 Find  : The work done (W) 

 Solution: 

 Displacement work done by the system during a constant-temperature expansion. 

[P1 +
a

V1
2] (V1 − b) = [P2 +

a

V2
2] (V2 − b) = mRT = K 

From the equation 

[P +
a

V2] (V − b) = K            P =
K

(V−b)
−

a

V2 

Work done 

W = ∫ pdV       W = ∫ [
K

(V−b)
−

a

V2] dV
2

1
    

                          W = ∫ [K (
1

(V−b)
) − a (

1

V2)] dV
2

1
    

                          W = [K ln(V − b) + a (
1

V
)]

1

2

 

     W = K ln
(V2−b)

(V1−b)
+ a (

1

V2
−

1

V1
) 

                          W = 10 × 0.278 × 293 ln
(10−1.07 ×10−2)

(1−1.07 ×10−2)
+ 15.7 × 10 (

1

10
−

1

1
)     

      𝐖 = 𝟏𝟕𝟒𝟐. 𝟏𝟒𝐤𝐉 

16. The properties of a certain fluid are related as follows: 

      u = 196 + 0.718t,        

    pv = 0.287 (t + 273) 

 Where u is the specific internal energy (kJ/kg), t is in °C, p is pressure (kN/m
2
), and v is 

specific volume (m
3
/kg). For this fluid, find Cv and Cp. 

 Specific Heat at Constant Pressure: 

 CP = (
∂h

∂T
)

P
       CP = (

∂(u+pv)

∂T
)

P
     CP = (

∂(196+0.718t+0.287(t+273)

∂T
)

P
           T=t+273, 𝛛𝐓 = 𝛛𝐭 

 CP = (
0.718 ∂t+0.287 ∂t

∂t
)

P
             𝐂𝐏 = 𝟏. 𝟎𝟎𝟓 𝐤𝐉/𝐤𝐠. 𝐊 

 Specific Heat at Constant Volume: 

 Cv = (
∂u

∂T
)

P
         Cv = (

∂(196+0.718t

∂T
)

P
                 𝐂𝐯 = 𝟎. 𝟕𝟏𝟖 𝐤𝐉/𝐤𝐠. 𝐊 
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Problems on First law of thermodynamics Open system: 

1. In a gas turbine unit, the gases flow through the turbine is 15 kg/s and the power developed 

by the turbine is 12000 kW. The enthalpies of gases at the inlet and outlet are 1260 kJ/kg 

and 400 kJ/kg respectively, and the velocity of gases at the inlet and outlet are50 m/s and 

110 m/s respectively. Calculate : 

 (i) The rate at which heat is rejected to the turbine, and (ii) The area of the inlet pipe given 

that the specific volume of the gases at the inlet is 0.45 m
3
/kg. 

  

Given: m=15kg/s, W=12000kW,  

            h1=1260kJ/kg, h2=400 kJ/kg,    

            C1=50 m/s, C2= 110 m/s  

             v=0.45 m
3
/kg 

Find  : (i) Q (ii) AREA  

Solution: 

 

 From steady flow energy Equation: (per unit mass) 

 
𝐂𝟏

𝟐

𝟐𝟎𝟎𝟎
+ 𝐠𝐳𝟏 + 𝐮𝟏 + 𝐩𝟏𝐯𝟏 + 𝐪𝟏−𝟐 =

𝐂𝟐
𝟐

𝟐𝟎𝟎𝟎
+ 𝐠𝐳𝟐 + 𝐮𝟐 + 𝐩𝟐𝐯𝟐 + 𝐰𝟏−𝟐 

 Where, 

 h1 = u1 + p1v1 and h2 = u2 + p2v2 , z1 = z2 

 The equation becomes 

C1
2

2
+ h1 + q1−2 =

C2
2

2
+ h2 + W     

502

2000
+ 1260 + q1−2 =

1102

2000
+ 400 +

12000

15
     𝐪𝟏−𝟐 = −𝟓𝟓 𝐤𝐉/𝐤𝐠 

Q = ṁ × −55 kJ/kg           Q = 15 kg/s × 55 kJ/kg            𝐐 = 𝟖𝟐𝟖 𝐤𝐖 

Inlet Area 

 From continutity equation 

 ṁ =
A1C1

v1
         15 =

A×50

0.45
         𝐀 = 𝟎. 𝟏𝟑𝟓𝐦𝟐 

2. In an air compressor air flows steadily at the rate of 0.5 kg/s through an air compressor. It 

enters the compressor at 6 m/s with a pressure of 1 bar and a specific volume of 0.85 m
3
/kg 

and leaves at 5 m/s with a pressure of 7 bar and a specific volume of 0.16 m
3
/kg. The 

internal energy of the air leaving is 90 kJ/kg greater than that of the air entering. Cooling 

water in a jacket surrounding the cylinder absorbs heat from the air at the rate of 60 kJ/s. 

Calculate : (i) The power required to drive the compressor  (ii) The inlet and output pipe 

cross-sectional areas. 
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Given: m=0.5 kg/s, W=12000kW,  

            C1=6 m/s, C2= 5 m/s  

             P1=1 bar, v1=0.85 m
3
/kg 

           P2=7 bar, v2=0.16 m
3
/kg 

           Δu= - 90 kJ/kg, Q̇= - 60 kJ/s 

Find  : (i) W (ii) A1 and A2  

 

Solution: 

 

 From steady flow energy Equation: (per unit mass) 

 
𝐂𝟏

𝟐

𝟐𝟎𝟎𝟎
+ 𝐠𝐳𝟏 + 𝐮𝟏 + 𝐩𝟏𝐯𝟏 + 𝐪𝟏−𝟐 =

𝐂𝟐
𝟐

𝟐𝟎𝟎𝟎
+ 𝐠𝐳𝟐 + 𝐮𝟐 + 𝐩𝟐𝐯𝟐 + 𝐰𝟏−𝟐 

 Where,  z1 = z2 

w =
C1

2 − C2
2

2000
+ (u1 − u2) + (p1v1 − p2v2) +

Q̇

m
 

w =
62 − 52

2000
+ (−90) +

(1 × 105 × 0.85) − (7 × 105 × 0.16)

1000
+ (

−60

0.5
) 

𝐰 = −𝟐𝟑𝟕 𝐤𝐉/𝐤𝐠 

 Therefore, 

Ẇ = ṁ × 237 kJ/kg           W = 0.5 kg/s × 237 kJ/kg            𝐖 = 𝟏𝟏𝟖. 𝟓 𝐤𝐖 

Inlet Area and Exit Area 

 From continutity equation 

 ṁ =
A1C1

v1
         0.5 =

A1×6

0.85
            𝐀𝟏 = 𝟎. 𝟎𝟕𝟎𝟖𝐦𝟐 

     ṁ =
A2C2

v2
         0.5 =

A1×5

0.16
            𝐀𝟐 = 𝟎. 𝟎𝟏𝟔 𝐦𝟐 

3. 12 kg of air per minute is delivered by a centrifugal air compressor. The inlet and outlet 

conditions of air are C1 = 12 m/s, p1 = 1 bar, v1 = 0.5 m
3
/kg and C2 = 90 m/s,p2 = 8 bar, v2 = 

0.14 m
3
/kg. The increase in enthalpy of air passing through the compressor is150 kJ/kg and 

heat loss to the surroundings is 700 kJ/min. Find : (i) Motor power required to drive the 

compressor ; (ii) Ratio of inlet to outlet pipe diameter. Assume that inlet and discharge 

lines are at the same level. 

Given: m=0.2 kg/s, C1= 12 m/s, C2= 90 m/s  

             P1=1 bar, v1=0.5 m
3
/kg 

           P2= 8 bar, v2=0.14 m
3
/kg 

          Δh= 150 kJ/kg, Q= - 11.67 kJ/s 

Find  : (i) W,    (ii) 
d1

d2
 

Solution: 
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(i) Motor power required to drive the compressor 

 From steady flow energy Equation: (per unit time) 

 �̇� (
𝐂𝟏

𝟐

𝟐𝟎𝟎𝟎
+ 𝐠𝐳𝟏 + 𝐮𝟏 + 𝐩𝟏𝐯𝟏) + �̇� = �̇� (

𝐂𝟐
𝟐

𝟐𝟎𝟎𝟎
+ 𝐠𝐳𝟐 + 𝐮𝟐 + 𝐩𝟐𝐯𝟐) + �̇� 

 Where,  z1 = z2, h1 = u1 + p1v1 and h2 = u2 + p2v2 

Ẇ = ṁ [
C1

2−C2
2

2000
+ (h1 − h2)] + Q̇         Ẇ = 0.2 [

122−902

2000
+ (−150)] + (−11.67) 

�̇� = −𝟒𝟐. 𝟒𝟔 𝐤𝐉/𝐬              𝐖 = −𝟒𝟐. 𝟒𝟔 𝐤𝐖  

(ii) Ratio of Inlet to outlet pipe diameter 

 From continutity equation 

 ṁ =
A1C1

v1
=

A2C2

v2
         

A1

A2
=

C2

v2
×

v1

C1
       

A1

A2
=

90

0.14
×

0.5

12
      

𝐀𝟏

𝐀𝟐
= 𝟐𝟔. 𝟕𝟖      

𝐝𝟏

𝐝𝟐
= 𝟓. 𝟏𝟕𝟓 

4. At the inlet to a certain nozzle the enthalpy of fluid passing is 2800 kJ/kg, and the velocity 

is 50 m/s. At the discharge end the enthalpy is 2600 kJ/kg. The nozzle is horizontal and 

there is negligible heat loss from it. 

(i) Find the velocity at exit of the nozzle.  

(ii) If the inlet area is 900 cm
2
 and the specific volume at inlet is 0.187 m

3
/kg, find 

the mass flow rate. 

(iii) If the specific volume at the nozzle exit is 0.498 m
3
/kg, find the exit area of 

nozzle 

Given: h1= 2800 kJ/kg, C1= 50 m/s,  

            h2= 2600 kJ/kg 

           A1=900 cm
2
, v1=0.187 m

3
/kg 

           v2=0.498 m
3
/kg 

Find  : (i) C2,    (ii) ṁ , (iii) A2 

Solution: 

 

(i) The velocity at exit of the nozzle 

 From steady flow energy Equation: (per unit mass) 

 
𝐂𝟏

𝟐

𝟐𝟎𝟎𝟎
+ 𝐠𝐳𝟏 + 𝐮𝟏 + 𝐩𝟏𝐯𝟏 + 𝐪𝟏−𝟐 =

𝐂𝟐
𝟐

𝟐𝟎𝟎𝟎
+ 𝐠𝐳𝟐 + 𝐮𝟐 + 𝐩𝟐𝐯𝟐 + 𝐰𝟏−𝟐 

 Where,  z1 = z2,    Q=0,   W=0,   h1 = u1 + p1v1 and h2 = u2 + p2v2 

C2
2

2000
=

C1
2

2000
+ (h1 − h2)        C2

2 = 502 + 2000(2800 − 2600)        𝐂𝟐 = 𝟔𝟑𝟒. 𝟒 𝐦/𝐬 

(ii) Mass flow rate 

 From continutity equation 

�̇� =
𝐴1𝐶1

𝑣1
         �̇� =

900×10−4×50

0.187
           �̇� = 𝟐𝟒. 𝟎𝟔 𝒎/𝒔 

(iii) Area at the exit 

 �̇� =
𝐴2𝐶2

𝑣2
        24.06 =

𝐴2×634.4

0.498
         𝑨𝟐 = 𝟎. 𝟎𝟏𝟖𝟖𝟖𝟕 𝒄𝒎𝟐        
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5. Air at a temperature of 20°C passes through a heat exchanger at a velocity of 40 m/s where 

its temperature is raised to 820°C. It then enters a turbine with same velocity of 40 m/s and 

expands till the temperature falls to 620°C. On leaving the turbine, the air is taken at a 

velocity of 55 m/s to a nozzle where it expands until the temperature has fallen to510°C. If 

the air flow rate is 2.5 kg/s, calculate : 

(i) Rate of heat transfer to the air in the heat exchanger  

(ii) The power output from the turbine assuming no heat loss 

(iii) The velocity at exit from the nozzle, assuming no heat loss 

  

Given: t1= 20°C, C1= 40 m/s,  

            t2= 820°C, C2= 40 m/s 

            t3=620°C, C3=55 m/s 

           t4=510°C, �̇� = 2.5 𝑘𝑔/𝑠 

Find  : (i) Q   (ii) W , (iii) C4 

Solution: 

 

(i) Rate of heat transfer to the air in the heat exchanger  

 From steady flow energy Equation: 

 �̇� (
𝑪𝟏

𝟐

𝟐𝟎𝟎𝟎
+

𝒈𝒛𝟏

𝟏𝟎𝟎𝟎
+ 𝒖𝟏 + 𝒑𝟏𝒗𝟏) + �̇�𝟏𝟐 = �̇� (

𝑪𝟐
𝟐

𝟐𝟎𝟎𝟎
+

𝒈𝒛𝟐

𝟏𝟎𝟎𝟎
+ 𝒖𝟐 + 𝒑𝟐𝒗𝟐) + �̇�𝟏−𝟐 

Where,  𝑧1 = 𝑧2,    𝐶1 = 0, 𝐶2 = 0 ,  W=0,   ℎ1 = 𝑢1 + 𝑝1𝑣1 and ℎ2 = 𝑢2 + 𝑝2𝑣2 

�̇�12 = �̇�(ℎ2 − ℎ1)       �̇�12 = �̇�𝐶𝑃(𝑡2 − 𝑡1) = 2.5 × 1.005(820 − 20)         �̇�𝟏𝟐 = 𝟐𝟎𝟏𝟎𝒌𝑱/𝒔 

(ii) The power output from the turbine assuming no heat loss 

 �̇� (
𝑪𝟐

𝟐

𝟐𝟎𝟎𝟎
+

𝒈𝒛𝟐

𝟏𝟎𝟎𝟎
+ 𝒖𝟐 + 𝒑𝟐𝒗𝟐) + �̇�𝟐𝟑 = �̇� (

𝑪𝟑
𝟐

𝟐𝟎𝟎𝟎
+

𝒈𝒛𝟑

𝟏𝟎𝟎𝟎
+ 𝒖𝟑 + 𝒑𝟑𝒗𝟑) + �̇�𝟐𝟑 

Where,  z2 = z3, h2 = u2 + p2v2 and h3 = u3 + p3v3,  Q = 0 

�̇�23 = �̇� [
𝐶2

2−𝐶3
2

2000
+ (ℎ2 − ℎ3)]      �̇�23 = �̇� [

𝐶2
2−𝐶3

2

2000
+ 𝐶𝑃(𝑡2 − 𝑡3)] 

Ẇ23 = 2.5 [
402−552

2000
+ 1.005(820 − 620)]      �̇� = 𝟓𝟎𝟒. 𝟑 𝐤𝐉/𝐬          �̇� = 𝟓𝟎𝟒. 𝟑 𝐤𝐖 

(iii) The velocity at exit of the nozzle 

 �̇� (
𝐂𝟑

𝟐

𝟐𝟎𝟎𝟎
+

𝐠𝐳𝟑

𝟏𝟎𝟎𝟎
+ 𝐮𝟑 + 𝐩𝟑𝐯𝟑) + �̇�𝟑𝟒 = �̇� (

𝐂𝟒
𝟐

𝟐𝟎𝟎𝟎
+

𝐠𝐳𝟒

𝟏𝟎𝟎𝟎
+ 𝐮𝟒 + 𝐩𝟒𝐯𝟒) + �̇�𝟑𝟒 

Where,  z3 = z4,    Q=0,   W=0,   h3 = u3 + p3v3 and h4 = u4 + p4v4 

C4
2

2
=

C3
2

2
+ CP(t2 − t3)            

C4
2

2
=

552

2000
+ 1.005(620 − 510)         𝐂𝟒 = 𝟒𝟕𝟑. 𝟒 𝐦/𝐬 
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ADDITIONAL SOLVED PROBLEMS 

1. A piston-cylinder assembly contains air (ideal gas with 𝛄=1.4) at 200 kPa and occupies a volume of 

0.01 m
3 

.  The piston is attached to one end of a spring and the other end of the spring is fixed to a 

wall.  The force exerted by the spring on the piston is proportional to the decrease in the length of 

the spring from its natural length.  The ambient atmospheric pressure is 100 kPa.  Now, the air in 

the cylinder is heated till the volume is doubled and at this instant it is found that the pressure of 

the air in the cylinder is 500 kPa. Calculate the work done by the gas.   [NOV/DEC 2015] 

Solution: 
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2. An insulated rigid tank having 5 kg of air at 3 atm and 30°C is connected to an air supply line at 8 

atm and 50°C through a valve.  The valve is now slowly opened to allow the air from the supply line 

to flow into the tank until the tank pressure reaches 8 atm, and then the valve is closed.  Determine 

the final temperature of the air in the tank.  Also, find the amount of air added to the tank. 

Solution:          [NOV/DEC 2015] 
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3. A vessel of constant volume 0.3 m
3
 contains air at 1.5 bar and is connected via a valve, to a large 

main carrying air at a temperature of 38°C and high pressure. The valve is opened allowing air to 

enter the vessel and raising the pressure therein to 7.5 bar. Assuming the vessel and valve to be 

thermally insulated, find the mass of air entering the vessel.                                      [APR/MAY 2015] 
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4. Prove that energy is a property of a system.     

Property is characteristic nature of substance (system) expressed in terms of some numerical 

values followed by some unit. During process, properties get changed. 

Energy can be classified as stored energy and transit energy. Stored energy (internal energy) 

is a property. Heat and work are transit energies 

We can prove that energy is a property - by first law of TD.  As per law, on completion of a cycle the 

net change in property value should be zero. (∑ 𝑄)𝑐𝑦𝑐𝑙𝑒 = (∑ 𝑊)𝑐𝑦𝑐𝑙𝑒    or    (∑ ∆U)Cycle = 0 

by applying 1st law of TD to the processes A, B and C which are carried out between the 

states 1&2 

 
 

 Internal energy is not a path function. It is a point function. So, it is proved that energy is 

property 
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5. A rigid tank containing 0.4 m
3
 of air at 400 kPa and 30°C is connected by a valve to a piston 

cylinder device with zero clearance. The mass of the piston is such that a pressure of 200kPa is 

required to raise the piston. The valve is opened slightly and air is allowed to flow into the cylinder 

until the pressure of the tank drops to 200 kPa. During this process, heat is exchanged with the 

surrounding such that the entire air remains at 30°C at all times. Determine the heat transfer for 

this process.               [NOV/DEC 2010] 
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Limitations of First law of Thermodynamics. 

First law does not indicate whether a process is possible or not. It does not give any information 

regarding the extent of conversion of heat into work. 

PMM1 

An imaginary machine which supplies work continuously without any other form of energy input 

is Perpetual Motion Machine of First kind (PMM1). 

Perpetual motion machine of the second kind 

Perpetual motion machine of second kind draws heat continuously from single reservoir and 

converts it into equivalent amount of work.  Thus it gives 100% efficiency  

Causes of Irreversibility 

Lack of equilibrium during the process (ex: Heat transfer through a finite temperature difference) 

Involvement of dissipative effects. (ex: Free Expansion) 

Kelvin Planck’s statement of Second Law: 

 It is impossible to construct a device operating in cycle to produce net work while 

exchanging heat with single reservoir or reservoirs at single fixed temperature. 

 It is implied from this statement that a heat engine cannot convert all the heat 

supplied to it into work. It has to necessarily reject heat. 

 In other words, a heat engine cannot have zero heat rejection or 100% efficiency. 

 

Clausius’ statement of Second Law: 

It is impossible to construct a device operating in cycle to transfer heat from a lower temperature 

region to higher temperature without any external aid. 

It is implied from this statement that a refrigerator or heat pump cannot function 

without work input. 
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Equivalence of Kelvin-Planck’s and Clausius’ Statements of II Law: 

Both Kelvin-Planck’s and Clausius’ Statements of II Law are equivalent. This can not 

be directly proved. However, it can be shown that violation of either statement leads 

to the violation of other statement. 

Violation of KP Statement leading to violation of Clausius’ statement: 

Consider a heat engine converting all the heat supplied to it into work as shown in 

Figure 2. This is in violation of KP statement. 

 

Now, it is possible to operate a heat pump with the work output Wnet , from the heat 

engine without violating any statement of II law, as shown in Figure 3. 

 

If the heat engine and heat pump are combined as a single system, the combined system 

transfers heat Q2 from sink to source without external work input as shown in Figure 4. 

 

This is in violation of Clausius’ statement of second law of thermodynamics. 
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Violation of Clausius’ statement leading to violation of KP Statement: 

Consider a heat pump transferring heat Q1 from a sink at T2 to a source at T1 without 

any external work input as shown in Figure 5. This is in violation of Clausius’ statement 

of second law of thermodynamics. 

 

Now, it is possible to operate a heat engine between the source at T1 and the sink at T2 

without violating any statement of II law, as shown in Figure 6. Let the heat engine take 

heat Q1 from the source. 

 

The heat engine and heat pump together constitute a single system, which acts as a heat 

engine as shown in Figure 7. As the heat transfer from the heat pump and heat transfer 

to the engine are of same the hot reservoir can be eliminated. 

 

Now the combined system takes heat (Q1 – Q2) from the reservoir at T2 (Now source) 

and converts it into work while exchanging with a single reservoir. This is in violation 

of Kelvin-Planck’s statement of II law.  
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Carnot Theorem: 

“Of all heat engines working between the same temperature levels, none has 

greater efficiency than a reversible engine.” 

Proof: 

This cannot be directly proved. However, it can be shown that violation of 

Carnot theorem leads to the violation of second law of thermodynamics. 

Consider two heat engines ‘A’ and ‘B’ operating between the same source and 

sink as shown in Figure 8. Let engine ‘A’ be reversible and ‘B’ irreversible. Let the 

heat supplied to both the engines be equal. i.e. Q1A = Q1B 

 

According to Carnot theorem, engine B, which is irreversible cannot have greater 

efficiency than engine A, which is reversible. 

Let us assume that engine B is more efficient*. 

i.e. B  > A 

Therefore WB > WA 

Let engine ‘A’ be reversed as shown in Figure 9. Now the directions of Q1A , Q2A 

and WA are reversed. As WB > WA , Engine ‘B’ can supply work WA to the 

reversed engine ‘A’ (which now acts as a refrigerator/heat pump) and there is a 

net work out put of (WB - WA). As Q1A = Q1B , the source can be eliminated.  
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The heat engine ‘B’ and reversed heat engine ‘A’ together constitute a system 

which produces net work out put exchanging heat with a single reservoir at T2. 

This is in violation of Kelvin-Planck’s statement of second law of 

thermodynamics. 

Hence the assumption that B >  A  is wrong. Therefore,  A >  B. 

Corollary of Carnot Theorem: 

The efficiency of all reversible engines working between the same temperature 

levels is the same. 

Proof: 

Consider two reversible heat engines ‘A’ and ‘B’ operating between the same 

source and sink as shown in Figure 10. Let the heat supplied to both the engines 

be equal. i.e. Q1A = Q1B 

 

According to Carnot theorem, both the engines have same efficiency. 

Let us assume that engine B is more efficient*. 

i.e. B >  A,         Therefore WB > WA 

Let engine ‘A’ be reversed as shown in Figure 11. Now the directions of Q1A , Q2A 

and WA are reversed.  

As WB > WA , Engine ‘B’ can supply work WA to the reversed engine ‘A’ (which 

now acts as a refrigerator/heat pump) and there is a net work output of (WB - 

WA).  

As Q1A = Q1B , the source can be eliminated. 
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The reversible heat engine ‘B’ and reversed heat engine ‘A’ together constitute a 

system which produces net work out put exchanging heat with a single reservoir 

at T2. This is in violation of Kelvin-Planck’s statement of second law of 

thermodynamics. 

Hence the assumption that B >  A  is wrong. 

Now, let us assume that engine A is more efficient*. 

i.e. A >  B 

Therefore WA > WB 

Let engine ‘B’ be reversed as shown in Figure 12. Now the directions of Q1B , Q2B 

and WB are reversed. As WA > WB , Engine ‘A’ can supply work WB to the 

reversed engine ‘B’ (which now acts as a refrigerator/heat pump) and there is a 

net work out put of (WA – WB). As Q1A = Q1B , the source can be eliminated. 

 

The reversible heat engine ‘A’ and reversed heat engine ‘B’ together constitute a 

system which produces net work out put exchanging heat with a single reservoir 

at T2. This is in violation of Kelvin-Planck’s statement of second law of 

thermodynamics. 

Hence the assumption that A >  B is wrong. Therefore,  A =  B. 
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HEAT ENGINE HEAT PUMP REFRIGERATOR H.E CONNECTED IN 

SERIES 

H.E OPERATES H.P H.E OPERATES REFRIG. 

      
𝐖𝐨𝐫𝐤 𝐨𝐮𝐭𝐩𝐮𝐭  

WHE = Q1 − Q2  (𝐎𝐫)   η × Q1 

𝐇𝐞𝐚𝐭 𝐒𝐮𝐩𝐩𝐥𝐢𝐞𝐝 𝐭𝐨 𝐞𝐧𝐠𝐢𝐧𝐞 

 Q1 =    WHE + Q2   

𝐇𝐞𝐚𝐭 𝐑𝐞𝐣𝐞𝐜𝐭𝐞𝐝 𝐟𝐫𝐨𝐦 𝐞𝐧𝐠𝐢𝐧𝐞 

  Q2 = Q1 − WHE 

𝐄𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 

𝛈 =
WHE

Q1
= 1 −

Q2

 Q1
 

 

For Reversible Heat 

Engine (Or) Carnot 

Engine : 
𝐄𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲  

𝛈 = 1 −
T2

T1
 

𝐇𝐞𝐚𝐭 𝐑𝐞𝐣𝐞𝐜𝐭𝐞𝐝 𝐟𝐫𝐨𝐦 𝐞𝐧𝐠𝐢𝐧𝐞 
Q2

Q1
=

T2

T1
 

𝐖𝐨𝐫𝐤 𝐢𝐧𝐩𝐮𝐭  

WHP = Q1 − Q2 (𝐎𝐫) 
Q1

COP
  

𝐇𝐞𝐚𝐭 𝐒𝐮𝐩𝐩𝐥𝐢𝐞𝐝 𝐭𝐨 𝐫𝐨𝐨𝐦 

 Q1 =    WHP + Q2   

𝐇𝐞𝐚𝐭 𝐨𝐛𝐬𝐞𝐫𝐛𝐞𝐝 𝐟𝐫𝐨𝐦 𝐚𝐭𝐦 

Q2 = Q1 − WHP 

𝐂𝐨𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐭 𝐨𝐟 𝐩𝐞𝐫𝐟𝐨𝐦. 

COPHP =
Q1

WHP
=

Q1

Q1 − Q2
 

 

Reversible H.P  (Or) 

Carnot H.P  : 
𝐄𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲  

𝛈 =
T1

T1 − T2
 

Heat observed from atm. 

       Q2 = Q1 ×
T2

T1
 

 

 

𝐖𝐨𝐫𝐤 𝐢𝐧𝐩𝐮𝐭  

WREF = Q1 − Q2 (𝐎𝐫) 
Q2

COP
  

𝐇𝐞𝐚𝐭 𝐝𝐞𝐥𝐢𝐯𝐞𝐫𝐞𝐝 𝐭𝐨 𝐚𝐭𝐦 

Q1 =    WREF + Q2   

𝐇𝐞𝐚𝐭 𝐑𝐞𝐣𝐞𝐜𝐭𝐞𝐝 𝐟𝐫𝐨𝐦 𝐫𝐨𝐨𝐦  

Q2  = Q1 − WREF 

For Actual Refrigerator: 

𝐂𝐨𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐭 𝐨𝐟 𝐩𝐞𝐫𝐟𝐨𝐦. 

COPREF =
Q2

WREF
=

Q2

Q1 − Q2
 

Reversible (Or) Carnot 

refrigerator  : 
𝐄𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲  

COPREF =
T2

T1 − T2
 

Heat Rejected from room 

       Q2 = Q1 ×
T2

T1
 

 

To find Intermediate 

Temperature 

 

Equal power output: 

𝐖𝐇𝐄𝟏 = 𝐖𝐇𝐄𝟐 

ηHE1 × Q1 = ηHE2 × Q 

𝐓 =
𝐓𝟏 + 𝐓𝟐

𝟐
 

Same Efficiency: 

𝛈𝐇𝐄𝟏 = 𝛈𝐇𝐄𝟐 

1 −
T

T1

= 1 −
T2

T
 

𝐓 = √𝐓𝟏 × 𝐓𝟐 

Reversible Heat Engine: 

𝐄𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 

′𝛈′ = 1 −
T2

T1

 

𝐖𝐨𝐫𝐤 𝐨𝐮𝐭𝐩𝐮𝐭 

WHE = Q1 − Q2  (Or)   η ×  Q1 

𝐇𝐞𝐚𝐭 𝐒𝐮𝐩𝐩𝐥𝐢𝐞𝐝 𝐭𝐨 𝐞𝐧𝐠𝐢𝐧𝐞 

 Q1 =    WHE + Q2 

H𝐞𝐚𝐭 𝐑𝐞𝐣𝐞𝐜𝐭𝐞𝐝 𝐟𝐫𝐨𝐦 𝐞𝐧𝐠𝐢𝐧𝐞 

Q2 = Q1 − WHE   (𝑂𝑅)Q1 ×
T2

T1

 

Heat Pump: 

𝐂𝐨𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐭 𝐨𝐟 𝐩𝐞𝐫𝐟𝐨𝐦. 

COPHP =
Q3

WHP

=
T3

T3 − T4

 

𝐖𝐨𝐫𝐤 𝐢𝐧𝐩𝐮𝐭  

WHP = Q3 − Q4 (Or)  
Q3

COP
 

𝐇𝐞𝐚𝐭 𝐒𝐮𝐩𝐩𝐥𝐢𝐞𝐝 𝐭𝐨 𝐫𝐨𝐨𝐦 

 Q3 =    WHP + Q4   

𝐇𝐞𝐚𝐭 𝐨𝐛𝐬𝐞𝐫𝐯𝐞𝐝  𝐟𝐫𝐨𝐦 𝐚𝐭𝐦 

Q4 = Q3 − WHP 

Q4 = Q3 ×
T4

T3

 

Reversible Heat Engine: 

𝐄𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 

′𝛈′ = 1 −
T2

T1

 

𝐖𝐨𝐫𝐤 𝐨𝐮𝐭𝐩𝐮𝐭 

WHE = Q1 − Q2  (Or)   η ×  Q1 

𝐇𝐞𝐚𝐭 𝐒𝐮𝐩𝐩𝐥𝐢𝐞𝐝 𝐭𝐨 𝐞𝐧𝐠𝐢𝐧𝐞 

 Q1 =    WHE + Q2 

H𝐞𝐚𝐭 𝐑𝐞𝐣𝐞𝐜𝐭𝐞𝐝 𝐟𝐫𝐨𝐦 𝐞𝐧𝐠𝐢𝐧𝐞 

Q2 = Q1 − WHE   (𝑂𝑅)Q1 ×
T2

T1

 

Refrigeration: 

𝐂𝐨𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐭 𝐨𝐟 𝐩𝐞𝐫𝐟𝐨𝐦. 

COPREF =
Q4

WREF

=
T4

T3 − T4

 

𝐖𝐨𝐫𝐤 𝐢𝐧𝐩𝐮𝐭 

WREF = Q3 − Q4 (Or)  
Q4

COP
 

𝐇𝐞𝐚𝐭 𝐃𝐞𝐥𝐢𝐯𝐞𝐫𝐞𝐝 𝐭𝐨 𝐚𝐭𝐦 

 Q3 =    WREF + Q4 

𝐇𝐞𝐚𝐭 𝐑𝐞𝐣𝐞𝐜𝐭𝐞𝐝 𝐟𝐫𝐨𝐦 𝐫𝐨𝐨𝐦 

Q4 = Q3 − WREF 

Q4 = Q3 ×
T4

T3
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Problems on Heat Engine, Heat Pump and Refrigerator: 

1. A cyclic heat engine operates between a source temperature of 1000°C and a sink temperature of 40°C. 

what is the least rate of heat rejection per kW net output of the engine?  

 Given: 

T1=1000°C+273=1273K, T2=40°C+273=313K,  

Find: (i) Rate of heat rejection per kW 

Solution: 

For a reversible heat engine, the rate of heat rejection will 

be minimum 

 𝛈𝐦𝐚𝐱 = 1 −
T2

T1
       𝛈𝐦𝐚𝐱 = 1 −

313

1273
      𝛈𝐦𝐚𝐱 = 75.4% 

𝛈𝐦𝐚𝐱 =
WHE

Q1
         Q1 =

WHE

𝛈𝐦𝐚𝐱
=

1

0.754
           𝐐𝟏 = 𝟏. 𝟑𝟑 𝐤𝐖 

The Rate of heat rejection:  

Q2 = Q1 − WHE            Q2 = 1.33 − 1       𝐐𝟐 = 𝟎. 𝟑𝟑𝐤𝐖 
 

2. Two reversible heat engines A and B are arranged in series, A rejecting heat directly to B. Engine A 

receives 200 kJ at a temperature of 421°C from a hot source, while engine B is in communication with a 

cold sink at a temperature of 4.4°C. If the work output of A is twice that of B, find (a) The intermediate 

temperature between A and B, (b) The efficiency of each engine (c) The heat rejected to the cold sink 

Given: 

T1=421°C+273=694K, T3=4.4°C+273=277.4K, Q1 = 200kJ 

Find: (i) Rate of heat rejection per kW 

Solution: 

(a) The intermediate temperature between A and B 

 As the work output of A is twice that of B 

W1 = 2W2          Q1 − Q2 = 2 (Q2 − Q3)         T1 − T = 2 (T − T3) 

694 − T = 2 (T − 277.4)       694 − T = 2 T − 554.8)         𝐓𝟐 = 𝟒𝟏𝟔. 𝟐𝟕𝐊 

(b) The efficiency of each engine  

 η1 = 1 −
T

T1
         η1 = 1 −

416.27

694
           𝛈𝟏 = 𝟒𝟎. 𝟎𝟐% 

η2 = 1 −
T3

T
          η2 = 1 −

277.4

416.27
          𝛈𝟐 = 𝟑𝟑. 𝟑𝟔% 

(c) The heat rejected to the cold sink  

Q3

Q1
=

T3

T1
        Q3 =

T3

T1
× Q1         Q3 =

277.4

694
× 200             𝐐𝟑 = 𝟕𝟗. 𝟗𝟒𝐤𝐉 

 

4. Two Carnot engines A and B are connected in series between two thermal reservoirs maintained at 1000 

K and 100 K respectively. Engine A receives 1680 kJ of heat from the high-temperature reservoir and 

rejects heat to the Carnot engine B. Engine B takes in heat rejected by engine A and rejects heat to the 

low-temperature reservoir. If engines A and B have equal thermal efficiencies, determine (a) The heat 

rejected by engine B , (b) The temperature at which heat is rejected by engine, A (c) The work done 

during the process by engines, A and B respectively.  If engines A and B deliver  equal work, determine, 

(d) The amount of heat taken in by engine B, (e) The efficiencies of engines A and B 
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Given: 

T1=1000K, T3=100K, Q1 = 1680kJ 

Find: (a) Q3 (b) T  (c) WA , WB (d) T if WA  = WB (e) η1, η2 

Solution: 

Engines A and B have equal thermal efficiencies: 

(a) The heat rejected by engine B 

Q3

Q1
=

T3

T1
       Q3 =

T3

T1
× Q1          Q3 =

100

1000
× 1680          𝐐𝟑 = 𝟏𝟔𝟖𝐤𝐉 

(b) The temperature at which heat is rejected by engine, A 

  η1 = η2             1 −
T

T1
= 1 −

T3

T
                 

T

1000
=

100

T
            𝐓 = 𝟑𝟏𝟔. 𝟑𝐊 

As the work output of A is twice that of B 

(c) The work done during the process by engines, A and B 

Q2

Q1
=

T

T1
        Q2 =

T

T1
× Q1        Q2 =

316.3

1000
× 1680         𝐐𝟐 = 𝟓𝟑𝟏. 𝟐𝟔𝐤𝐉 

WA = Q1 − Q2           WA = 1680 − 531.26                  𝐖𝐀 = 𝟏𝟏𝟒𝟖. 𝟕𝟒𝐤𝐉 

WB = Q2 − Q3           WB = 531.26 − 168                     𝐖𝐁 = 𝟑𝟔𝟑. 𝟐𝟔𝐤𝐉 

Engines A and B deliver  equal work: 

(d) The amount of heat taken in by engine B  

T =
T1+T2

2
        T =

1000+100

2
          𝐓 = 𝟓𝟓𝟎𝐊 

 η1 = 1 −
T

T1
         η1 = 1 −

550

1000
           𝛈𝟏 = 𝟒𝟓% 

η2 = 1 −
T3

T
          η2 = 1 −

100

550
             𝛈𝟐 = 𝟖𝟏. 𝟖𝟐% 

 

5. A heat engine is used to drive a heat pump. The heat transfers from the heat engine and from the heat 

pump are used to heat the water circulating through the radiators of a building. The efficiency of the 

heat engine is 27% and the COP of the heat pump is 4. Evaluate the ratio of the heat transfer to the 

circulating water to the heat transfer to the heat engine. 

Given:    η1 = 27% , COP=4 

Find: (i) The ratio of the heat transfer 

Solution: 

The Heat Engine: 

η1 = 1 −
Q2

Q1
       0.27 = 1 −

Q2

Q1
         

Q2

Q1
= 0.73        𝐐𝟐 = 𝟎. 𝟕𝟑𝐐𝟏 

η1 =
WHE

Q1
        0.27 =

WHE

Q1
       𝐖𝐇𝐄 = 𝟎. 𝟐𝟕𝐐𝟏 

The Heat Pump:  

COPHP =
Q4

WHE
          4 =

Q4

WHE
         Q4 = 4WHE           𝐐𝟒 = 𝟏. 𝟎𝟖𝐐𝟏 

Heat transfer to the circulating water: 

Q2 + Q4          0.73Q1 = 1.08Q1         𝐐𝟐 + 𝐐𝟒 = 𝟏. 𝟖𝟏𝐐𝟏 

=
The heat transfer to the circulating water

The heat transfer to the heat engine
         = 𝟏. 𝟖𝟏  
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6. A heat pump is run by a reversible heat engine operating between reservoirs at 800°C and 50°C. The 

heat pump working on Carnot cycle picks up 15 kW heat from reservoir at 10°C and delivers it to a 

reservoir at 50°C. The reversible engine also runs a machine that needs 25 kW. Determine the heat 

received from highest temperature reservoir and heat rejected to reservoir at 50°C. 

Given: 

T1=1073K, T2= T4=323K,  T3=283K, Q3 = 15kW 

Find: (a) Q1 (b) Q2 + Q4   

Solution: 

Heat Pump: 

COPHP =
T4

T4−T3
          COPHP =

323

323−283
          𝐂𝐎𝐏𝐇𝐏 = 𝟖. 𝟎𝟕𝟓    

COPHP =
Q4

Q4−Q3
        8.075 =

Q4

 Q4−15
       8.075Q4 − 121.13 = Q4 

              𝐐𝟒 = 𝟏𝟕. 𝟏𝟐𝐤𝐖 

WHP = Q4 − Q3        WHP = 17.12 − 15          𝐖𝐇𝐏 = 𝟐. 𝟏𝟐𝐤𝐖 

Heat Engine: 

WHE = WHP + 25         WHE = 2.12 + 25        𝐖𝐇𝐄 = 𝟐𝟕. 𝟏𝟐𝐤𝐖 

 ηHE = 1 −
T2

T1
                ηHE = 1 −

323

1073
            𝛈𝐇𝐄 = 𝟔𝟗. 𝟗% 

η1 =
WHE

Q1
         0.699 =

27.12

Q1
        𝐐𝟏 = 𝟑𝟖. 𝟖𝐤𝐖 

WHE = Q1 − Q2         27.12 = 38.8 − Q2       𝐐𝟐 = 𝟏𝟏. 𝟔𝟖𝐤𝐖 

Heat rejected to reservoir at 50 °C  

= Q2 + Q4         = 11.68 + 17.12            𝐐𝟐 + 𝐐𝟒 = 𝟐𝟖. 𝟖𝐤𝐖 

 

 

7. A heat pump working on the Carnot cycle takes in heat from a reservoir at 5°C and delivers heat to a 

reservoir at 60°C. The heat pump is driven by a reversible heat engine which takes in heat from a 

reservoir at 840°C and rejects heat to a reservoir at 60°C. The reversible heat engine also drives a 

machine that absorbs 30 kW. If the heat pump extracts 17 kJ/s from the 5°C reservoir, determine (a) 

The rate of heat supply from the 840°C source (b) The rate of heat rejection to the 60°C sink. 

Given: 

T1=1113K, T2= T4=333K,  T3=278K, Q3 = 17kW 

Find: (a) Q1 (b) Q2 + Q4   

Solution: 

Heat Pump: 

COPHP =
T4

T4−T3
          COPHP =

333

333−278
           𝐂𝐎𝐏𝐇𝐏 = 𝟔. 𝟎𝟓𝟓    

COPHP =
Q4

Q4−Q3
        6.055 =

Q4

 Q4−17
    6.055Q4 − 102.94 = Q4   𝐐𝟒 = 𝟐𝟎. 𝟑𝟔𝐤𝐖 

WHP = Q4 − Q3         WHP = 20.36 − 17            𝐖𝐇𝐏 = 𝟑. 𝟑𝟔𝐤𝐖 
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Heat Engine: 

WHE = WHP + 30         WHE = 3.36 + 30        𝐖𝐇𝐄 = 𝟑𝟑. 𝟑𝟔𝐤𝐖 

 ηHE = 1 −
T2

T1
                 ηHE = 1 −

333

1113
            𝛈𝐇𝐄 = 𝟕𝟎. 𝟎𝟖% 

η1 =
WHE

Q1
        0.708 =

33.36

Q1
       𝐐𝟏 = 𝟒𝟕. 𝟏𝟐𝐤𝐖 

WHE = Q1 − Q2          33.36 = 47.12 − Q2        𝐐𝟐 = 𝟏𝟑. 𝟕𝟔𝐤𝐖 

Heat rejected to reservoir at 60 °C  

= Q2 + Q4             = 13.76 + 20.36       𝐐𝟐 + 𝐐𝟒 = 𝟑𝟒. 𝟏𝟐𝐤𝐖 

8. An ice-making plant produces ice at atmospheric pressure and at 0°C from water. The mean 

temperature of the cooling water circulating through the condenser of the refrigerating machine is 

18°C. Evaluate the minimum electrical work in kWh required to produce 1 tonne of ice (The enthalpy of 

fusion of ice at atmospheric pressure is 333.5 kJ/kg). 

Given: 

T1=273K, T2= 291K,  Q1 = 333.5 × 1000 

Find: (a) Wmin  

Solution: 

COPmax =
T1

T2−T1
           COPmax =

273

291−273
          𝐂𝐎𝐏𝐦𝐚𝐱 = 𝟏𝟓. 𝟐    

COPmin =
Q

Wmin
         15.2 =

1000×333.5

Wmin
       𝐖𝐦𝐢𝐧 = 𝟐𝟏. 𝟗𝟖𝟗𝐌𝐉  

9. A heat pump is to be used to heat a house in winter and then reversed to cool the house in summer. The 

interior temperature is to be maintained at 20°C. Heat transfer through the walls and roof is estimated 

to be 0.525 kJ/s per degree temperature difference between the inside and outside. (a) If the outside 

temperature in winter is 5°C, what is the minimum power required to drive the heat pump? (b) If the 

power output is the same as in part (a), what is the maximum outer temperature for which the inside 

can be maintained at 20°C? 

Given: T1=293K, q=0.525kJ/s°C  

Find: (a) Wmin for heat pump if outside temperature in winter is 5°C   

         (b) The maximum outer temperature for which the inside can be   

               maintained at 20°C (if power output is same for part a &b) 

Solution: 

Heat pump: 

Estimated Heat Rate: Q̇ = q × (T2 − T1)     Q̇ = 0.525 × (20 − 5)   �̇� = 𝟕. 𝟖𝟕𝟓𝐤𝐉/𝐬 

COPHP =
T1

T2−T1
            COPHp =

293

293−278
             𝐂𝐎𝐏𝐇𝐏 = 𝟏𝟗. 𝟓𝟑    

COPHP =
Q

Ẇmin
          19.53 =

7.875

Wmin
                         �̇�𝐦𝐢𝐧 = 𝟒𝟎𝟑𝐖 

 

 

Refrigerator: 

Heat Rate: Q̇1 = q × (T − T1)       Q̇1 = 0.525 × (T − 293)          

COPHP =
T1

T−T1
              COPHp =

293

T−293
             

COPHP =
Q

Wmin
         

293

T−293
=

0.525×(T−293)

0.403
             𝐓 = 𝟑𝟎𝟖𝐊 
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10. A reversible heat engine operates between two reservoirs at temperatures 700°C and 50°C. The engine 

drives a reversible refrigerator which operates between reservoirs at temperatures of 50°C and – 25°C. 

The heat transfer to the engine is 2500 kJ and the net work output of the combined engine refrigerator 

plant is 400 kJ.(i) Determine the heat transfer to the refrigerant and the net heat transfer to the 

reservoir at 50°C (ii) Reconsider (i) given that the efficiency of the heat engine and the C.O.P. of the 

refrigerator are each 45 per cent of their maximum possible values. 

Given: 

T1=973K, T2= T4=323K,  T3=248K, Q1 = 2500kJ 

Find: (a) Q1 (b) Q2 + Q4   

Solution: 

Heat Engine: 

 ηHE = 1 −
T2

T1
                ηHE = 1 −

323

973
            𝛈𝐇𝐄 = 𝟔𝟔. 𝟖% 

η1 =
WHE

Q1
        0.668 =

WHE

2500
                                  𝐖𝐇𝐄 = 𝟏𝟔𝟕𝟎𝐤𝐉 

WHE = Q1 − Q2       1670 = 2500 − Q2                𝐐𝟐 = 𝟖𝟑𝟎𝐤𝐉 

Refrigerator: 

WHE = W + Wref      1670 = 400 + Wref            𝐖𝐫𝐞𝐟 = 𝟏𝟐𝟕𝟎𝐤𝐉 

COPref =
T3

T4−T3
          COPref =

248

323−248
            𝐂𝐎𝐏𝐫𝐞𝐟 = 𝟑. 𝟑𝟎𝟔    

COPref =
Q4

Wref
         3.306 =

Q4

1270
                              𝐐𝟒 = 𝟒𝟏𝟗𝟖. 𝟔𝐤𝐉 

Wref = Q3 − Q4     1270 = Q3 − 4198.6                 𝐐𝟑 = 𝟓𝟒𝟔𝟖. 𝟔𝐤𝐉 

Heat rejected to reservoir at 50 °C  

= Q2 + Q3          = 830 + 5468.6           𝐐𝟐 + 𝐐𝟑 = 𝟔𝟐𝟗𝟖𝟔𝐤𝐉 

 

If the efficiency of the actual heat engine and COP is 45% 

 ηHE = 45% × ηmax         ηHE = 0.45 × 0.668         𝛈𝐇𝐄 = 𝟑𝟎% 

η1 =
WHE

Q1
        0.3 =

WHE

2500
                                           𝐖𝐇𝐄 = 𝟕𝟓𝟎𝐤𝐉 

WHE = Q1 − Q2       750 = 2500 − Q2                        𝐐𝟐 = 𝟏𝟕𝟓𝟎𝐤𝐉 

Refrigerator: 

WHE = W + Wref            750 = 400 + Wref             𝐖𝐫𝐞𝐟 = 𝟑𝟓𝟎𝐤𝐉 

COPref = 3.306 × 0.45                                          𝐂𝐎𝐏𝐫𝐞𝐟 = 𝟏. 𝟒𝟖    

COPref =
Q4

Wref
           1.48 =

Q4

350
                                     𝐐𝟒 = 𝟓𝟏𝟖𝐤𝐉 

Wref = Q3 − Q4      350 = Q3 − 518                             𝐐𝟑 = 𝟖𝟔𝟖𝐤𝐉 

Heat rejected to reservoir at 50 °C  

= Q2 + Q3           = 1750 + 868             𝐐𝟐 + 𝐐𝟑 = 𝟐𝟔𝟏𝟖𝐤𝐉 
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11. A reversible heat engine operates between two reservoirs at 827ºC and 27ºC. Engine drives a Carnot 

refrigerator maintaining –13ºC and rejecting heat to reservoir at 27ºC. Heat input to the engine is 2000 

kJ and the net work available is 300 kJ. How much heat is transferred to refrigerant and total heat 

rejected to reservoir at 27ºC. 

Given: T1=827ºC, T2= T4=27ºC,  T3= –13ºC, Q1 = 2000kJ 

Find: (a) Q4 (b) Q2 + Q4   

Solution: 

Heat Engine: 

Q1

Q2
=

T1

T2
      Q2 =

T2

T1
× Q1 =

300

1100
× 2000                                       𝐐𝟐 = 𝟓𝟒𝟓. 𝟒𝟓𝐤𝐉 

WHE = Q1 − Q2       WHE = 2000 − 545.45                          WHE = 𝟏𝟒𝟓𝟒. 𝟓𝟓𝐤𝐉 

Refrigerator:   

WHE = W + Wref        1454.55 = 300 + Wref                        𝐖𝐫𝐞𝐟 = 𝟏𝟏𝟓𝟒. 𝟓𝟓𝐤𝐉 

COPref =
T3

T4−T3
          COPref =

260

300−260
                              𝐂𝐎𝐏𝐫𝐞𝐟 = 6.5 

COPref =
Q3

Wref
           6.5 =

Q3

1154.55
                                               𝐐𝟑 = 𝟕𝟓𝟎𝟒. 𝟓𝟖𝐤𝐉 

Wref = Q4 − Q3     1154.55 = Q4 − 7504.58                            𝐐𝟒 = 𝟖𝟔𝟓𝟗. 𝟏𝟑𝐤𝐉 

Heat rejected to reservoir  

= Q2 + Q4        = 545.45 + 8659.13             𝐐𝟐 + 𝐐𝟒 = 𝟗𝟐𝟎𝟒. 𝟓𝟖𝐤𝐉 

 

12. (a) A reversible heat pump is used to maintain a temperature of 0°C in a refrigerator when it rejects the 

heat to the surroundings at 25°C. If the heat removal rate from the refrigerator is 1440 kJ/min, 

determine the C.O.P. of the machine and work input required. 

Given: 

T1=25°C+273=298K,T2=0°C+273=273K, 

Q1 = 1440kJ/min= 24kJ/s 

Find: (a) COP & WHPFind: (a) Q4 (b) Q2 + Q4   

Solution: 

COPHP =
T1

T2−T1
            COPHp =

298

298−273
           𝐂𝐎𝐏𝐇𝐏 = 𝟏𝟏. 𝟗𝟐    

COPHP =
Q

ẆHP
            11.92 =

24

WHP
                         �̇�𝐇𝐏 = 𝟐. 𝟐𝐤𝐖 

WHP = Q2 − Q1             2.2 = Q2 − 24             𝐐𝟐 = 𝟐𝟔. 𝟐𝐤𝐉/𝐬  

 (b) If the required input to run the pump is developed by a reversible engine which receives heat at  

      380°C and rejects heat to atmosphere, then determine the overall C.O.P. of the system. 

Heat Engine: WHE = WHP 

Q3

Q4
=

T3

T4
      

Q4+WHE

Q4
=

T3

T4
      

Q4+2.2

Q4
=

653

298
         𝐐𝟒 = 𝟏. 𝟖𝟒𝟕𝐤𝐉/𝐬 

WHE = Q3 − Q4         2.2 = Q3 − 1.847        𝐐𝟑 = 𝟒. 𝟎𝟒𝟕𝐤𝐉/𝐬 

Heat Pump 

COPHP =
Q1

Q3
             COPHP =

24

1154.55
            COPHP = 𝟓. 𝟗𝟖 

The overall COP 

=
Q2+Q4

Q3
             =

26.2+1.847

4.047
            = 6.98 

 



ME 8391- Engineering Thermodynamics                          Mechanical Engineering               2018-2019 

St.Joseph’s College of Engineering/ St.Joseph’s Institute of Technology  15 
 

13. An ice plant working on a reversed Carnot cycle heat pump produces 15 tonnes of ice per day. The ice is 

formed from water at 0°C and the formed ice is maintained at 0°C. The heat is rejected to the 

atmosphere at 25°C. The heat pump used to run the ice plant is coupled to a Carnot engine which 

absorbs heat from a source which is maintained at 220°C by burning liquid fuel of 44500 kJ/kg calorific 

value and rejects the heat to the atmosphere. Determine :(i) Power developed by the engine (ii) Fuel 

consumed per hour.Take enthalpy of fusion of ice = 334.5 kJ/kg. 

Given: T1=493K, T2= T3=298K,  T4=273K,  

Find: (a) W (b) Fuel consumed per hour   

Solution: 

Heat Pump:  

COPHP =
T3

T3−T4
          COPHP =

298

298−273
           𝐂𝐎𝐏𝐇𝐏 = 𝟏𝟏. 𝟗𝟐    

Q4 =
15×1000×334.5

24×60
         𝐐𝟒 = 𝟓𝟖. 𝟎𝟕 𝐤𝐉/𝐬 

COPHP =
Q3

Q3−Q4
         11.92 =

Q3

 Q3−58.07
     11.92Q3 − 692.23 = Q3 

  𝐐𝟑 = 𝟔𝟑. 𝟑𝟗 𝐤𝐉/𝐬 

WHP = Q3 − Q4        WHP = 63.39 − 58.07        𝐖𝐇𝐏 = 𝟓. 𝟑𝟐𝐤𝐖 

Heat Engine: 

 ηHE = 1 −
T2

T1
                ηHE = 1 −

298

493
            𝛈𝐇𝐄 = 𝟑𝟗. 𝟓𝟓% 

η1 =
WHE

Q1
        0.3955 =

5.32

Q1
         𝐐𝟏 = 𝟏𝟑. 𝟒𝟓𝐤𝐖 

Q1 = 13.45 × 60 × 60                  𝐐𝟏 = 𝟒𝟖𝟏𝟔𝟖 𝐤𝐉/𝐡𝐫 

Quantity of fuel consumed/hour  

=
Heat Supplied to engine

CV
          =

48168

44500
         = 𝟏. 𝟎𝟖𝟐𝐤𝐠/𝐡 

 

14. Explain Carnot cycle with neat sketches. 

 Any fluid may be used to operate the Carnot 

cycle which is performed in an engine cylinder 

the head of which is supposed alternatively to be 

perfect conductor or a perfect insulator of a heat. 

 Heat is caused to flow into the cylinder by the 

application of high temperature energy source to 

the cylinder head during expansion, and to flow 

from the cylinder by the application of a lower 

temperature energy source to the head during 

compression.  
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     The assumptions made for describing the working of the Carnot engine are as follows: 

i. The piston moving in a cylinder does not develop any friction during motion. 

ii. The walls of piston and cylinder are considered as perfect insulators of heat. 

iii. The cylinder head is so arranged that it can be a perfect heat conductor or perfect heat insulator. 

iv. The transfer of heat does not affect the temperature of source or sink. 

v. Working medium is a perfect gas and has constant specific heat. 

vi. Compression and expansion are reversible. 

     Following are the four stages of Carnot cycle : 

Process 1-2: Hot energy source is applied. Heat Q1 is taken in whilst the fluid expands isothermally and  

  reversibly at constant high temperature T1. 

Process 2-3: The cylinder becomes a perfect insulator so that no heat flow takes place. The fluid expands  

  adiabatically and reversibly whilst temperature falls from T1 to T2. 

     Process 3-4: Cold energy source is applied. Heat Q2 flows from the fluid whilst it is compressed  

 isothermally and reversibly at constant lower temperature T2. 

    Process 4-1: Cylinder head becomes a perfect insulator so that no heat flow occurs. The compression  is  

continued adiabatically and reversibly during which temperature is raised from T2 to T1. 

The work delivered from the system during the cycle is represented by the enclosed area of the cycle. Again 

for a closed cycle, according to first law of the thermodynamics the work obtained is equal to the difference 

between the heat supplied by the source (Q1) and the heat rejected to the sink (Q2). 

∴ W = Q1 – Q2 

Also, thermal efficiency, ηth =
Work done

Heat supplied by the source
=

Q1−Q2

Q1
= 1 −

T2

T1
 

Such an engine since it consists entirely of reversible processes, can operate in the reverse direction so that it 

follows the cycle shown in Fig and operates as a heat pump. Q2 is being taken in at the lower temperature T2 

during the isothermal expansion (process 4-3) and heat Q1 is being rejected at the upper temperature T1 

(process 2-1). Work W will be needed to drive the pump. Again, the enclosed area represents this work which 

is exactly equal to that flowing from it when used as engine. 

The Carnot cycle cannot be performed in practice because of the following reasons : 

1. It is impossible to perform a frictionless process. 

2. It is impossible to transfer the heat without temperature potential. 

3. Isothermal process can be achieved only if the piston moves very slowly to allow heat transfer so that the 

temperature remains constant. Adiabatic process can be achieved only if the piston moves as fast as possible 

so that the heat transfer is negligible due to very short time available. The isothermal and adiabatic processes 

take place during the same stroke therefore the piston has to move very slowly for part of the stroke and it has 

to move very fast during remaining stroke. This variation of motion of the piston during the same stroke is not 

possible. 
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ENTROPY: 

Change in entropy (S2-S1) is: 

 

 

> sign holds good for irreversible process and = sign for reversible process. 

Principle of increase of entropy 

ΔSuniverse  > 0 

The change in entropy of a thermodynamic universe (system and surroundings) is always 

positive. 

Change in Entropy : 

Process Equation follows Change In Entropy 

Constant Volume (V=C) ∆S = mCv ln (
T2

T1
) 

Constant Pressure (p=C) ∆S = mCP ln (
T2

T1
) 

Isothermal (pV=C) ∆S = mR ln (
V2

V1
) 

Adiabatic Process (𝑝𝑉𝛾 = 𝐶) ∆S = 0 

Polytropic Process (𝑝𝑉𝑛 = 𝐶) ∆S = mCn ln (
T2

T1
) 

Entropy for all process can also be calculated by: 

∆S = mCv ln (
T2

T1
) + mR ln (

V2

V1
), 

∆S = mCP ln (
T2

T1
) − mR ln (

P2

P1
)  ,          

∆S = mCP ln (
V2

V1
) + mCv ln (

P2

P1
) 

For Ideal Gas (Air): 

Specific Heat ‘Cp’   = 1.005 kJ/kg.K,   ‘Cv’   = 0.718 kJ/kg.K 

For Water : 

Specific Heat ‘Cp’   = 4.186 kJ/kg.K,  
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1. Air at 20°C and 1.05 bar occupies 0.025 m
3
. The air is heated at constant volume until the pressure is 4.5 

bar, and then cooled at constant pressure back to original temperature. 

 Calculate :(i) The net heat flow from the air.(ii) The net entropy change. 

Given: 

Temperature, T1 = 20 + 273 = 293 K 

Volume,         V1 = V3 = 0.025 m
3
 

Pressure,         p1 = 1.05 bar = 1.05 × 10
5
 N/m

2
 

Pressure,         p2 = 4.5 bar = 4.5 × 10
5
 N/m

2
. 

Find: (i) Net heat flow  (ii) Net entropy change 

Solution:` 

 

The mass of gas  : 

m =
P1V1

RT1
                              m =

(1.05 × 105) × 0.025

287 × 293
                        𝐦 = 𝟎. 𝟎𝟑𝟏𝟐𝐤𝐠 

Process1-2:Constant Volume Process 

At  
p

T
= C           p1T2 = p2T1           T2 =

P2

P1
× T1 =

4.5

1.05
× 293          𝐓𝟐 = 𝟏𝟐𝟓𝟓. 𝟕𝐊 

 𝐐𝟏𝟐 = mCv(T2 − T1)      𝐐𝟏𝟐 = 0.0312 × 0.718(1255.7 − 293)     𝐐𝟏𝟐 = 𝟐𝟏. 𝟓𝟔𝐤𝐉 

∆𝐒𝟏𝟐 = mCv ln (
T2

T1
)       ∆𝐒𝟏𝟐 = 0.0312 × 0.718 ln (

1255.7

293
)        ∆𝐒𝟏𝟐 = 𝟎. 𝟎𝟑𝟐𝟔𝐤𝐉/𝐊 

Process 2-3: Constant pressure process 

Q23 = mCp(T3 − T2)      Q23 = 0.0312 × 1.005 × (293 − 1255.7)    𝐐𝟐𝟑 = −𝟑𝟎. 𝟏𝟖𝐤𝐉 

∆𝐒𝟐𝟑 = mCv ln (
T2

T3
)       ∆𝐒𝟐𝟑 = 0.0312 × 1.005 ln (

1255.7

293
)        ∆𝐒𝟐𝟑 = 𝟎. 𝟎𝟒𝟓𝟔𝐤𝐉/𝐊 

 (i) The net heat flow 

  Q = Q12 + Q23       Q = 21.56 − 30.18           𝐐 = −𝟖. 𝟔𝟐𝐤𝐉 

 (ii) The Net decrease in entropy 

  ∆S = S12 + S23       ∆S = 0.0326 − 0.0456           ∆𝐒 = 𝟎. 𝟎𝟏𝟑𝐤𝐉/𝐊 

2. An insulated cylinder of volume capacity 4 m
3
 contains 20 kg of nitrogen. Paddle work is done on the 

gas by stirring it till the pressure in the vessel gets increased from 4 bar to 8 bar. Determine :(i) Change 

in internal energy,(ii) Work done,(iii) Heat transferred, and (iv) Change in entropy 

Given:  P1 = 4 bar  = 4 × 10
5
 N/m

2
 , P2 = 8 bar = 8 × 10

5
 N/m

2
, V1 = V2 = 4 m

3 

          Cp=1.04 kJ/kgK ,  CV=0.7432 kJ/kgK 

Find: (i) ΔU  (ii) W  (iii) Q   (iv) ΔS 

Solution: 

R = CP − CV        R = 1.04 − 0.7432        𝐑 = 𝟎. 𝟐𝟗𝟔𝟖
𝐤𝐉

𝐤𝐠
. 𝐊 

(i) Change in internal energy 

 ΔU = U2 − U1       ΔU = mCv(T2 − T1) = mCv(mT2 − mT1)       ΔU = Cv(
p2V2

𝑅
−

p1V1

𝑅
) 

ΔU = 0.7432(
8×105×4

296.8
−

4×105×4

296.8
)        𝚫𝐔 = 𝟒𝟎𝟎𝟔. 𝟒𝐤𝐉 
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(ii) Work done, W 

 There is no change in system boundary or pdv work is absent. No heat is transferred to the system 

 Q12 = (U2 − U1) + W12       0 = (U2 − U1) + W12       W12 = −(U2 − U1)     𝐖𝟏𝟐 = −𝟒𝟎𝟎𝟔. 𝟒𝐤𝐉 

(iii) Heat transferred, 𝐐𝟏𝟐 = 𝟎 

(i) Change in entropy 

∆𝐒𝟏𝟐 = mCv ln (
T2

T1
)       ∆𝐒𝟏𝟐 = 20 × 0.7432 ln(2)           ∆𝐒𝟏𝟐 = 𝟏𝟎. 𝟑𝐤𝐉/𝐊 

3. Find the change in entropy of steam generated at 400ºC from 5 kg of water at 27ºC and atmospheric 

pressure. Take specific heat of water to be 4.2 kJ/kg.K, heat of vaporization at 100ºC as 2260 kJ/kg and 

specific heat for steam given by; cp = R (3.5 + 1.2T + 0.14T
2
)  J/kgK. 

Given: T1=400ºC, m=5 kg, T2=27ºC, CP=4.2kJ/kgK, hfg=2260kJ/kg 

Solution: 

Total entropy change = Entropy change during water temperature rise (ΔS1) + Entropy change  

       during water to steam change (ΔS2) + Entropy change during steam  

       temperature rise (ΔS3) 

 Entropy change during water temperature rise (ΔS1): 

 ΔS 1 =  
Q1

T1
      ΔS 1 =  

mCp(T2−T1)

T1
       ΔS 1 =  

5×4.2×(373−300)

300
       𝚫𝐒 𝟏 = 𝟓. 𝟏𝟏𝐤𝐉/𝐊 

 Entropy change during water to steam change (ΔS2):  

ΔS2  =
Q2

T2
      ΔS2  =

m×ℎ𝑓𝑔

T2
      ΔS2  =

5×2260

373.13
           𝚫𝐒𝟐  = 𝟑𝟎. 𝟐𝟖 𝐤𝐉/𝐊 

Entropy change during steam temperature rise (ΔS3):  

For steam                  R = 
8.314

18
 = 0.462 kJ/kg.K 

Therefore,      Cp for steam = 0.462 (3.5 + 1.2 · T + 0.14T
2
) × 10

–3
 

                                          = (1.617 + 0.5544 T + 0.065 T
2
) × 10

–3
 

ΔS3 =  ∫
dQ

T

673.15

373.15
      ΔS3 =  ∫ 5 X 10−3 X (

1.617

T
+  0.5544 +  0.065T)

673.15

373.15
 dT  

                           𝚫𝐒𝟑 = 𝟓𝟏. 𝟖𝟒𝐤𝐉/𝐊  

     Total entropy change = 5.11 + 30.28 + 51.84= 87.23 kJ/K 

4. Determine the change in entropy of universe if a copper block of 1 kg at 150ºC is placed in a sea water 

at 25ºC. Take heat capacity of copper as 0.393 kJ/kg K. 

Given: m=1 kg, T1=150 ºC+273=423 K, T2=25ºC+273=298 K, CP=0.393 kJ/kgK 

Find:  Change in entropy of universe 

Solution: 

ΔSuniverse = ΔSblock + ΔSwater 

Here hot block is put into sea water, so block shall cool down upto sea water at 25ºC as sea may be 

treated as sink. 

∆𝐒𝐛𝐥𝐨𝐜𝐤 = mCv ln (
T2

T1
)      ∆𝐒𝐛𝐥𝐨𝐜𝐤 = 1 × 0.393 ln (

298

423
)          ∆𝐒𝐛𝐥𝐨𝐜𝐤 = −𝟎. 𝟏𝟑𝟕𝟔 𝐤𝐉/𝐊               
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 ΔS 𝑤𝑎𝑡𝑒𝑟 =  
Q1

T1
      ΔS 𝑊𝑎𝑡𝑒𝑟 =  

mCp(T2−T1)

T1
=  

1×0.393×(423−298)

298
       𝚫𝐒 𝒘𝒂𝒕𝒆𝒓 = 𝟎. 𝟏𝟔𝟓𝐤𝐉/𝐊 

Thus, ΔSuniverse = – 0.1376 + 0.165        ΔSuniverse = 0.0274 kJ/k or 27.4 J/K 

5. 1 kg of ice at – 5°C is exposed to the atmosphere which is at 25°C. The ice melts and comes into thermal 

equilibrium. (i) Determine the entropy increase of the universe  (ii) What is the minimum amount of 

work necessary to convert the water back into ice at – 5°C ? Take : cp of ice = 2.093 kJ/kg°C, Latent 

heat of fusion of ice = 333.33 kJ/kg 
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6. Two tanks A and B are connected through a pipe with valve in between. Initially valve is closed and 

tanks A and B contain 0.6 kg of air at 90°C, 1 bar and 1 kg of air at 45°C, 2 bar respectively. 

Subsequently valve is opened and air is allowed to mix until equilibrium. Considering the complete 

system to be insulated determine the final temperature, final pressure and entropy change. 

Given: PA = 1 bar, TA = 363 K, mA = 0.6 kg; TB = 318K, mB = 1kg, pB = 2 bar 

Find: Final temperature, Final pressure and Entropy change 

Solution: 

 In this case due to perfectly insulated system, Q = 0, Also W = 0 

                             ΔQ = ΔW + ΔU 

                                0 = 0 + {(mA + mB) Cv.Tf – (mA.CvTA) – (mB.Cv.TB)} 

Tf =  
(mACvTA+ mBCvTB)

(mA+ mB) Cv
     Tf =  

(0.6 X 363+1X318)

(0.6+1)
       𝐓𝐟 = 𝟑𝟑𝟒. 𝟖𝟖 𝐊 

Using gas law for combined system after attainment of equilibrium, 

pf =  
(mA+ mB) RTf

(VA+ VB)
      pf =  

(1+0.6) X 0.287 X 334.88

(0.625+0.456)
    𝐩𝐟 =  𝟏𝟒𝟐. 𝟐𝟓 𝐤𝐏𝐚 

Entropy change 

ΔS = {((mA + mB).sf) – (mA.sA + mBsB)} 

      = {mA(sf – sA) + mB (sf – sB)} 

      =  {mA  (cp ln
Tf

TA
− R ln

pf

pA
) + mB  (cp ln

Tf

TB
− R ln

pf

pB
)} 

VA =  
mA R TA

pA
       

VA = 0.625 m
3 

VB =  
mB R TB

pB
 

VB = 0.456 m
3
 

    ΔS =  {0.6 (1.005 ln
334.88

363
− 0.287 ln

142.25

100
) +  1 (1.005 ln

334.88

318
− 0.287 ln

142.25

200
)}  

    ΔS = { – 0.1093 + 014977}          ΔS = 0.04047 kJ/K  
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7. One kilogram of water at 273 K is brought into contact with a heat reservoir at 373 K. (i) When the 

water has reached 373 K, find the change in entropy of the water, of the heat reservoir, and of the 

universe. (ii) If the water had been heated from 273 K to 373K by first bringing it in contact with a 

reservoir at 323K and then with a reservoir at 373K, what would have been the change in entropy of 

the universe?       
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8. 5 m
3
 of air at 2 bar, 27 C is compressed up to 6 bar pressure following 𝐩𝐕𝟏.𝟑= C. It is subsequently 

expanded adiabatically to 2 bar. considering the two process to be reversible, determine the network, 

net heat transfer, change in entropy. Also plot the processes on T-S and P-V diagrams 

 

 

 

9. A metal block with m=5 kg, c=0.4 kJ/kgK at  40°C is kept in a room at 20°C. It is cooled in the following 

two ways: (i) Using a Carnot engine (executing internal number of cycles) with the room itself as the 

cold reservoir; (ii) Naturally. In each case, calculate the change in entropy of the block, of the air of the 

room and of the universe. Assume that the metal block has constant specific heat    

Given: m=5 kg, cp=0.4 kJ/kgK, T1=40°C, T2=20°C 

Solution: 

(i) Cooling naturally 

     Heat absorbed by air, δQ=Heat released by the metal block 

     δQ = mc(T1 − T2) = 5 × 0.4 × (40 − 20) 

𝛅𝐐 = 𝟒𝟎𝐤𝐉 

   (δQ)𝐵𝐿𝑂𝐶𝐾 = ∫ 𝑚𝑐
𝑑𝑇

𝑇

293

313
= 5 × 0.4 ln

293

313
                 (𝛅𝐐)𝑩𝑳𝑶𝑪𝑲 = −𝟎. 𝟏𝟑𝟐𝒌𝑱/𝑲 
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  Entropy change of atm, δQ𝑎𝑖𝑟 =
δQ

𝑇
=

40

293
           𝛅𝐐𝐚𝐢𝐫 = 𝟎. 𝟏𝟑𝟔𝟓 𝐤𝐉/𝐊 

  Entropy of universe: 

     δQuniverse = δQblock + δQair 

δQuniverse = −0.132 + 0.1365 

𝛅𝐐𝐮𝐧𝐢𝐯𝐞𝐫𝐬𝐞 = 𝟎. 𝟎𝟎𝟒𝟓 𝐤𝐉/𝐊 

(ii) Cooling using a Carnot Engine: 

  Entropy of Carnot engine,ΔSCarnot=0 

  For Carnot engine, efficiency 

    ηCarnot =
T1−T2

T1
          ηCarnot =

313−293

313
       𝛈𝐂𝐚𝐫𝐧𝐨𝐭 = 𝟔. 𝟑𝟗% 

    ηCarnot =
W

δQ
               0.0639 =

W

40
              𝐖 = 𝟐. 𝟓𝟓𝟔 𝐤𝐉 

    Entropy of air, ∆S𝑎𝑖𝑟 =
δQ+W

𝑇
=

40+2.556

293
                ∆𝐒𝒂𝒊𝒓 = 𝟎. 𝟏𝟒𝟓𝟐 𝐤𝐉/𝐊 

    ∆𝑆𝑈𝑛𝑖𝑣 = ∆S𝑏𝑙𝑜𝑐𝑘+∆S𝑐𝑎𝑟𝑛𝑜𝑡 𝑒𝑛𝑔𝑖𝑛𝑒+∆S𝑎𝑖𝑟            ∆𝑺𝑼𝒏𝒊𝒗 = 𝟎. 𝟐𝟕𝟕𝟐 𝒌𝑱/𝑲 

10.  2 kg of water at 90°C is mixed with 3 kg of water at 10°C in an isolated system. Calculated the  

 change of entropy due to the mixing process.   

    2 4.18 90 3 4.18 10f fT T      

Tf = 42 °C 

1 1

1

ln 1.1857 /
f

p

T
kJ KS m C

T

 
    

 
 

2 1

2

ln 1.3433 /
f

p

T
kJ KS m C

T

 
   

 
 

1 2 157 /mixing J KS S S      

Availability and Irreversibiity: 

 Between state 1-2 Dead State  

Available Energy: 

Initial State: 

Ψ1 = q1 − Tos1 + Pov1 

Final State: 

Ψ2 = q2 − Tos2 + Pov2 

Initial State: 

φ1 = u1 − Tos1 

Final State: 

φ2 = u2 − Tos2 

Change in Available 

Energy (Wmax) 

 

Ψ1 − Ψ2 = m[(q1 − q2) − To∆s]

+ Po(v1 − v2) 
φ1 − φ2 = m[(u1 − u2) − To∆s]   

Irreversibility I = Wmax − WActual 

Effectiveness I =
WActual

Wmax
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1. 5 kg of air at 550K and 4 bar is enclosed in a closed vessel 

(a)  Determine the availability of the system if the surrounding pressure and temperature are 1  

 bar and  290K.  

    (b) If the air is cooled at constant pressure to the atmospheric temperature, determine the  

 availability and   effectiveness.                

 

 

 

2.  3 kg of air at 500 kPa, 90C expands adiabatically in a closed system until its volume is doubled and its 

temperature becomes equal to that of surroundings at 100 kPa and 10C. Find maximum work, change 

in availability and irreversibility.  
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ME 8391- Engineering Thermodynamics                          Mechanical Engineering               2018-2019 

St.Joseph’s College of Engineering/ St.Joseph’s Institute of Technology  27 
 

 

 

3. Helium enters an actual turbine at 300 kPa, 300°C and expands to 100 kPa, 150°C. Heat transfer to 

atmosphere at 101.325 kPa, 25°C amounts to 7 kJ/kg. Calculate the entering stream availability, 

leaving stream availability and the maximum work. For helium, Cp=5.2kJ/kg and molecular 

wt=4.003kg/kg-mol 

 



ME 8391- Engineering Thermodynamics                          Mechanical Engineering               2018-2019 

St.Joseph’s College of Engineering/ St.Joseph’s Institute of Technology  28 
 

 

 

4.  (a) Define the terms ‘Irreversible process’ and ‘Reversible process’. Give an e.g. of each.   

 Irreversible process  

Processes that are not reversible are called irreversible processes. Once having taken place, these 

processes cannot reverse themselves spontaneously and restore the system to its initial state. For this 

reason, they are classified as irreversible processes.  

Example for irreversible process: Once a cup of hot coffee cools, it will not heat up by retrieving the 

heat it lost from the surroundings.  

Reversible process  

A reversible process is defined as a process that can be reversed without leaving any trace on the 

surroundings. That is, both the system and the surroundings are returned to their initial states at the 

end of the reverse process. This is possible only if the net heat and net work exchange between the 

system and the surroundings is zero for the combined (original and reverse) process.  

Examples for reversible process are  

i) Quasi equilibrium expansion and compression of gas  

  ii) Frictionless pendulum 
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5. State and prove Clausius inequality.       

The Clausius Inequality applies to any real engine cycle and implies a negative change in entropy on the cycle. 

That is, the entropy given to the environment during the cycle is larger than the entropy transferred to the 

engine by heat from the hot reservoir 

 

6. Mention the Clasius inequality for open, closed and isolated systems.    

i. ∑
δQ

TCycle < 0, Cycle is irreversible 

ii.   ∑
δQ

TCycle = 0, Cycle is reversible 

iii.    ∑
δQ

TCycle < 0, Cycle is impossible 

7. 300 kJ/s of heat is supplied at a constant fixed temperature of 290°C to a heat engine. The heat rejection 

takes place at 8.5°C. The following results were obtained : (i) 215 kJ/s are rejected. (ii) 150 kJ/s are 

rejected. (iii) 75 kJ/s are rejected. Classify which of the result report a reversible cycle or irreversible 

cycle or impossible results. 

Given:  Heat supplied at 290°C= 300 kJ/s , Heat rejected at 8.5°C 

Find: (i) 215kJ/s, (ii) 150 kJ/s,  (iii) 75 kJ/s 

Solution: 

Applying clausius inequality to the cycle 

(ii) ∑
δQ

TCycle   =
Q1

T1
−

Q2

T2
      ∑

δQ

TCycle =
300

563
−

215

281.5
        ∑

𝛅𝐐

𝐓𝐂𝐲𝐜𝐥𝐞 = −𝟐𝟑𝟎𝟗 < 𝟎, Cycle is irreversible 

(iii) ∑
δQ

TCycle   =
Q1

T1
−

Q2

T2
      ∑

δQ

TCycle =
300

563
−

150

281.5
        ∑

𝛅𝐐

𝐓𝐂𝐲𝐜𝐥𝐞 = 𝟎, Cycle is reversible 

(iv) ∑
δQ

TCycle   =
Q1

T1
−

Q2

T2
      ∑

δQ

TCycle =
300

563
−

75

281.5
        ∑

𝛅𝐐

𝐓𝐂𝐲𝐜𝐥𝐞 = 𝟎. 𝟐𝟔𝟔𝟒 < 𝟎, Cycle is impossible 
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Pure substance       

 A pure substance is a substance of constant chemical composition throughout its mass. A 

pure substance does not have to be of a single chemical element. A mixture of various 

chemical elements is also called as pure substance as long as the mixture is homogeneous in 

composition, homogeneous in chemical aggregation and invariable in chemical aggregation. 

e.g. H2O. 

Saturation states  

 A saturation state is a state from which a change of phase may occurs without a change of 

pressure or temperature.  The state of a substance at which a phase transformation begins 

or ends. 

Sub cooled liquid        

 The state of a pure substance at which the temperature is less than the saturation 

temperature corresponding to the pressure is known as sub-cooled liquid state 

Compressed liquid 

 The pressure on the liquid water is greater than the saturated pressure at a given 

temperature. In this condition, the liquid water is known as the compressed liquid  

Super heating’ and ‘Subcooling’   

 Heating steam beyond its saturation temperature and cooling of liquid below saturation 

temperatures are known as superheating and subcooling.  

Degree of superheat        

 The difference between the superheated temperature and the saturated temperature at the 

given pressure is called the degree of superheat. 

Critical state. The term critical pressure , critical temperature, and critical 

volume of water.   

The state at which the transition from liquid to vapour phase suddenly takes place. The 

specific volume of the saturated liquid and of the saturated vapour is the same. Such a state 

of the substance is called the critical state. The properties like pressure, temperature and 

volume at critical state are known as critical pressure, critical temperature, and critical 

volume. The corresponding values for water are: 221.2 bar, 374.15°C and 0.00317 m3/kg 

Triple point. For a pure substance, how many degrees of freedom are there at 

triple point? 

 The state at which all the three phases-solid ,liquid and vapour coexist in equilibrium is 

called the triple point.  At the triple point, C=1, P=3 and application of the phase rule gives 

F=C+2-P=1+2-3+0.  Hence, the number of degrees of freedom at the triple point is equal to 

zero.  In other words the triple point is invariant (F=0).  One cannot arbitrarily assign either 



temperature or pressure for the triple point.  The triple point exists at u definite pressure 

and temperature.  For example, the triple point of water is P=0.611kPa and t=0.01°C.  

Phase rule for pure substance 

Phase rule gives F=C+2-P, Hence, the number of degrees of freedom at the triple point is 

equal to zero.  In other words the triple point is invariant (F=0).  One cannot arbitrarily 

assign either temperature or pressure for the triple point.  The triple point exists at u 

definite pressure and temperature.  For example, the triple point of water is P=0.611kPa 

and t=0.01°C. 

List the advantages of superheated steam 

 Its heat content and hence its capacity to do work is increased without having to increase its 

pressure 

 High temperature of superheated steam results in an increase in thermal efficiency 

 Superheating is done in a superheated which obtains its heat from waste furnace gases 

which would  have otherwise uselessly up the chimney 

Dryness fraction 

 The term dryness fraction is related with wet steam. It is defined as the ratio of the mass of 

actual dry steam to the mass of steam containing it. It is expressed by the symbol ‘x’. 

Heat of superheat 

 The additional amount of heat supplied to the steam during superheating is called as heat of 

superheat. It can be calculated by using the specific heat of superheated steam at constant pressure. 

Latent heat  

 The heat being supplied does not show any rise of temperature but results in change of state is 

known as latent heat. 

Sensible heat of water. 

It is defined as the quantity of heat absorbed by 1 kg of water when it is heated from 0°C to boiling 

point. It is also called total heat of water. 

Phase equilibrium diagram on T-v coordinates  

 

 

 

 

 

 

 



Phase equilibrium diagram for a pure substances on T-S plot    

      

 

 

 

 

p-T diagram for water  

 

Rankine Cycle: 

A simple Rankine cycle has the following processes for the boiler, turbine, condenser and pump of 

a steam power cycle: 

Process 1–2: Isentropic expansion of the working fluid through the turbine from 

saturated vapour at state 1 to the condenser pressure. 

Process 2–3: Heat transfer from the working fluid as it flows at constant pressure through the 

condenser with saturated liquid at state 3. 

Process 3–4: Isentropic compression in the pump to state 4 in the compressed liquid region. 

Process 4–1: Heat transfer to the working fluid as it flows at constant pressure through the 

boiler to complete the cycle. 

 



Reheat Rankine Cycle: 

Increasing the boiler pressure can increase the thermal efficiency of the Rankine cycle, but it 

also increases the moisture content at the exit of the turbine to an unacceptable level. To 

correct this side effect, the simple Rankine cycle is modified with a reheat process. The 

schematic of an ideal reheat Rankine cycle with its T-s diagram. In this reheat cycle, steam is 

expanded isentropically to an intermediate pressure in a high-pressure turbine (stage I) and 

sent back to the boiler, where it is reheated at constant pressure to the inlet temperature of 

the high-pressure turbine. Then the steam is sent to a low-pressure turbine and expands to the 

condenser pressure (stage II) . The total heat input and total work output is 

 

Regenerative Rankine Cycle: 

In regenerative Rankine cycle, some amount of steam is bled off during expansion in the turbine 

and mixed with feed water before it enters the boiler to reduce the heat input. In the below both 

reheat and regeneration (Two feed water heaters) are incorporated. 

 

Rankine cycle is modified? 

 The work obtained at the end of the expansion is very less. The work is too inadequate to 

overcome the friction. Therefore the adiabatic expansion is terminated at the point before the 

end of the expansion in the turbine and pressure decreases suddenly, while the volume 

remains constant. 

Improve thermal efficiency of the Rankine cycle. 

 Reheating of steam 

 Regenerative feed water heating 

 By water extraction 

 Using binary vapour 



Properties of Pure substance: 
 

 
 
 

 

Types of steam: 
Wet Steam: From Steam Table at given dryness fraction and 

Pressure (or Temperature)  

vf  = ? ,  vg =  ?,  hf = ?,  hfg = ?,   sf = ?,  sfg = ? 

𝐯 = 𝐯𝐟 + (𝐱𝐯𝐟𝐠) 

𝐡 = 𝐡𝐟 + (𝐱𝐡𝐟𝐠) 

𝐬 = 𝐬 + (𝐱𝐬𝐟𝐠) 

if Dryness fraction is not given 

Quality of the mixture, 

𝐱 =  
𝐦𝐠

𝐦𝐠+ 𝐦𝐟
    or    find out from above formula         

Dry or saturated Steam: From Steam Table at given 

Pressure or Temperature 
𝐯 = 𝐯𝐟 + 𝐯𝐟𝐠          𝐯𝐠 

𝐡 = 𝐡𝐟 + 𝐡𝐟𝐠         𝐡𝐠 

𝐬 = 𝐬 + 𝐬𝐟𝐠            𝐬𝐠 

Superheated Steam:  From Steam Table at given 

Pressure and Temperature 

𝐯𝐬𝐮𝐩 =  
𝐯𝐠

𝐓𝐬
 𝐗 𝐓𝐬𝐮𝐩 

𝐡 = 𝐡𝐠 + 𝐂𝐏(𝐓𝐒𝐮𝐩 − 𝐓𝐒𝐚𝐭) 

𝐬 = 𝐬𝐠 + 𝐂𝐏 𝐥𝐧 (
𝐓𝐒𝐮𝐩

𝐓𝐒𝐚𝐭
) 

For superheated steam, use formula or Table 

(To find out Tsup , use formula which is easier) 

 

Interpolate the valve and find exact one if not available in 

steam table 

Ex: Temperature vs Entropy (Find T) 

𝐓𝐫 − 𝐓𝐚

𝐓𝐛 − 𝐓𝐚
=

𝐬𝐫 − 𝐬𝐚

𝐬𝐛 − 𝐬𝐚
 

If a vessel contains Water and Vapor 

The total mass of mixture, 𝐦 = 𝐦𝐟 + 𝐦𝐠    

Total Volume 𝐕 = 𝐕𝐟 + 𝐕𝐠        𝐕 = (𝐦𝐟 × 𝐯𝐟) + (𝐦𝐠 × 𝐯𝐠) 

Volume of liquid,  𝐕𝐟 = 𝐦𝐟 × 𝐯𝐟 

Volume of vapour 𝐕𝐠 = 𝐦𝐠 × 𝐯𝐠 

Mass of vapour, 𝐦𝐟  =  
𝐕𝐟

𝐯𝐟
 

Mass of vapour, 𝐦𝐠  =  
𝐕𝐠

𝐯𝐠
      

 Quality of the mixture, 

𝐱 =  
𝐦𝐠

𝐦𝐠+ 𝐦𝐟
                 

The specific internal energy, u : 
𝐮 = 𝐡 − 𝐩𝐯 

From Superheated steam to Wet Steam Expansion:      

From Superheated steam tables, At 10 bar & 300°C. 

hsup =  … … … …  

 vsup =  … … … … …  

Internal energy of superheated steam  
𝐮𝟏 = 𝐡𝐬𝐮𝐩 − 𝐩𝐯𝐬𝐮𝐩 

 From steam tables, at exit pressure (wet steam) 

vg = ?,  hf = ?,    hfg = ?,   

Enthalpy of wet steam (after expansion) 
𝐡𝟐 = 𝐡𝐟𝟐 + 𝐱𝟐𝐡𝐟𝐠𝟐 

Internal energy of this steam, 
𝐮𝟐 = 𝐡𝟐 − 𝐩𝟐𝐱𝟐𝐯𝐠𝟐 

Hence change of internal energy per kg 

∆𝐮 = (𝐮𝟐 − 𝐮𝟏) 

Table 1 for given temperature 
or 

Table 2 for given pressure 

Table 1 for given temperature 
or 

Table 2 for given pressure 

Table 3 
 

Table 4 
 
Table 5 
 



SIMPLE RANKINE CYCLE REHEAT RANKINE CYCLE REGENERATION RANKINE CYCLE 

   

     

COMMON CONDITIONS TO THREE CYCLES 
Note: 
1. Boiler oulet steam condition may be Dry saturated or Super heated steam which enters to the Turbine.(Use saturated (hg) or superheated steam table (Table 3,4,5 ) to find out 

properties.) 

2. Turbine exit steam condition is wet steam which enters to the Condenser. (Use formulas [s = s + (xsfg)]  to find out Dryness Fraction). 

3. For Reheater and Regenerative cycle, Turbine exit at state 2, steam condition may be Dry Saturated Or Superheated Condition.  

4. Condenser outlet condition is Saturated liquid always which enters to the Pump.(at a given Pressure, the enthalpy hf) 

5. Pump outlet condition is subcooled liquid which enters to the boiler. (Ex: Simple Rankine Cycle, Use formulas [Wp = 𝑉𝑓3(P4 − P3 ) ] to find out pump work and for enthalpy  

h4 = Wp + h3 (
kJ

kg
) . ( not possible to use steam table at this condition.)  

Notations in the Steam Table: 
f − Liquid water 

g − Dry or sautated vapour 

fg − During the phase change from liquid to vapor 

Note: (For reheat and regeneration at state 2) 
Turbine inlet entropy = Turbine exit entropy 

 (s1 = s2) 

at a given turbine exit pressure find entropy in the saturated pressure table sg2 

if  

sg2 = s2  then the steam is dry saturated steam 

sg2 < s2  then the steam is superheated steam 

sg2 > s2  then the steam is wet steam  



SIMPLE RANKINE CYCLE REHEAT RANKINE CYCLE REGENERATION RANKINE CYCLE 
Process 1-2: Reversible adiabatic expansion (s1 = s2) 

𝐖𝐓 = 𝐡𝟏 − 𝐡𝟐  (
𝐤𝐉

𝐤𝐠
) 

h1 − Turbine inlet  enthalpy 

h2 − Turbine exit and condenser intet  enthalpy 

Process 2-3:Constant pressure heat rejection  ( 𝐏𝟐 = 𝐏𝟑) 

𝐐𝐑 = 𝐡𝟐 − 𝐡𝟑  (
𝐤𝐉

𝐤𝐠
) 

h3 = hf2 = hf3  Condenser exit and pump inlet  enthalpy 

Process 3-4: Reversible adiabatic pumping (𝐬𝟑 = 𝐬𝟒) 

𝐖𝐩 = 𝐡𝟒 − 𝐡𝟑  (
𝐤𝐉

𝐤𝐠
) 

h4 − Pump exit & boiler inlet  enthalpy 

𝐖𝐩 = 𝑽𝒇𝟑(𝐏𝟒 − 𝐏𝟑 ) (
𝐤𝐉

𝐤𝐠
) 

𝐖𝐩 = 𝑽𝒇𝟑(𝐏𝟏 − 𝐏𝟐 ) (
𝐤𝐉

𝐤𝐠
) 

𝐡𝟒 = 𝐖𝐩 + 𝐡𝟑 (
𝐤𝐉

𝐤𝐠
) 

Process 4-1: Constant pressure heat supplied( 𝐏𝟒 = 𝐏𝟏) 

𝐐𝐬 = 𝐡𝟏 − 𝐡𝟒 (
𝐤𝐉

𝐤𝐠
) 

Efficiency : 

𝜼 =
𝐖𝐓 − 𝐖𝐩 

𝐐𝐬
=

(𝐡𝟏 − 𝐡𝟐 ) − (𝐡𝟒 − 𝐡𝟑 )

𝐡𝟏 − 𝐡𝟒
  

 

Process 1-2: Reversible adiabatic expansion (𝐬𝟏 = 𝐬𝟐) 

𝐖𝐓𝟏 = 𝐡𝟏 − 𝐡𝟐  (
𝐤𝐉

𝐤𝐠
) 

h1 − Turbine1 inlet  enthalpy 

h2 − Turbine exit and reheater intet enthalpy 

Process 2-3: Constant pressure reheating( 𝐏𝟐 = 𝐏𝟑) 

𝐐𝐬𝟏 = 𝐡𝟑 − 𝐡𝟐 (
𝐤𝐉

𝐤𝐠
) 

h3 − Turbine1 inlet enthalpy 

Process 3-4: Reversible adiabatic expansion (𝐬𝟑 = 𝐬𝟒) 

𝐖𝐓𝟐 = 𝐡𝟑 − 𝐡𝟒  (
𝐤𝐉

𝐤𝐠
) 

h4 − Turbine exit and condenser intet enthalpy 

Process 4-5:Constant pressure heat rejection (𝐏𝟒 = 𝐏𝟓) 

𝐐𝐑 = 𝐡𝟒 − 𝐡𝟓  (
𝐤𝐉

𝐤𝐠
) 

h5 = hf4 = hf5  Condenser exit  𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 

Process 5-6:Reversible adiabatic pumping (𝐬𝟓 = 𝐬𝟔) 

𝐖𝐩 = 𝐡𝟔 − 𝐡𝟓  (
𝐤𝐉

𝐤𝐠
) 

h6 − Pump exit & boiler inlet  𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 

𝐖𝐩 = 𝑽𝒇𝟓(𝐏𝟔 − 𝐏𝟓 ) (
𝐤𝐉

𝐤𝐠
) 

𝐡𝟔 = 𝐖𝐩 + 𝐡𝟓 (
𝐤𝐉

𝐤𝐠
) 

Process 6-1:Constant pressure heat supplied (𝐏𝟔 = 𝐏𝟏) 

𝐐𝐬𝟐 = 𝐡𝟏 − 𝐡𝟔 (
𝐤𝐉

𝐤𝐠
) 

Efficiency : 

𝜼 =
𝐖𝐓𝟏 + 𝐖𝐓𝟐 − 𝐖𝐩 

𝐐𝐬𝟏 + 𝐐𝐬𝟐

 

𝜼 =
(𝐡𝟏 − 𝐡𝟐 ) + (𝐡𝟒 − 𝐡𝟑 ) −  (𝐡𝟔 − 𝐡𝟓 )

(𝐡𝟑 − 𝐡𝟐) + (𝐡𝟏 − 𝐡𝟔)
  

Turbine Work:Reversible adiabatic expansion (s1 = s2 = s3) 

𝐖𝐓 = 𝟏𝐤𝐠(𝐡𝟏 − 𝐡𝟐) + (𝟏 − 𝐦)(𝐡𝟐 − 𝐡𝟑) 

h1 − Turbine1 inlet enthalpy 

h2 − bypass regeneration enthalpy 

Process 3-4: Constant pressure heat rejection( 𝐏𝟑 = 𝐏𝟒) 

𝐐𝐑 = 𝐡𝟑 − 𝐡𝟒  (
𝐤𝐉

𝐤𝐠
) 

h3 − Turbine exit and condenser intet    enthalpy 

h4 = hf3 = hf4  Condenser exit 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 

To find bypass steam mass: energy balance 

𝐦((𝐡𝟐 − 𝐡𝟔) = (𝟏 − 𝐦)(𝐡𝟔 − 𝐡𝟓) 

Process 4-5: Reversible adiabatic pumping (𝐬𝟒 = 𝐬𝟓) 

𝐖𝐩𝟏 = (𝟏 − 𝐦)𝐡𝟒 − 𝐡𝟓  (
𝐤𝐉

𝐤𝐠
) 

Process 6-7: Reversible adiabatic pumping (𝐬𝟔 = 𝐬𝟕) 

𝐖𝐩𝟐 = 𝟏𝐤𝐠 (𝐡𝟕 − 𝐡𝟔 ) (
𝐤𝐉

𝐤𝐠
) 

𝐖𝐩 = 𝑽𝒇𝟔(𝐏𝟕 − 𝐏𝟔 ) (
𝐤𝐉

𝐤𝐠
) 

𝐡𝟕 = 𝐖𝐩 + 𝐡𝟔 (
𝐤𝐉

𝐤𝐠
) 

Process 7-1: Constant Pressure Heat Supplied ( 𝐏𝟕 = 𝐏𝟏) 

𝐐𝐬𝟏 = 𝟏𝐤𝐠 (𝐡𝟏 − 𝐡𝟕 ) (
𝐤𝐉

𝐤𝐠
) 

Efficiency : 

𝜼 =
𝐖𝐓 

 𝐐𝐬

   =
𝟏𝒌𝒈(𝒉𝟏 − 𝒉𝟐) + (𝟏 − 𝒎)(𝒉𝟐 − 𝒉𝟑)

𝟏𝒌𝒈(𝐡𝟏 − 𝐡𝟕)
 

Note: Here Pump work is negligible 
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PART – B 

1. Explain steam formation with relevant sketch and label all salient points and explain every 

point in detail. 

 

 Consider a cylinder fitted with a piston which can move freely upwards and downwards in it. 

 Let, for the sake of simplicity, there be 1 kg of water at 0°C with volume vf (m
3
) under the 

piston. Further let the piston is loaded with load W to ensure heating at constant pressure.  

 Now if the heat is imparted to water, a rise in temperature will be noticed and this rise will 

continue till boiling point is reached.  

 The temperature at which water starts boiling depends upon the pressure and as such for each 

pressure (under which water is heated) there is a different boiling point.  

 This boiling temperature is known as the temperature of formation of steam or saturation 

temperature. 

 It may be noted during heating up to boiling point that there will be slight increase in volume of 

water due to which piston moves up and hence work is obtained as shown in Fig. (ii). 

 This work, however, is so small that is can be neglected. Now, if supply of heat to water is 

continued it will be noticed that rise of temperature after the boiling point is reached nil but 

piston starts moving upwards which indicates that there is increase is volume which is only 

possible if steam formation occurs.  

 The heat being supplied does not show any rise of temperature but changes water into vapour 

state (steam) and is known as latent heat or hidden heat.  

 So long as the steam is in contact with water, it is called wet steam [Fig. (iii)] and if heating of 

steam is further progressed [as shown in Fig. (iv)] such that all the water particles associated 

with steam are evaporated, the steam so obtained is called dry and saturated steam. 
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 If vg (m
3
) is the volume of 1 kg of dry and saturated steam then work done on the piston will be 

p(vg – vf) . 

   where, 

p is the constant pressure (due to weight ‘W’ on the piston). 

 Again, if supply of heat to the dry and saturated steam is continued at constant pressure there 

will be increase in temperature and volume of steam. The steam so obtained is called 

superheated steam and it behaves like a perfect gas. This phase of steam formation is illustrated 

in Fig. (v). 

 
 

 The amount of heat required to convert the liquid water completely into vapour under this 

condition is called the heat of vapourisation. The temperature at which vapourisation takes 

place at a given pressure is called the saturation temperature and the given pressure is called 

the saturation pressure. 

 The pressure on the liquid water is greater than the saturation pressure at a given temperature. In 

this condition, the liquid water is known as the compressed liquid. 

 When the temperature increases above the saturation temperature (in this case 100°C), the 

vapour is known as the superheated vapour and the temperature at this state is called the 

superheated temperature. 

 The difference between the superheated temperature and the saturation temperature at the given 

pressure is called the degree of superheat.  

 The specific volume of the saturated liquid and of the saturated vapour is the same, i.e., vf = vg. 

Such a state of the substance is called the critical state. The parameters like temperature, 

pressure, volume, etc. At such a state are called critical parameters. 

 When the pressure is greater than the critical pressure. At this state, the liquid water is directly 

converted into superheated steam. As there is no definite point at which the liquid water changes 

into superheated steam, it is generally called liquid water when the temperature is less than the 

critical temperature and superheated steam when the temperature is above the critical 

temperature. 
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2. A vessel having a capacity of 0.05 m
3
 contains a mixture of saturated water and saturated steam at 

a temperature of 245°C. The mass of the liquid present is 10 kg. Find the following, (i) The 

pressure, (ii) The mass, (iii) The specific volume, (iv) The specific enthalpy, (v) The specific entropy, 

and (vi) The specific internal energy. 

Given: V=0.05 m
3
 , T1=245°C, mf =10 kg 

Find   : (i) p  (ii) m  (iii) v   (iv) h  (v) s   (vi) u 

Solution: 

From steam tables, corresponding to 245°C : 

psat = 36.5 bar, vf = 0.001239 m
3
/kg,  vg = 0.0546 m

3
/kg 

                        hf = 1061.4 kJ/kg,       hfg = 1740.2 kJ/kg,  

                        sf = 2.7474 kJ/kg K     sfg = 3.3585 kJ/kg K. 

    (i) The pressure      ‘P’ = 36.5 bar  

   (ii) The mass 

      Volume of liquid,  Vf = mf × vf      Vf =  10 ×  0.001239       𝐕𝐟 =  𝟎. 𝟎𝟏𝟐𝟑𝟗 𝐦𝟑 

      Volume of vapour Vg = V − Vf       Vg = 0.05 –  0.01239        𝐕𝐠 = 𝟎. 𝟎𝟑𝟕𝟔𝟏 𝐦𝟑 

      ∴ Mass of vapour, mg  =  
Vg

vg
          mg =  

0.03761

0.0546
                     𝐦𝐠 =  𝟎. 𝟔𝟖𝟖 𝐤𝐠 

       ∴ The total mass of mixture, m = mf + mg       m = 10 +  0.688       𝐦 = 𝟏𝟎. 𝟔𝟖𝟖 𝐤𝐠 

    (iii) The specific volume 

Quality of the mixture, 

 x =  
mg

mg+ mf
         x =  

0.688

0.688+10
          𝐱 =  𝟎. 𝟎𝟔𝟒 

      v = vf + xvfg      v = 0.001239 +  0.064 ×  (0.0546 –  0.001239)      𝐯 = 𝟎. 𝟎𝟎𝟒𝟔𝟓𝟒𝐦𝟑/𝐤𝐠 

    (iv) The specific enthalpy 

       h = hf + xhfg       h = 1061.4 + (0.064 ×  1740.2 )         𝐡 = 𝟏𝟏𝟕𝟐. 𝟕𝟕 𝐤𝐉/𝐤𝐠 

     (v) The specific entropy 

     s= s + xsfg         s = 2.7474 + (0.064 ×  3.3585 )         𝐬 = 𝟐. 𝟗𝟔𝟐𝟑 𝐤𝐉/𝐤𝐠 𝐊 

     (vi) The specific internal energy 

 u = h − pv         u = 1172.77 − 36.5 × 102 × 0.004654       𝐮 = 𝟏𝟏𝟓𝟓. 𝟕𝟖𝐤𝐉/𝐤𝐠 

3. A pressure cooker contains 1.5 kg of saturated steam at 5 bar. Find the quantity of heat which must 

be rejected so as to reduce the quality to 60% dry. Determine the pressure and temperature of the 

steam at the new state. 

Given: m= 1.5 kg , p = 5 bar, x1 = 1, x2 = 0.6 

Find:    Pressure and temperature of the steam at the new state : 

Solution: 

From steam tables, At 5 bar. 

    ts = 151.8°C, hf = 640.1 kJ/kg ,  hfg = 2107.4 kJ/kg,  vg = 0.375 m
3
/kg 
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Internal energy of steam per kg at initial point 1, 

     u1 = h1 − p1v1        u1 = (hf + hfg) − p1vg1 

     u1 = (640.1 +  2107.4) –  5 ×  105  ×  0.375 ×  10−3)       u1 = 2747.5 –  187.5  

𝐮𝟏 =  𝟐𝟓𝟔𝟎 𝐤𝐉/𝐤𝐠 

The volume of pressure cooker, 𝐕𝟏 = m × vg       𝐕𝟏 = 1.5 × 0.375        𝐕𝟏 = 𝟎. 𝟓𝟔𝟐𝟓𝐦𝟐 

We know that    𝐕𝟏 = 𝐕𝟐,  𝐯𝐟𝟐 is negligible 

V2 = m[(1 − x2)vf2 + x2vg2]      V2 = 1.5x2vg2   0.5625 = 1.5 × 0.6 × vg2   𝐯𝐠𝟐 = 𝟎. 𝟔𝟐𝟓 
𝐦𝟑

𝐤𝐠
 

From steam tables at  𝐯𝐠𝟐 = 𝟎. 𝟔𝟐𝟓 

𝐩𝟐 = 𝟐. 𝟗 𝐛𝐚𝐫, 𝐭𝟐 = 𝟏𝟑𝟐. 𝟒 °C,  hf2 = 556.5 kJ/kg ,  hfg2 = 2166.6 kJ/kg 

Internal energy of steam per kg, at final point 2, 

     u2 = h2 − p2v2        u2 = (hf2 + hfg2) − p2vg2 

u2 = (556.5 +  2166.6) –  2.9 × 105  ×  0.625 ×  10−3)       u2 = 1856.46 –  108.75  

𝐮𝟐 =  𝟏𝟕𝟒𝟕. 𝟕𝟏 𝐤𝐉/𝐤𝐠 

Heat transferred at constant volume per kg 

Q = ∆u + W      Q = ∆u      Q = u2 − u1      Q = 1747.71 –  2560       𝐐 =–  𝟖𝟏𝟐. 𝟐𝟗 𝐤𝐉/𝐤𝐠 

Total heat transferred 

Q = m × Q       Q =–  812.29 ×  1.5       𝐐 =–  𝟏𝟐𝟏𝟖. 𝟒𝟑 𝐤𝐉 

4. A spherical vessel of 0.9 m
3
 capacity contains steam at 8 bar and 0.9 dryness fraction. Steam is 

blown off until the pressure drops to 4 bar. The valve is then closed and the steam is allowed to cool 

until the pressure falls to 3 bar. Assuming that the enthalpy of steam in the vessel remains constant 

during blowing off periods, determine :(i) The mass of steam blown off (ii) The dryness fraction of 

steam in the vessel after cooling ;(iii) The heat lost by steam per kg during cooling. 

Given:  V = 0.9 m
3
, p1 = 8 bar, x1 = 0.9, p2 = 4 bar, p3 = 3 bar 

Find   : (i) m  (ii) x2,  (iii) Q 

Solution: 

From steam tables, At 8 bar. 

hf1 = 720.9 kJ/kg ,  hfg1 = 2046.5 kJ/kg, vg1 = 0.24 m
3
/kg 

(i) The mass of steam blown off : 

V1 = m1x1vg1      m1 =
V1

x1vg1
=

0.9

0.9×0.24
         𝐦𝟏 = 𝟒. 𝟏𝟔𝟕 𝐤𝐠 

 

The enthalpy of steam before blowing off (per kg) 

      h1 = hf1 + xhfg1     h1 = 720.9 + (0.9 ×  2046.5 )      𝐡𝟏 = 𝟐𝟓𝟔𝟐. 𝟕𝟓
𝐤𝐉

𝐤𝐠
= 𝐡𝟐 

From steam tables, At 4 bar. 

hf1 = 604.7 kJ/kg ,  hfg1 = 2133 kJ/kg, vg1 = 0.462 m
3
/kg 
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Enthalpy before blowing off = Enthalpy after blowing off 

h2 = hf2 + x2hfg2      2562.75 = 604.7 + (x2 × 2133)       𝐱𝟐 = 𝟎. 𝟗𝟏𝟖 

Now the mass of steam in the vessel after blowing off, 

V2 = m2x2vg2      m2 =
V2

x2vg2
=

0.9

0.918×0.462
        𝐦𝟐 = 𝟐. 𝟏𝟐𝟐 𝐤𝐠 

Mass of steam blown off, m = m1 + m2      m = 4.167 –  2.122        𝐦 = 𝟐. 𝟎𝟒𝟓 𝐤𝐠 

From steam tables, At 4 bar. 

hf3 = 604.7 kJ/kg ,  hfg3 = 2133 kJ/kg, vg3 = 0.606 m
3
/kg 

(ii) Dryness fraction of steam in the vessel after cooling 

As it is constant volume cooling 

 x2vg2 = x3vg3      0.918 ×  0.462 = x3 × 0.606        𝐱𝟑 = 𝟎. 𝟔𝟗𝟗 

    (iii) Heat lost during cooling 

 u2 = h2 − p2x2vg2        u2 = (hf2 + x2hfg2) − p2x2vg2 

u2 = (604.7 +  0.918 ×  2133) –  4 × 10 5 ×  0.918 ×  0.462 ×  10−3)      

 u2 = 2562.79 –  169.65         𝐮𝟐 =  𝟐𝟑𝟗𝟑. 𝟏𝟒 𝐤𝐉/𝐤𝐠 

 u3 = h3 − p3x3vg3        u3 = (hf3 + x3hfg3) − p3x3vg3 

u3 = (561.4 +  0.669 ×  2163.2)  –  3 ×  10 5 ×  0.699 ×  0.606 ×  10−3)      

 u3 = 2073.47 –  127.07         𝐮𝟑 =  𝟏𝟗𝟒𝟔. 𝟒 𝐤𝐉/𝐤𝐠 

Heat transferred during cooling 

        Q = m(u2 − u1)       Q = 2.045(1946.4 − 2393.14)       𝐐 =–  𝟗𝟏𝟑. 𝟔 𝐤𝐉/𝐤𝐠 

5. Calculate the internal energy per kg of superheated steam at a pressure of 10 bar and a 

temperature of 300°C. Also find the change of internal energy if this steam is expanded to 1.4 bar 

and dryness fraction 0.8. 

Given:  p1 = 10 bar, T1 = 300°C , x1 = 0.8, p2 = 1.4 bar 

Find   : (i) Δu   

Solution: 

From steam tables, At 10 bar  

vg = 0.194 m3/kg , Ts = 179.9 + 273 = 452.9K 

From Superheated steam tables, At 10 bar & 300°C. 

hsup = 3051.2 kJ/kg , 

 vsup =  
vg

Ts
 X Tsup       vsup =  

0.194

452.9
 X 573       vsup = 0.245 m3/kg  

Internal energy of superheated steam at 10 bar, 

          u1 = hsup − pvsup      u1 = 3051.2 − 10 × 105 × 0.245 × 10−3      𝐮𝟏 = 𝟐𝟖𝟎𝟔. 𝟐 𝐤𝐉/𝐤𝐠 

      From steam tables, at 1.4 bar : 

vg = 1.236 m
3
/kg, hf = 458.4 kJ/kg, hfg = 2231.9 kJ/kg,  

sf = 2.7474 kJ/kg K, sfg = 3.3585 kJ/kg K. 



 

St. Joseph’s College of Engineering Page 14 
 

Enthalpy of wet steam (after expansion) 

 h2 = hf2 + x2hfg2     h2 = 458.4 + (0.8 ×  2231.9)      𝐡𝟐 = 𝟐𝟐𝟒𝟑. 𝟗𝟐
𝐤𝐉

𝐤𝐠
 

Internal energy of this steam, 

      u2 = h2 − p2x2vg2     u2 = 2243.92– (1.4 ×  10 5 ×  0.8 ×  1.236 ×  10−3)      

        𝐮𝟐 =  𝟐𝟏𝟎𝟓. 𝟒𝟗 𝐤𝐉/𝐤𝐠 

Hence change of internal energy per kg 

        ∆u = (u2 − u1)         ∆u = (2105.49 –  2806.2)               ∆𝐮 =–  𝟕𝟎𝟎. 𝟕 𝐤𝐉/𝐤𝐠 

Negative sign indicates decrease in internal energy. 

6. Steam initially at 0.3 Mpa, 250°C is cooled at constant volume. At what temperature will the steam 

become saturated vapour? What is the steam quality at 80°C? Also find what is the heat 

transferred per kg of steam in cooling from 25
o
C to 80°C. 

From Steam Table 

At P1=30 bar and T1=250 °C 

v1=0.7964 m
3
/kg, h1=2967.6 kJ/kg 

we know that ,    v1= v2= v3=0.7964 m
3
/kg 

From steam Table 

At v2 = vg = 0.7964 m
3
/kg 

vg = 0.8919 m
3
/kg, Tsat=120°C 

vg = 0.7706 m
3
/kg, Tsat=125°C 

Tr−Tb

Ta−Tb
=

vr−vb

va−va
              

Tr−120

125−120
=

0.7964−0.8919

0.7706−0.8919
                 𝐓𝐬𝐚𝐭 = 𝟏𝟐𝟑. 𝟗℃ 

State 2 

From Steam Table 

At T2 = 80℃ 

vf = 0.001029 m
3
/kg , vg = 3.0407 m

3
/kg, hf = 334.91 kJ/kg, hfg = 2308.8 kJ/kg, psat = 47.039bar 

      v2 = vf2 + x2vfg2      0.7964 = 0.001029 +  x  (3.0407 –  0.001029)              𝐱𝟐 = 𝟎. 𝟐𝟑𝟒 

The specific enthalpy 

       h2 = hf2 + x2hfg2       h = 334.91 + (0.234 ×  2308.8)        𝐡𝟐 = 𝟖𝟕𝟓. 𝟗 𝐤𝐉/𝐤𝐠 

The specific internal energy 

 u1 = h1 − p1v1         u1 = 2967.6 − 30 × 102 × 0.7964       𝐮𝟏 = 𝟓𝟕𝟖. 𝟒 𝐤𝐉/𝐤𝐠 

 u2 = h2 − p2v2         u2 = 875.9 − 4.71 × 102 × 0.7964      𝐮𝟐 = −𝟐𝟖𝟕𝟓. 𝟏𝐤𝐉/𝐤𝐠 

Heat Transfer 

From first law of thermodynamics 

Q1−2 = ∆U + W1−2        ,   W1−2 = 0 

Then, Q1−2 = ∆U 

Q1−2 = ∆U      Q1−2 = U2 − U1       Q1−2 = −2875.1 − 578.4        𝐐𝟏−𝟐 = −𝟑𝟒𝟓𝟑. 𝟓 𝐤𝐉/𝐤𝐠 
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7. Steam at 30 bar and 350 °C is expanded in a non-flow isothermal process to a pressure of 1 bar. 

The temperature and pressure of the surroundings are 25 °C and 100 kPa respectively. Determine 

the maximum work that can be obtained from this process per kg of steam. Also find the 

maximum useful work.  

Given : Non-flow system (Closed system)  

System at state 1:  

From steam table 

p1= 30 bar  and T1=350 °C (super-heated steam since sat T= 233.8°C for 30 bar sat pr.)  

v1 = 0.09053 m
3
/kg 

System at state 2:  

From steam table 

p2= 1 bar and T2= T1 = 350 °C (super-heated steam since sat T= 99.63°C for 1 bar sat pr.)  

v1 = 2.871 m
3
/kg 

Surrounding is at are 25 °C and 100 kPa  

Consider mass of steam as 1 kg. Find maximum work that can be obtained from this 

process per kg of steam.  

Wmax = Pv ln (
𝑣2

𝑣1
)         Wmax = 30 × 102 × 0.09053 ln (

2.871

0.09053
)        𝐖𝐦𝐚𝐱 = 𝟗𝟑𝟖. 𝟖

𝐤𝐉

𝐤𝐠
 

Maximum useful work. [reversible adiabatic (isentropic) work]  

From steam table 

p1= 30 bar  and T1=350 °C (super-heated steam since sat T= 233.8°C for 30 bar sat pr.)  

h1 = 3117.5 kJ/kg 

s1 = 6.747 kJ/kg.k 

From steam tables at 1 bar 

sf2 = 1.303 kJ/kgK ,   sfg2 = 6.057 kJ/kgK , 

hf2 = 417.5 kJ/kg    hfg2 = 2257.9 kJ/kg ,  

Enthalpy of wet steam (after expansion) (s1 = s2) 

 s1 = s2 = sf2 + x2sfg2      6.747 = 1.303 + (𝐱𝟐  ×  6.057)             𝐱𝟐 =0.8987 

 h2 = hf2 + x2hfg2           h2 = 417.5 + (0.8987 ×  2257.9)            𝐡𝟐 = 𝟐𝟒𝟒𝟔. 𝟔𝟕
𝐤𝐉

𝐤𝐠
 

Maximum useful work: 

w1−2 = h1 − h2                   w1−2 = 3117.5 − 2446.67              𝐰𝟏−𝟐 = 𝟔𝟕𝟎. 𝟖𝟑 
𝐤𝐉

𝐤𝐠
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Rankine cycle 

1. Draw the P-v, T-s, h -s, diagrams and theoretical lay out for Rankine cycle and hence 

deduce the expression for its efficiency.  

         

 
  

Process 1-2: Turbine Work : Reversible adiabatic expansion (𝐬𝟏 = 𝐬𝟐) 

𝐖𝐓 = 𝐡𝟏 − 𝐡𝟐  (
𝐤𝐉

𝐤𝐠
) 

  h1 − Turbine inlet (𝐰𝐞𝐭 𝐨𝐫 𝐝𝐫𝐲 𝐨𝐫 𝐬𝐮𝐩𝐞𝐫𝐡𝐞𝐚𝐭𝐞𝐝 𝐬𝐭𝐞𝐚𝐦) enthalpy 

h2 − Turbine exit and condenser intet (𝐰𝐞𝐭 𝐨𝐫 𝐝𝐫𝐲 𝐬𝐭𝐞𝐚𝐦) enthalpy 

Process 2-3: Condenser heat rejection : Constant pressure heat rejection ( wet or dry steam 

convert into liquid) ( 𝐏𝟐 = 𝐏𝟑) 

𝐐𝐑 = 𝐡𝟐 − 𝐡𝟑  (
𝐤𝐉

𝐤𝐠
) 

h3 = hf2 = hf3  Condenser exit and pump inlet (saturated liquid) 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 

Process 3-4: Pump Work: Reversible adiabatic pumping (𝐬𝟑 = 𝐬𝟒) 

𝐖𝐩 = 𝐡𝟑 − 𝐡𝟒  (
𝐤𝐉

𝐤𝐠
) 

h4 − Pump exit & boiler inlet (subcooled liquid) 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 

𝐖𝐩 = 𝑽𝒇𝟑(𝐏𝟒 − 𝐏𝟑 ) (
𝐤𝐉

𝐤𝐠
) 

𝐡𝟒 = 𝐖𝐩 + 𝐡𝟑 (
𝐤𝐉

𝐤𝐠
) 

Process 4-1: Boiler heat supplied (Constant pressure heat supplied) : Subcooled liquid to dry 

or superheated steam ( 𝐏𝟒 = 𝐏𝟏) 

𝐐𝐬 = 𝐡𝟏 − 𝐡𝟒 (
𝐤𝐉

𝐤𝐠
) 

Efficiency : 

𝜼 =
𝐖𝐓 − 𝐖𝐩 

𝐐𝐬
 

          =
(𝐡𝟏 − 𝐡𝟐 ) − (𝐡𝟑 − 𝐡𝟒 )

𝐡𝟏 − 𝐡𝟒
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2. In a Rankine cycle, the steam at inlet to turbine is saturated at a pressure of 35 bar and the exhaust 

pressure is 0.2 bar. Determine : (i) The turbine work (ii) The condenser heat flow, (iii) The pump 

work, (iv) Heat Supplied to the boiler, (v) Network done, (vi)The Rankine efficiency, (vii) The 

dryness at the end of expansion, (viii) Carnot efficiency (ix) SSC, (x)Work ratio, (xi) Turbine 

power output if flow rate of 9.5 kg/s. 

Given:  p1 = 35 bar, p2 = 0.2 bar 

Find   : (i) W,  (ii) η 

Solution: 

State 1 

From steam tables at 35 bar 

s1 = sg = 6.1228 kJ/kgK,  h1 = hg = 2802 kJ/kg  

State 2 

From steam tables at 0.2 bar 

sf2 = 0.8321 kJ/kgK ,   sfg2 = 7.0773kJ/kgK , 

hf2 = 251.5 kJ/kg    hfg2 = 2358.4 kJ/kg ,  

vf2 = 0.001017 m
3
/kg 

 

Enthalpy of wet steam (after expansion) (𝐬𝟏 = 𝐬𝟐) 

 s1 = s2 = sf2 + x2sfg2      6.1228 = 0.8321 + (𝐱𝟐  ×  7.0773)      𝐱𝟐 = 𝟎. 𝟕𝟒𝟕 

 h2 = hf2 + x2hfg2     h2 = 251.5 + (0.747 ×  2358.4)          𝐡𝟐 = 𝟐𝟎𝟏𝟑
𝐤𝐉

𝐤𝐠
 

State 3 

h3 = hf2 = hf3  = 𝟐𝟓𝟏. 𝟓
𝐤𝐉

𝐤𝐠
  

State 4 

Wp = Vf3(P4 − P3 )           Wp = 0.001017 (35 − 0.2) × 102       𝐖𝐩 = 𝟑. 𝟓𝟒 𝐤𝐉/𝐤𝐠 

h4 = Wp + h3       h4 = 3.54 + 251.5           𝐡𝟒 = 𝟐𝟓𝟓. 𝟎𝟒 𝐤𝐉/𝐤𝐠 

 Process 1-2: Turbine Work : Reversible adiabatic expansion  

WT = (h1 − h2 )         WT = (2802 − 2013)                𝐖𝐓 = 𝟕𝟖𝟗 𝐤𝐉

𝐤𝐠
 

     Process 2-3: Condenser heat rejection: Constant pressure heat rejection  ( 𝐏𝟐 = 𝐏𝟑) 

QR = h2 − h3         QR = 2013 − 251.5                  𝐐𝐑 = 𝟏𝟕𝟔𝟏. 𝟓 
𝐤𝐉

𝐤𝐠
 

     Process 3-4: Pump Work: Reversible adiabatic pumping (𝐬𝟑 = 𝐬𝟒) 

Wp = Vf3(P4 − P3 )           Wp = 0.001017 (35 − 0.2) × 102       𝐖𝐩 = 𝟑. 𝟓𝟒 𝐤𝐉/𝐤𝐠 

      Process 4-1: Boiler heat supplied: Constant pressure heat supplied ( 𝐏𝟒 = 𝐏𝟏) 

Qs = h1 − h4       Qs = 2802 − 255.04          𝐐𝐬 = 𝟐𝟓𝟒𝟔. 𝟗𝟔 𝐤𝐉/𝐤𝐠 

      Net work done:  

 WNet = WT − Wp        WNet = 789 − 3.54               𝐖𝐍𝐞𝐭 = 𝟕𝟖𝟓. 𝟒𝟔 𝐤𝐉/𝐤𝐠 
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Efficiency : 

η =
WNet 

Qs
        η =

785.46 

2546.96
         𝛈 = 𝟑𝟎. 𝟖𝟒%  

Carnot Efficiency: 

η = 1 −
𝑇2

𝑇1
                  η = 1 −

333.9

515.5
                𝛈 = 𝟑𝟓%      

Specific Steam Consumption: 

         SSC =
3600

𝑊𝑛𝑒𝑡
                SSC =

3600

785.46
                 𝐒𝐒𝐂 = 𝟒. 𝟓𝟖 𝐤𝐠/𝐤𝐖𝐡        

Work Ratio: 

Wr =
wnet

WT
               Wr =

785.46

789
                𝑾𝒓 = 𝟎. 𝟗𝟗𝟓 

Turnine Power output: 

P = �̇�(h1 − h2 )               P = 9.5(2802 − 2013)                     𝐏 = 𝟕𝟒𝟗𝟓. 𝟓 𝐤𝐖 

3. A simple Rankine cycle works between pressures 28 bar and 0.06 bar, the initial condition of steam 

being dry saturated. Calculate the cycle efficiency, work ratio and specific steam consumption. 

Given:  p1 = 28 bar, p2 = 0.06 bar 

Find   : (i) Wr ,  (ii) η, (iii) SSC 

Solution: 

State 1 

From Superheated steam tables at 28 bar 

s1 = sg = 6.2104 kJ/kgK,  h1 = hg = 2802 kJ/kg  

State 2 

From steam tables at 0.06 bar 

sf2 = 0.521 kJ/kgK ,   sfg2 = 7.809 kJ/kgK , 

hf2 = 151.5 kJ/kg    hfg2 = 2415.9 kJ/kg ,  

vf2 = 0.001m
3
/kg 

 

Enthalpy of wet steam (after expansion) (𝐬𝟏 = 𝐬𝟐) 

 s1 = s2 = sf2 + x2sfg2      6.2104 = 0.521 + (𝐱𝟐  ×  7.809)          𝐱𝟐 = 𝟎. 𝟕𝟐𝟖 

 h2 = hf2 + x2hfg2     h2 = 151.5 + (0.728 ×  2415.9)          𝐡𝟐 = 𝟏𝟗𝟏𝟎. 𝟐𝟕
𝐤𝐉

𝐤𝐠
 

 State 3 

h3 = hf2 = hf3  = 𝟏𝟓𝟏. 𝟓
𝐤𝐉

𝐤𝐠
  

 State 4 

Wp = Vf3(P4 − P3 )           Wp = 0.001 (28 − 0.06) × 102            𝐖𝐩 = 𝟐. 𝟕𝟗 𝐤𝐉/𝐤𝐠 

h4 = Wp + h3       h4 = 2.79 + 151.5             𝐡𝟒 = 𝟏𝟓𝟒. 𝟐𝟗 𝐤𝐉/𝐤𝐠 

Process 1-2: Turbine Work : Reversible adiabatic expansion  

WT = (h1 − h2 )         WT = (2802 − 1910.27)                𝐖𝐓 = 𝟖𝟗𝟏. 𝟕𝟑 𝐤𝐉

𝐤𝐠
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     Process 2-3: Condenser heat rejection: Constant pressure heat rejection ( 𝐏𝟐 = 𝐏𝟑) 

QR = h2 − h3         QR = 1910.27 − 151.5                  𝐐𝐑 = 𝟏𝟕𝟓𝟖. 𝟕𝟕 
𝐤𝐉

𝐤𝐠
 

     Process 3-4: Pump Work: Reversible adiabatic pumping (𝐬𝟑 = 𝐬𝟒) 

Wp = Vf3(P4 − P3 )           Wp = 0.001 (28 − 0.06) × 102            𝐖𝐩 = 𝟐. 𝟕𝟗 𝐤𝐉/𝐤𝐠 

      Process 4-1: Boiler heat supplied: Constant pressure heat supplied ( 𝐏𝟒 = 𝐏𝟏) 

Qs = h1 − h4       Qs = 2802 − 154.29          𝐐𝐬 = 𝟐𝟔𝟒𝟕. 𝟕𝟏 𝐤𝐉/𝐤𝐠 

      Net work done:  

 WNet = WT − Wp        WNet = 891.73 − 2.79               𝐖𝐍𝐞𝐭 = 𝟖𝟖𝟖. 𝟗𝟒 𝐤𝐉/𝐤𝐠 

       Efficiency : 

η =
WNet 

Qs
        η =

888.94 

2647.71
         𝛈 = 𝟑𝟑. 𝟓𝟕%  

Specific Steam Consumption: 

         SSC =
3600

𝑊𝑛𝑒𝑡
                SSC =

3600

888.94
                 𝐒𝐒𝐂 = 𝟒. 𝟎𝟒𝟗 𝐤𝐠/𝐤𝐖𝐡        

Work Ratio: 

Wr =
wnet

WT
               Wr =

888.94

891.73
                𝐖𝐫 = 𝟎. 𝟗𝟗𝟕                  

4. In a steam turbine steam at 20 bar, 360°C is expanded to 0.08 bar. It then enters a condenser, 

where it is condensed to saturated liquid water. The pump feeds back the water into the boiler. 

Assume ideal processes, find per kg of steam the net work and the cycle efficiency. 

Given:  p1 = 20 bar, T1 = 360°C, p2 = 0.08 bar 

Find   : (i) W,  (ii) η 

Solution: 

From Superheated steam tables at 20 bar, 360°C 

By interpolation  

hR−hb

ha−hb
=

TR−Tb

T𝑎−T𝑏
         

hR−3138.6

3248.7−3138.6
=

360−350

400−350
        𝐡𝐫 = 𝟑𝟏𝟓𝟗. 𝟑

𝐤𝐉

𝐤𝐠
= 𝐡𝟏  

sR−sb

sa−sb
=

TR−Tb

T𝑎−T𝑏
         

sR−6.960

7.130−6.960
=

360−350

400−350
             𝐬𝐫 = 𝟔. 𝟗𝟗𝟏

𝐤𝐉

𝐤𝐠.𝐤
= 𝐬𝟏 

From steam tables at 0.08 bar 

sf2 = 0.5926 kJ/kgK ,   sfg2 = 7.6361 kJ/kgK , 

hf2 = 173.88 kJ/kg    hfg2 = 2403.1 kJ/kg ,  

vf2 = 0.001008 m
3
/kg 

 

Enthalpy of wet steam (after expansion) (s1 = s2) 

 s2 = sf2 + x2sfg2      6.991 = 0.5926 + (𝐱𝟐  ×  7.6361)      𝐱𝟐 =0.838 

 h2 = hf2 + x2hfg2     h2 = 173.88 + (0.838 ×  2403.1)      𝐡𝟐 = 𝟐𝟏𝟖𝟕. 𝟔𝟖
𝐤𝐉

𝐤𝐠
 

Process 1-2: Turbine Work : Reversible adiabatic expansion  

WT = (h1 − h2 )         WT = (3159.3 − 2187.68)          𝐖𝐓 = 971.62 𝐤𝐉

𝐤𝐠
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     Process 2-3: Condenser heat rejection: Constant pressure heat rejection  ( 𝐏𝟐 = 𝐏𝟑) 

QR = h2 − h3         QR = 2187.62 − 173.88           𝐐𝐑 = 𝟐𝟎𝟏𝟑. 𝟕𝟒 
𝐤𝐉

𝐤𝐠
 

h3 = hf2 = hf3  Condenser exit and pump inlet (saturated liquid) enthalpy 

     Process 3-4: Pump Work: Reversible adiabatic pumping (𝐬𝟑 = 𝐬𝟒) 

Wp = Vf3(P4 − P3 )           Wp = 0.00108 (20 − 0.08) × 102       𝐖𝐩 = 𝟐. 𝟎𝟎𝟖 𝐤𝐉/𝐤𝐠 

h4 = Wp + h3       h4 = 2.008 + 173.88         𝐡𝟒 = 𝟏𝟕𝟓. 𝟖𝟗 𝐤𝐉/𝐤𝐠 

h4 − Pump exit & boiler inlet (subcooled liquid) enthalpy 

      Process 4-1: Boiler heat supplied: Constant pressure heat supplied ( 𝐏𝟒 = 𝐏𝟏) 

Qs = h1 − h4       Qs = 3159.3 − 175.89       𝐐𝐬 = 𝟐𝟗𝟖𝟑. 𝟒𝟏 𝐤𝐉/𝐤𝐠 

       Net work done:  

 WNet = WT − Wp        WNet = 971.62 − 2.008        𝐖𝐍𝐞𝐭 = 𝟗𝟔𝟗. 𝟔𝟏 𝐤𝐉/𝐤𝐠 

        Efficiency : 

η =
WNet 

Qs
        η =

969.61 

2983.41
         𝛈 = 𝟑𝟐. 𝟓%  

5. The following data refer to a simple steam power plant : 

 Calculate :(i) Power output of the turbine, (ii) Heat transfer per hour in the boiler and condenser 

separately, (iii) Mass of cooling water circulated per hour in the condenser. Choose the inlet 

temperature of cooling water 20°C and 30°C at exit from the condenser, (iv) Diameter of the pipe 

connecting turbine with condenser. 

 

Solution: 

(i) Power output of the turbine, P : 

From Superheated steam tables 

At 60 bar, 380°C      (380°C is not available in steam table) 

By interpolation  

hR−hb

ha−hb
=

TR−Tb

T𝑎−T𝑏
     

hR−3045.8

3180.1−3045.8
=

380−350

400−350
      𝐡𝐫 = 𝟑𝟏𝟐𝟑. 𝟓

𝐤𝐉

𝐤𝐠
= 𝐡𝟏  

From steam tables at 0.1 bar 

hf2 = 191.8 kJ/kg  

hfg2 = 2392.8 kJ/kg , x2 = 0.9 

vg2 = 14.67 m
3
/kg 

 

h2 = hf2 + x2hfg2       h2 = 191.8 + (0.9 × 2392.8)       𝐡𝟐 = 𝟐𝟑𝟒𝟓. 𝟑 𝐤𝐉/𝐤𝐠 

WT = m(h1 − h2 )         WT =
10000

3600
(3123.5 − 2392.8)          𝐖𝐓 = 𝟐𝟏𝟔𝟐𝐤𝐖 
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         Heat transfer per hour in the boiler and condenser : 

    From steam tables at 70 bar 

hf4 = 1267.4 kJ/kg    

   From Superheated steam tables  at 65 bar, 400°C 

ha1 = 3167.6 kJ/kg     (by interpolation) 

   Heat transfer per hour in the boiler, 

Q1 = m(ha1 − hf4 )         Q1 =
10000

3600
(3167.6 − 1267.4)          𝐐𝟏 = 𝟓𝟐𝟕𝟕. 𝟕𝟖𝐤𝐖 

     From steam tables at 70 bar 

hf3 = 183.3 kJ/kg    

 Heat transfer per hour in the condenser, 

Q2 = m(h2 − hf3 )           Q2 =
10000

3600
(2345.3 − 183.3)            𝐐𝟐 = 𝟔𝟎𝟎𝟎 𝐤𝐖 

        Mass of cooling water circulated per hour in the condenser, mw : 

      Heat lost by steam = Heat gained by the cooling water 

Q2 = mwCP(t2 − t1 )         Q2 = mw × 4.18(30 − 20)          𝐦𝐰 = 𝟑𝟏𝟎𝟎 𝐤𝐠/𝐬 

        Diameter of the pipe connecting turbine with condenser, d : 

  ms = ρAC      ms =
AC

x2vg2
      

msx2vg2

C
=   

π

4
d2      

2.78×0.9×14.7

200
=   

π

4
d2      𝐝 = 𝟒𝟖𝟑𝐦𝐦 

6. A Rankine cycle operates between pressures of 80 bar and 0.1 bar. The maximum cycle 

temperature is 600°C. If the steam turbine and condensate pump efficiencies are 0.9 and 0.8 

respectively, calculate the specific work and thermal efficiency. Relevant steam table extract is 

given below. 

 

Given:  p1 = 80 bar, T1 = 600°C, p2 = 0.1 bar 

Find   : (i) W,  (ii) η 

Solution: 

State 1 

From Superheated steam tables at 80 bar, 600°C 

s1 = 7.0206 kJ/kgK,  h1 = 3642 kJ/kg , vg2 = 0.486 𝑚3/𝑘𝑔 
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State 2 

From steam tables at 0.1 bar 

sf2 = 0.6488 kJ/kgK ,   sfg2 = 7.5006 kJ/kgK ,  

hf2 = 191.9 kJ/kg    hfg2 = 2392.3 kJ/kg ,  

vf2 = 0.0010103 m
3
/kg 

Enthalpy of wet steam (after expansion) 

 s2 = sf2 + x2sfg2      7.0206 = 0.6488 + (𝐱𝟐  ×  7.006)        𝐱𝟐 = 0.85 

 h2 = hf2 + x2hfg2     h2 = 191.9 + (0.85 ×  2392.3)            𝐡𝟐 = 𝟐𝟐𝟐𝟓. 𝟑𝟔 
𝐤𝐉

𝐤𝐠
 

State 3 

h3 = hf2 = hf3  = 𝟏𝟗𝟏. 𝟗
𝐤𝐉

𝐤𝐠
  

State 4 

Wp = Vf3(P4 − P3 )           Wp = 0.486 (60 − 0.1) × 102               𝐖𝐩 = 𝟖. 𝟎𝟕𝟐 𝐤𝐉/𝐤𝐠 

          Actual pump work =  
8.072

ηpump
=  

8.072

0.8
          𝐖𝐩 = 𝟏𝟎. 𝟎𝟗 𝐤𝐉/𝐤𝐠 

h4 = Wp + h3       h4 = 10.09 + 191.9             𝐡𝟒 = 𝟐𝟎𝟏. 𝟗𝟗 𝐤𝐉/𝐤𝐠 

 Process 1-2: Turbine Work : Reversible adiabatic expansion  

WT = (h1 − h2 )         WT = (3642 − 2225.36)                𝐖𝐓 = 𝟏𝟐𝟕𝟓 𝐤𝐉

𝐤𝐠
 

     Process 2-3: Condenser heat rejection: Constant pressure heat rejection ( 𝐏𝟐 = 𝐏𝟑) 

QR = h2 − h3         QR = 2225.36 − 191.9                  𝐐𝐑 = 𝟐𝟎𝟑𝟑. 𝟕𝟔 
𝐤𝐉

𝐤𝐠
 

     Process 3-4: Pump Work: Reversible adiabatic pumping (𝐬𝟑 = 𝐬𝟒) 

            𝐖𝐩 = 𝟏𝟎. 𝟎𝟗 𝐤𝐉/𝐤𝐠 

      Process 4-1: Boiler heat supplied: Constant pressure heat supplied ( 𝐏𝟒 = 𝐏𝟏) 

Qs = h1 − h4       Qs = 3642 − 201.99          𝐐𝐬 = 𝟑𝟒𝟒𝟎. 𝟎𝟏 𝐤𝐉/𝐤𝐠 

      Net work done:  

 WNet = WT − Wp        WNet = 1275 − 10.09               𝐖𝐍𝐞𝐭 = 𝟏𝟐𝟔𝟒. 𝟗𝟏 𝐤𝐉/𝐤𝐠 

       Efficiency : 

η =
WNet 

Qs
        η =

1264.91 

3440.01
         𝛈 = 𝟑𝟔. 𝟖%  

 Specific Steam Consumption: 

         SSC =
3600

𝑊𝑛𝑒𝑡
                SSC =

3600

1264.91
                 𝐒𝐒𝐂 = 𝟐. 𝟖𝟓 𝐤𝐠/𝐤𝐖𝐡        

 Work Ratio: 

𝑊𝑟 =
𝑤𝑛𝑒𝑡

𝑊𝑇
               𝑊𝑟 =

1264.91

1275
                𝑾𝒓 = 𝟎. 𝟗𝟗𝟐         
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7. Draw the P-V, T-S, h -s, diagrams and theoretical lay out for Reheat Rankine cycle and hence 

deduce the expression for its efficiency. 

Solution: 

  

Process 1-2: Turbine Work : Reversible adiabatic expansion (𝐬𝟏 = 𝐬𝟐) 

𝐖𝐓𝟏 = 𝐡𝟏 − 𝐡𝟐 ( 
kJ

kg
) 

  h1 − Turbine1 inlet (𝐝𝐫𝐲 𝐨𝐫 𝐬𝐮𝐩𝐞𝐫𝐡𝐞𝐚𝐭𝐞𝐝 𝐬𝐭𝐞𝐚𝐦) enthalpy 

h2 − Turbine exit and reheater intet (𝐰𝐞𝐭 𝐨𝐫 𝐝𝐫𝐲 𝐬𝐭𝐞𝐚𝐦) enthalpy 

Process 2-3: Constant pressure reheating( 𝐏𝟐 = 𝐏𝟑) 

𝐐𝐬𝟏 = 𝐡𝟑 − 𝐡𝟐  ( 
kJ

kg
) 

h3 − Turbine1 inlet (𝐝𝐫𝐲 𝐨𝐫 𝐬𝐮𝐩𝐞𝐫𝐡𝐞𝐚𝐭𝐞𝐝 𝐬𝐭𝐞𝐚𝐦) enthalpy 

Process 3-4: Turbine Work2 : Reversible adiabatic expansion (𝐬𝟑 = 𝐬𝟒) 

𝐖𝐓𝟐 = 𝐡𝟑 − 𝐡𝟒  ( 
kJ

kg
) 

h4 − Turbine exit and condenser intet (𝐰𝐞𝐭 𝐨𝐫 𝐝𝐫𝐲 𝐬𝐭𝐞𝐚𝐦) enthalpy 

Process 4-5: Condenser heat rejection: Constant pressure heat rejection  ( 𝐏𝟒 = 𝐏𝟓) 

𝐐𝐑 = 𝐡𝟒 − 𝐡𝟓  ( 
kJ

kg
) 

h5 = hf4 = hf5  Condenser exit (saturated liquid) enthalpy 

Process 5-6: Pump Work: Reversible adiabatic pumping (𝐬𝟓 = 𝐬𝟔) 

𝐖𝐩 = 𝐡𝟔 − 𝐡𝟓  ( 
kJ

kg
) 

h6 − Pump exit & boiler inlet (subcooled liquid) enthalpy 

𝐖𝐩 = 𝐕𝐟𝟓(𝐏𝟔 − 𝐏𝟓 ) ( 
kJ

kg
) 

𝐡𝟔 = 𝐖𝐩 + 𝐡𝟓  ( 
kJ

kg
) 

Process 6-1: Boiler heat supplied: Constant pressure heat supplied ( 𝐏𝟔 = 𝐏𝟏) 

𝐐𝐬𝟐 = 𝐡𝟏 − 𝐡𝟔  ( 
kJ

kg
) 

   Efficiency : 

𝛈 =
𝐖𝐓𝟏 + 𝐖𝐓𝟐 − 𝐖𝐩 

𝐐𝐬𝟏 +  𝐐𝐬𝟐
=

(𝐡𝟏 − 𝐡𝟐 ) + (𝐡𝟒 − 𝐡𝟑 ) −  (𝐡𝟔 − 𝐡𝟓 )

(𝐡𝟑 − 𝐡𝟐) + (𝐡𝟏 − 𝐡𝟔)
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8. A reheat Rankine cycle receives steam at 35 bar and 0.1 bar. Steam enters the first stage steam 

turbine 350 ºC. If reheating is done at 8 bar and 350 ºC, calculate the specific steam consumption 

and reheat Rankine cycle efficiency. 

Given: 

P1=35 bar, T1=350 ºC, P3=8 bar, 

T3=350 ºC, P4=0.1 bar 

 

 Solution: 

 Process 1-2: Adiabatic expansion process 

From the superheated steam table at 35 bar and 350 ºC 

 By interpolation  

hr−hb

ha−hb
=

pr−pb

pa−pa
                       

hr−3104.2

3108.7−3104.2
=

35−34

36−34
                        𝐡𝐫 = 𝟑𝟏𝟎𝟔. 𝟒𝟓

𝐤𝐉

𝐤𝐠
= 𝐡𝟏  

sr−sb

sa−sb
=

pr−pb

pa−pa
                           

sr−6.647

6.679−6.647
=

35−34

36−34
                         𝐬𝐫 = 𝟔. 𝟔𝟔𝟑

𝐤𝐉

𝐤𝐠.𝐤
= 𝐬𝟏 

From saturated steam table at 8 bar 

sg = 6.660
𝑘𝐽

𝑘𝑔. 𝐾
 

Where,  𝐬𝟏 = 𝐬𝟐 = sg , so the exit of turbine is saturated steam 

From saturated steam table at 8 bar 

𝐡𝟐 = 𝟐𝟕𝟔𝟕. 𝟒
𝐤𝐉

𝐤𝐠
= 𝐡𝟏 

Turbine work  

wT1 = h1 − h2                 wT1 = 3106.45 − 2767.4              𝐰𝐓𝟏 = 𝟑𝟑𝟗. 𝟎𝟓𝐤𝐉/𝐤𝐠 

Process 2-3: Constant pressure heat addition 

From superheated steam table at 8 bar and 350 ºC 

𝐡𝟑 = 𝟑𝟏𝟔𝟐. 𝟒
𝐤𝐉

𝐤𝐠
,       𝐬𝟑 = 𝟕. 𝟒𝟏𝟏

𝒌𝑱

𝒌𝒈.𝑲
 

Heat supplied to reheater 

qs2 = h3 − h2                  qs2 = 3162.4 − 2767.4                    𝐪𝐬𝟐 = 𝟑𝟗𝟓
𝐤𝐉

𝐤𝐠.𝐊
 

Process 3-4: Adiabatic expansion process in turbine 2: 𝐬𝟑 = 𝐬𝟒 

From saturated steam table at 0.1 bar  

sg4 = 8.151
𝑘𝐽

𝑘𝑔. 𝐾
 

𝐬𝟑 = 𝐬𝟒 < sg4,  so the exit of turbine is wet steam 

From saturated steam table at 0.1 bar  

sf4 = 0.649 
𝑘𝐽

𝑘𝑔.𝐾
   ,     sfg4 = 7.502 

𝑘𝐽

𝑘𝑔.𝐾
,     hf4 = 191.8 

𝐤𝐉

𝐤𝐠
     ,     hfg4 = 2392.8 

𝐤𝐉

𝐤𝐠
 

 s4 = sf4 + x4sfg4           7.411 = 0.649 + (𝐱𝟒  ×  7.502)                   𝐱𝟒 =0.9 
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 h4 = hf4 + x4hfg4                h4 = 191.8 + (0.9 ×  2392.8)                 𝐡𝟒 = 𝟐𝟑𝟒𝟓. 𝟑𝟐
𝐤𝐉

𝐤𝐠
 

wT2.
= h3 − h4                   wT2 = 3162.4 − 2345.32                          𝐰𝐓𝟐 = 𝟖𝟏𝟕. 𝟎𝟖𝐤𝐉/𝐤𝐠 

Process 4-5: Constant pressure heat rejection 

𝐡𝐟𝟒 = 𝐡𝐟𝟓 = 𝐡𝟓 = 𝟏𝟗𝟏. 𝟖 𝐤𝐉/𝐤𝐠 

Process 5-6: Adiabatic pumping 

Wp = vf4(𝑃6 − 𝑃5)                Wp = 0.001010 × (35 − 0.1) × 100                𝐖𝐩 = 𝟑. 𝟓𝟑 𝐤𝐉/𝐤𝐠 

Wp = h6 − h5                      3.53 = h6 − 191.8                                                 𝐡𝟔 = 𝟏𝟗𝟓. 𝟑𝟑 𝐤𝐉/𝐤𝐠 

Process 5-6: Constant pressure heat addition 

qs1 = h1 − h6                qs1 = 3106.45 − 195.33                    𝐪𝐬𝟏 = 𝟐𝟗𝟏𝟏. 𝟏𝟐
𝐤𝐉

𝐤𝐠.𝐊
 

Rankine cycle efficiency 

𝜂 =
WT1+WT2−Wp 

Qs1+ Qs2
=

339.05+817.08−3.53

395+2911.12
                            𝜼 = 𝟑𝟒. 𝟖𝟔% 

Specific steam consumption 

𝑆𝑆𝐶 =
3600

𝑊𝑛𝑒𝑡
                       𝑆𝑆𝐶 =

3600

339.05+817.08
                𝐒𝐒𝐂 = 𝟑. 𝟏𝟐 𝐤𝐠/𝐤𝐖𝐡 

9. A steam power plant operates on a theoretical reheat cycle. Steam at boiler at 150bar, 550 °C 

expands through the high pressure turbine. It is reheated at a constant pressure of 40 bar to 550 

°C and expands through the low pressure turbine to a condenser at 0.1 bar. Draw T-s and h-s 

diagram. Find (i) Quality of steam at turbine exhaust (ii) Cycle efficiency (iii) Steam Rate in 

kg/kWh.                     

Given: 

P1=150 bar, T1=550 ºC, P3=40 bar, 

T3=550 ºC, P4=0.1 bar 

 

 Solution: 

 Process 1-2: Adiabatic expansion process 

State 1 

From the superheated steam table at 150 bar and 550 ºC 

𝐡𝟏 = 𝟑𝟒𝟒𝟓. 𝟐
𝐤𝐉

𝐤𝐠
    ,   𝐬𝟏 = 𝟔. 𝟓𝟏𝟐𝟓

𝐤𝐉

𝐤𝐠.𝐤
 

  State 2 

From saturated steam table at 40 bar 

sg = 6.069
𝑘𝐽

𝑘𝑔. 𝐾
 

Where,  𝐬𝟏 = 𝐬𝟐 > sg , so the exit of turbine is Superheated steam 

From saturated steam table at 𝐬𝟐 = 𝟔. 𝟓𝟏𝟐𝟓
𝐤𝐉

𝐤𝐠.𝐤
 and 40 bar 
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By interpolation  

Tr−Tb

Ta−Tb
=

sr−sb

sa−sb
                       

Tr−300

350−300
=

6.5125−6.364

6.587−6.364
                        𝐓𝐫 = 𝟑𝟑𝟐℃ = 𝐓𝟐  

hr−hb

ha−hb
=

Tr−Tb

Ta−Tb
                           

hr−2962

3095.1−2962
=

332−300

350−300
                    𝐡𝐫 = 𝟑𝟎𝟒𝟕. 𝟏𝟖

𝐤𝐉

𝐤𝐠
= 𝐡𝟐 

Turbine work  

wT1 = h1 − h2                 wT1 = 3445.2 − 3047.18              𝐰𝐓𝟏 = 𝟑𝟗𝟖. 𝟎𝟐 𝐤𝐉/𝐤𝐠 

Process 2-3: Constant pressure heat addition 

From superheated steam table at 8 bar and 350 ºC 

𝐡𝟑 = 𝟑𝟓𝟓𝟖. 𝟗
𝐤𝐉

𝐤𝐠
,       𝐬𝟑 = 𝟕. 𝟐𝟐𝟗

𝒌𝑱

𝒌𝒈.𝑲
 

Heat supplied to reheater 

qs2 = h3 − h2                  qs2 = 3558.9 − 3047.18                    𝐪𝐬𝟐 = 𝟓𝟏𝟏. 𝟕𝟐
𝐤𝐉

𝐤𝐠.𝐊
 

Process 3-4: Adiabatic expansion process in turbine 2: 𝐬𝟑 = 𝐬𝟒 

From saturated steam table at 0.1 bar  

sg4 = 8.151
𝑘𝐽

𝑘𝑔. 𝐾
 

𝐬𝟑 = 𝐬𝟒 < sg4,  so the exit of turbine is wet steam 

From saturated steam table at 0.1 bar  

sf4 = 0.649 
𝑘𝐽

𝑘𝑔.𝐾
   ,     sfg4 = 7.502 

𝑘𝐽

𝑘𝑔.𝐾
 

hf4 = 191.8 
𝐤𝐉

𝐤𝐠
     ,     hfg4 = 2392.8 

𝐤𝐉

𝐤𝐠
 

 s4 = sf4 + x4sfg4           7.411 = 0.649 + (𝐱𝟒  ×  7.502)                   𝐱𝟒 =0.9 

 h4 = hf4 + x4hfg4                h4 = 191.8 + (0.9 ×  2392.8)                 𝐡𝟒 = 𝟐𝟑𝟒𝟓. 𝟑𝟐
𝐤𝐉

𝐤𝐠
 

wT2.
= h3 − h4                   wT2 = 3558.9 − 2345.32                          𝐰𝐓𝟐 = 𝟏𝟐𝟏𝟑. 𝟓𝟖 𝐤𝐉/𝐤𝐠 

Process 4-5: Constant pressure heat rejection 

𝐡𝐟𝟒 = 𝐡𝐟𝟓 = 𝐡𝟓 = 𝟏𝟗𝟏. 𝟖 𝐤𝐉/𝐤𝐠 

Process 5-6: Adiabatic pumping 

Wp = vf4(𝑃6 − 𝑃5)                Wp = 0.001010 × (150 − 0.1) × 100                𝐖𝐩 = 𝟏𝟓. 𝟏𝟒 𝐤𝐉/𝐤𝐠 

Wp = h6 − h5                      15.14 = h6 − 191.8                                                 𝐡𝟔 = 𝟐𝟎𝟔. 𝟗𝟒 𝐤𝐉/𝐤𝐠 

Process 5-6: Constant pressure heat addition 

qs1 = h1 − h6                qs1 = 3445.2 − 206.94                     𝐪𝐬𝟏 = 𝟑𝟐𝟑𝟖. 𝟐𝟔
𝐤𝐉

𝐤𝐠.𝐊
 

Rankine cycle efficiency 

𝜂 =
WT1+WT2−Wp 

Qs1+ Qs2
=

398.02+1213.58−15.14

511.72+3238.26
                            𝜼 = 𝟒𝟐. 𝟓𝟕% 

Specific steam consumption 

𝑆𝑆𝐶 =
3600

𝑊𝑛𝑒𝑡
                       𝑆𝑆𝐶 =

3600

398.02+1213.58−15.14
                𝐒𝐒𝐂 = 𝟐. 𝟐𝟓𝟒 𝐤𝐠/𝐤𝐖𝐡 
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10. Draw the P-V, T-S, h -s, diagrams and theoretical lay out for Regeneration Rankine cycle and 

hence deduce the expression for its efficiency. 

 
 

Process 1-2 & 1-3 Turbine Work 

𝐖𝐓 = 𝟏𝐤𝐠(𝐡𝟏 − 𝐡𝟐) + (𝟏 − 𝐦)(𝐡𝟐 − 𝐡𝟑) 

h1 − Turbine1 inlet enthalpy 

h2 − bypass regeneration enthalpy 

Process 3-4: Condenser heat rejection: Constant pressure heat rejection  ( 𝐏𝟑 = 𝐏𝟒) 

𝐐𝐑 = 𝐡𝟑 − 𝐡𝟒  ( 
kJ

kg
) 

h3 − Turbine exit and condenser intet    enthalpy 

h4 = hf3 = hf4  Condenser exit enthalpy 

To find bypass steam mass: energy balance 

𝐦((𝐡𝟐 − 𝐡𝟔) = (𝟏 − 𝐦)(𝐡𝟔 − 𝐡𝟓) 

Process 4-5: Pump Work1: Reversible adiabatic pumping (𝐬𝟒 = 𝐬𝟓) 

𝐖𝐩𝟏 = (𝟏 − 𝐦)𝐡𝟒 − 𝐡𝟓  ( 
kJ

kg
) 

Process 6-7: Pump Work2: Reversible adiabatic pumping (𝐬𝟔 = 𝐬𝟕) 

𝐖𝐩𝟐 = 𝟏𝐤𝐠 (𝐡𝟕 − 𝐡𝟔 ) ( 
kJ

kg
) 

𝐖𝐩 = 𝐕𝐟𝟔(𝐏𝟕 − 𝐏𝟔 ) ( 
kJ

kg
) 

𝐡𝟕 = 𝐖𝐩 + 𝐡𝟔  ( 
kJ

kg
) 

Process 7-1: Boiler heat supplied: Constant Pressure heat supplied ( 𝐏𝟕 = 𝐏𝟏) 

𝐐𝐬𝟏 = 𝟏𝐤𝐠 (𝐡𝟏 − 𝐡𝟕 )  ( 
kJ

kg
) 

Efficiency  

𝛈 =
𝐖𝐓 

 𝐐𝐬
   =

𝟏𝐤𝐠(𝐡𝟏 − 𝐡𝟐) + (𝟏 − 𝐦)(𝐡𝟐 − 𝐡𝟑)

𝟏𝐤𝐠(𝐡𝟏 − 𝐡𝟕)
 

Note: Here Pump work is negligible 

 

 

 



 

St. Joseph’s College of Engineering Page 28 
 

11. In a single-heater regenerative cycle the steam enters the turbine at 30 bar, 400°C and the exhaust 

pressure is 0.10 bar. The feed water heater is a direct contact type which operates at 5 bar. Find : 

 (i) The efficiency and the steam rate of the cycle. (ii) The increase in mean temperature of heat 

addition, efficiency and steam rate as compared to the Rankine cycle (without regeneration). Pump 

work may be neglected. 

 

 

Process 1-2: Adiabatic expansion process 

State 1 

From the superheated steam table at 30 bar and 400 ºC 

𝐡𝟏 = 𝟑𝟐𝟑𝟐. 𝟓
𝐤𝐉

𝐤𝐠
    ,   𝐬𝟏 = 𝟔. 𝟗𝟐𝟓

𝐤𝐉

𝐤𝐠.𝐤
 

  State 2 

From saturated steam table at 5 bar 

sg = 6.819
𝑘𝐽

𝑘𝑔. 𝐾
 

Where,  𝐬𝟏 = 𝐬𝟐 > sg , so the exit of turbine is Superheated steam 

From saturated steam table at 𝐬𝟐 = 𝟔. 𝟗𝟐𝟓
𝐤𝐉

𝐤𝐠.𝐤
 and 5 bar 

 By interpolation  

Tr−Tb

Ta−Tb
=

sr−sb

sa−sb
                       

Tr−151.8

200−151.8
=

6.925−6.819

7.059−6.819
                        𝐓𝐫 = 𝟏𝟕𝟑. 𝟎𝟖℃ = 𝐓𝟐  

hr−hb

ha−hb
=

Tr−Tb

Ta−Tb
                    

hr−2747.5

2855.1−2747.5
=

173.08−151.8

200−151.8
                   𝐡𝐫 = 𝟐𝟕𝟗𝟓. 𝟎𝟐

𝐤𝐉

𝐤𝐠
= 𝐡𝟐 

State 3 

From saturated steam table at 0.1 bar  

sg3 = 8.151
𝑘𝐽

𝑘𝑔. 𝐾
 

𝐬𝟏 = 𝐬𝟑 < sg3,  so the exit of turbine is wet steam 

From saturated steam table at 0.1 bar  

sf3 = 0.649 
𝑘𝐽

𝑘𝑔.𝐾
   ,     sfg3 = 7.502 

𝑘𝐽

𝑘𝑔.𝐾
 

hf3 = 191.8 
𝐤𝐉

𝐤𝐠
     ,     hfg3 = 2392.8 

𝐤𝐉

𝐤𝐠
 

 s3 = sf3 + x3sfg3           6.925 = 0.649 + (𝐱𝟑  ×  7.502)                   𝐱𝟑 =0.837 

 h3 = hf3 + x3hfg3                h3 = 191.8 + (0.837 ×  2392.8)             𝐡𝟑 = 𝟐𝟏𝟗𝟒. 𝟓𝟕
𝐤𝐉

𝐤𝐠
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 State 4 and 6 

Since pump work is neglected 

        h4 = hf4 = 191.8 kJ/kg = h5    ,            h6 = hf6 = 640.1 kJ/kg (at 5 bar) = h7 

Energy balance for heater gives 

                               m (h2 – h6 ) = (1 – m) (h6– h5) 

                       m (2796 – 640.1) = (1 – m) (640.1 – 191.8) = 448.3 (1 – m) 

                                   2155.9 m = 448.3 – 448.3 m 

                                                    ∴ m = 0.172 kg 

Turbine work,  

WT = (h1 – h2) + (1 – m) (h2 – h3)       WT = (3230.9 – 2796) + (1 – 0.172) (2796 – 2192.2) 

        WT = 434.9 + 499.9                             𝐖𝐓= 934.8 kJ/kg 

Heat supplied,  

Q1 = h1 – hf6          Q1= 3230.9 – 640.1            Q1 = 2590.8 kJ/kg. 

Efficiency of cycle, ηcycle : 

           ηcycle  =  
WT

Q1
            ηcycle =  

934.8

2590.8
              𝛈𝐜𝐲𝐜𝐥𝐞 = 0.3608 or 36.08% 

 Steam rate  

SSC = 
3600

WT
             SSC = 

3600

934.8
              SSC= 3.85 kg/kWh 

The increase in mean temperature of heat addition 

          Tm1 =  
h1− hf7

s1− s7
           Tm1 =  

3230.9 −191.8

6.921− 0.649
          𝐓𝐦𝟏= 484.5 K or 211.5°C. 

Increase in  𝐓𝐦𝟏 due to regeneration 

          Increase in  Tm1 = 238.9 – 211.5                       Increase in  𝐓𝐦𝟏 = 27.4°C 

without regeneration: 

TURBINE WORK  

           WT = h1 – h3           WT = 3230.9 – 2192.2             WT = 1038.7 kJ/kg 

  Steam rate without regeneration 

SSC = 
3600

WT
          SSC =  

3600

1038.7
              SSC= 3.46 kg/kWh 

Increase in steam rate due to regeneration 

        Increase in steam rate  = 3.85 – 3.46            Increase in steam rate       = 0.39 kg/kWh 

Efficiency of cycle, ηcycle : 

 ηcycle = 
h1− h3

h1− hf4
                      ηcycle =  0.3418 or 34.18% 

Increase in cycle efficiency due to regeneration 

         ηcycle = 36.08 – 34.18                          ηcycle = 1.9% 
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12. A steam turbine is fed with steam having an enthalpy of 3100 kJ/kg. It moves out of the turbine 

with an enthalpy of 2100 kJ/kg. Feed heating is done at a pressure of 3.2 bar with steam enthalpy 

of 2500 kJ/kg. The condensate from a condenser with an enthalpy of 125 kJ/kg enters into the feed 

heater. The quantity of bled steam is 11200 kg/h. Find the power developed by the turbine. Assume 

that the water leaving the feed heater is saturated liquid at 3.2 bar and the heater is direct mixing 

type. Neglect pump work. 

Solution: 

From the steam table at 3.2 bar 

hf6 = 570.9 kJ/kg.  

Consider m kg out of 1 kg is taken to the feed heater 

Energy balance for the feed heater is written as : 

                        (m x h2)+ (1 – m) hf5 = 1 × hf6 

          m × 2100 + (1 – m) × 125 = 1 × 570.9 

               2100 m + 125 – 125 m = 570.9 

                                      1975 m = 570.9 – 125 

m = 0.226 kg per kg of steam supplied to the turbine  

Steam supplied to the turbine per hour 

                                                              =  
11200

0.226
 

                                                      = 49557.5 kg/h 

Net work developed per kg of steam 

                                                      = 1 kg (h1 – h2) + (1 – m) (h2 – h3) 

                                                      = (3100 – 2500) + (1 – 0.226) (2500 – 2100) 

                                                      = 600 + 309.6  

                                                      = 909.6 kJ/kg 

Power developed by the turbine 

                                                 = 12521.5 kW 

13. Steam enters the turbine at 3 Mpa and 400°C and is condensed at 10kPa. Some quantity of steam 

leaves the turbine at 0.5 Mpa and enters feed water heater. Compute the fraction of the steam 

extracted per kg of steam and cycle thermal efficiency.                  

 

Since s2 > sg, the state 2 must lie in the superheated region. From the table for superheated steam  
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14.  In a steam generator compressed liquid water at 10 MPa, 30°C enters a 30 m diameter tube at the 

Rate of 3 litres/sec. Steam at 9MPa, 400°C exits the tube. Find the rate of heat transfer to the 

water. 

Given:  

In boiler Pressurized water enters at section 1 (p1=100 bar, 30°C)  

At section 2 it exits the tube as Steam at 90 bar, 400°C.  

Check the condition of water at 1. (find v1)  

From volume flow rate find mass flow rate of water  

and find h1  

Check the condition of water at 2. (find h2)  

Find H.T rate Q = m(h2- h1) in kJ/min  

 



 

St. Joseph’s College of Engineering Page 32 
 

15. BINARY VAPOUR CYCLE 

A Binary Vapor Rankine Power Cycle consists of two separate Rankine Vapor Power Cycles 

that use different working fluids. The two cycles only interact through a shared heat exchanger. 

In this HEX, the sub-cooled liquid leaving the pump in the low-temperature 

cycle absorbs heat from the turbine effluent of the high-temperature cycle. If necessary, 

the working fluid in the low-temperature cycle can receive additional heat from the boiler before 

entering the low-temperature turbine. 

 If we use steam as the working medium the temperature rise is accompanied by rise in 

pressure and at critical temperature of 374.15°C the pressure is as high as 225 bar which will 

create many difficulties in design, operation and control. 

 An ideal fluid for this purpose should have a very high critical temperature combined with 

low pressure. Mercury, diphenyl oxide and similar compounds, aluminium bromide and zinc 

ammonium chloride are fluids which possess the required properties in varying degrees.  

 Mercury is the only working fluid which has been successfully used in practice. It has high 

critical temperature (588.4°C) and correspondingly low critical pressure (21 bar abs.).  

 The mercury alone cannot be used as its saturation temperature at atmospheric pressure is 

high (357°C). Hence binary vapour cycle is generally used to increase the overall efficiency 

of the plant. Two fluids (mercury and water) are used in cascade in the binary cycle for 

production of power. 

  

The few more properties required for an ideal binary fluid used in high temperature  

 It should have high critical temperature at reasonably low pressure. 

 It should have high heat of vaporisation to keep the weight of fluid in the cycle to minimum. 

 Freezing temperature should be below room temperature. 

 It should have chemical stability through the working cycle. 

 It must be non-corrosive to the metals normally used in power plants. 

 It must have an ability to wet the metal surfaces to promote the heat transfer. 

 The vapour pressure at a desirable condensation temperature should be nearly atmospheric 

which will eliminate requirement of power for maintenance of vacuum in the condenser. 

 After expansion through the prime mover the vapour should be nearly saturated so that a 

desirable heat transfers co-efficient can be obtained which will reduce the size of the 

condenser required. 
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 It must be available in large quantities at reasonable cost. 

 It should not be toxic and, therefore, dangerous to human life. 

Although mercury does not have all the required properties, it is more favourable than any other 

fluid investigated. It is most stable under all operating conditions.  

Although, mercury does not cause any corrosion to metals, but it is extremely dangerous to human 

life, therefore, elaborate precautions must be taken to prevent the escape of vapour. The major 

disadvantage associated with mercury is that it does not wet surface of the metal and forms a 

serious resistance to heat flow. 

Working: 

 A binary vapour power cycle is two power cycles working together. 

 The high-temperature cycle absorbs heat from the hot reservoir and the low-temperature 

cycle rejects heat to the cold reservoir. 

 The interesting part is that the heat rejected from the high-temperature cycle, QC1 is used as 

the heat INPUT to the low-temperature cycle, QH2. 

 The transfer of heat out of the high-temperature working fluid and into the low temperature 

working fluid takes place in a heat exchanger, labeled “HEX” in my diagram. 

 If the flow rates of the two working fluids are controlled properly, the low-temperature cycle 

does not need to receive heat from the boiler. 

 Otherwise, the low temperature working fluid can be heated further in the boiler as I have 

shown here. 

 The key is that the working fluids in the two cycles CANNOT be the same. 

 If the two working fluids were the same, there would be no advantage to using a binary 

vapour cycle. 

 So, now, let’s try to determine what advantage there might be in using a binary cycle. 

Thermal properties of mercury : 

 Its freezing point is – 3.3°C and boiling point is – 354.4°C at atmospheric pressure. 

 The pressure required when the temperature of vapour is 540°C is only 12.5 bar (app.) and, 

therefore, heavy construction is not required to get high initial temperature. 

 Its critical temperature is so far removed from any possible upper temperature limit with 

existing metals as to cause no trouble. 

Some undesirable properties of mercury are listed below : 

 Since the latent heat of mercury is quite low over a wide range of desirable condensation 

temperatures, therefore, several kg of mercury must be circulated per kg of water evaporated 

in binary cycle. 

 The cost is a considerable item as the quantity required is 8 to 10 times the quantity of water 

circulated in binary system. 

 Mercury vapour in larger quantities is poisonous, therefore, the system must be perfect and 

tight. 


















































































