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 Purpose of assessment is to determine not only if you can write down an answer, but also 

to assess whether you understand the concepts, principles and expressions involved. Set 

out solutions in a logical and concise manner with justification for the steps followed. 

 ATTEMPT ALL QUESTIONS. Please answer each question to the best of your ability. 
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Question One                    [Total: 20 marks] 

An air-standard Otto cycle has a compression ratio of 9.5. Prior to the isentropic compression 

process, the air is at 100 kPa, 35 °C, and 600 cm3. The temperature at the end of the isentropic 

expansion process is 527 oC. Calculate the thermal efficiency for this cycle.  

For air; Cp = 1.005 kJ/kg·K, Cv = 0.718 kJ/kg·K, R = 0.287 kJ/kg·K, and  = 1.4. 

Question Two                   [Total: 30 Marks] 

A gas turbine draws in air from the atmosphere at 1 bar and 15oC and compresses it to 4.5 bar 

with an isentropic efficiency of 82%. The air is heated to 1100 K at constant pressure and then 

expanded through two stages in series back to 1 bar. The high pressure turbine is connected to 

the compressor and produces just enough power to drive it. The low pressure stage is connected 

to an external load and produces 100 kW of power. The isentropic efficiency is 85% for both 

stages. For the compressor ℽ = 1.4 and for the turbines ℽ = 1.3. The gas constant R is 0.287 

kJ/kg K for both. 

Neglecting increase in mass during fuel injection, calculate the mass flow of air, the inter-stage 

pressure of the turbines and the thermal efficiency of the cycle. 

 

Question Three                  [Total: 20 Marks] 

Steam enters the blade row of an impulse turbine with a velocity of 600 m/s at an angle of 25⁰to 

the plane of rotation of the blades. The mean blade speed is 250 m/s. the plant angle at the exit 

side is 30⁰. Take the value of k as 0.9. With the aid of Figure 3.1, determine; 

3.1. The blade angle at the inlet. [8] 

3.2. The work done per kg of steam. [12] 

 

Figure 3.1. Combined inlet and outlet velocity diagram. 
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Question Four                   [Total: 15 Marks] 

In a single acting, two-stage reciprocating air compressor 5 kg/min of air is compressed from 

1.013 bar and 15 oC through a pressure ratio of 9/1. The compression follows pV1.3 = constant 

and the two stages have the same pressure ratio. The P-V plot is shown in Figure 4.1. If 

intercooling is complete, calculate the indicated power. Assume that the clearance volumes of 

both stages are 6 % of their respective swept volumes and that the compressor runs at 300 

rev/min. 

 

Figure 4.1. Pressure-volume diagram for two-stage reciprocating air compressor. 

 

Question Five                   [Total: 15 Marks] 

A steady-flow Carnot refrigeration cycle uses refrigerant-134a as the working fluid. The 

refrigerant changes from saturated vapour to saturated liquid at 30°C in the condenser as it 

rejects heat. The evaporator pressure is 160 kPa.  

5.1. Show the cycle on a T-S diagram relative to saturation lines. [3] 

5.2. Determine the coefficient of performance. [4] 

5.3. Calculate the net-work input. [8] 

 

END                   [Total:100 Marks] 
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USEFUL EQUATIONS AND FORMULAE 

𝑃𝑉 = 𝑛𝑅𝑇; 
𝑃1𝑉1

𝑇1
=

𝑃2𝑉2

𝑇2
; 𝑣 =

𝑉𝑡

𝑚
;     𝑣 =

𝑉𝑡

𝑛
; �̇� = 𝑢𝐴𝜌;        �̇� =

𝑢𝐴

𝑣𝑀
;        𝜌 = 𝑣−1;              �̇� =

𝑉

𝑡
 

t(oC) = T(K) – 273.15;  t(oF) = T(R) – 459.67;  t(oF) = 1.8t(oC) + 32;  

𝑃𝑔 =
𝐹

𝐴
=

𝑚𝑔

𝐴
=

𝜌𝑉𝑔

𝐴
=

𝐴ℎ𝜌𝑔

𝐴
;  𝑃𝑎𝑏𝑠 = 𝑃𝑔(𝑜𝑟𝜌𝑔ℎ) + 𝑃𝑎𝑡𝑚 

Interpolation: 𝑀 = (
𝑋2−𝑋

𝑋2−𝑋1
) 𝑀1 + (

𝑋−𝑋1

𝑋2−𝑋1
) 𝑀2  OR  𝑀 =

𝑀1(𝑋2−𝑋)+𝑀2(𝑋−𝑋1)

𝑋2−𝑋1
 

∆𝐸𝑢𝑛𝑖𝑣 = ∆𝐸𝑠𝑦𝑠𝑡 + ∆𝐸𝑠𝑢𝑟𝑟 = 0;   =
𝑊𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒

𝑊𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒
;  

𝑑𝑚𝑐𝑣

𝑑𝑡
= ∆𝑚 = �̇�𝑜𝑢𝑡 − �̇�𝑖𝑛;        𝛾 =

𝐶𝑃

𝐶𝑉
 

EB for open systems:   
𝑑(𝑚𝑈)𝑐𝑣

𝑑𝑡
= −�̇�∆ [𝑈 +

1

2
𝑢2 + 𝑔ℎ] + �̇� + �̇� 

EB for steady-state flow processes:  ∆�̇� (𝐻 +
1

2
𝑢2 + 𝑔ℎ) = �̇� + 𝑊𝑠

̇  

Mechanically reversible closed system processes: 

Constant V:    Q = n∆U = n ∫ CvdT
T2

T1
= nCv∆T 

Constant P:    Q = n∆H = n ∫ CpdT = nCp∆T
T2

T1
;  W = −R(T2 − T1) 

Constant T:    Q = −W = RT1 ln
V2

V1
= −RT1 ln

P2

P1
= P1V1 ln

V2

V1
= −P1V1 ln

P2

P1
 

Adiabatic:    
T2

T1
= (

V1

V2
)

R
CV

⁄
; 

T2

T1
= (

P2

P1
)

R
CP

⁄
; 

P2

P1
= (

V1

V2
)

CP
CV

⁄
; 

Carnot cycle:     =
𝑊𝑛𝑒𝑡

𝑄1
= 1 −

𝑄2

𝑄1
= 1 −

𝑇2

𝑇1
 

Constant-pressure (Joule) cycle:   = 1 −
1

(
𝑃2
𝑃1

)
(𝛾−1) 𝛾⁄  

Work ratio:    𝑊 =
𝑁𝑒𝑡 𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡

𝐺𝑟𝑜𝑠𝑠 𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡
= 1 −

𝑇1

𝑇3
(

𝑃2

𝑃1
)

(𝛾−1) 𝛾⁄

 

Compression ratio:   
𝑠𝑤𝑒𝑝𝑡𝑣𝑜𝑙𝑢𝑚𝑒 + 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒𝑣𝑜𝑙𝑢𝑚𝑒

𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒𝑣𝑜𝑙𝑢𝑚𝑒
 = 

𝜈1

𝜈2
 

Otto cycle:     = 1 −
1

(
𝑉1
𝑉2

)
𝛾−1 

Diesel cycle:     = 1 − (
𝑇4−𝑇1

𝛾(𝑇3−𝑇2)
) 𝑂𝑅  = 1 − (

1

𝑉1 𝑉2⁄
)

𝛾−1
{

(𝑉3 𝑉2⁄ )𝛾−1

𝛾[(𝑉3 𝑉2⁄ )−1]
} 

Dual-combustion cycle:   1 −
𝐶𝑣(𝑇5−𝑇1)

𝐶𝑣(𝑇3−𝑇2) + 𝐶𝑝(𝑇4−𝑇3)
 

Mean effective pressure (MEP):  −𝑊𝑛𝑒𝑡 = 𝑃𝑚(𝑉1 − 𝑉2) 

Stirling and Ericsson cycles:  𝑆𝑡𝑖𝑟𝑙𝑖𝑛𝑔 = 𝐸𝑟𝑖𝑐𝑠𝑠𝑜𝑛 = 𝐶𝑎𝑟𝑛𝑜𝑡 = 1 −
𝑇2

𝑇1
 

Steam rate:     �̇� =
�̇�𝑛𝑒𝑡

𝑊𝑛𝑒𝑡
=

�̇�𝑛𝑒𝑡

𝑊𝑡𝑢𝑟𝑏𝑖𝑛𝑒−𝑊𝑝𝑢𝑚𝑝
 

Rankine cycle (pump work input):  𝑊 = 𝑣𝑖(𝑃𝑖+1 − 𝑃𝑖) 

Rankine efficiency:    =  
𝑁𝑒𝑡 𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡

𝐻𝑒𝑎𝑡 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑖𝑛 𝑏𝑜𝑖𝑙𝑒𝑟
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Efficiency ratio = 
𝑐𝑦𝑐𝑙𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

𝑅𝑎𝑛𝑘𝑖𝑛𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
 ;  𝑠𝑠𝑐 =

1

𝑁𝑒𝑡 𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡
 ; 𝐶𝐻𝐿 = 𝑠𝑠𝑐(∆𝐻𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟) 

Isentropic efficiency:  
𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑤𝑜𝑟𝑘 𝑖𝑛𝑝𝑢𝑡 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑  

𝑎𝑐𝑡𝑢𝑎𝑙 𝑤𝑜𝑟𝑘 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
 

Gross work output:  𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝐻𝑃 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 + 𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝐿𝑃 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 

Work ratio:   𝑊 =
𝑁𝑒𝑡 𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡

𝐺𝑟𝑜𝑠𝑠 𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡
= 1 −

𝑇1

𝑇3
(

𝑃2

𝑃1
)

(𝛾−1) 𝛾⁄

 

Mass flow rate:   �̇� =
�̇�𝑛𝑒𝑡

𝑊𝑛𝑒𝑡
 ;   Cycle efficiency:  

𝑊𝑡𝑢𝑟𝑏𝑖𝑛𝑒

𝑄1
 

For steam turbines:  ∆𝐶𝑤 = 𝐶𝑤𝑖 + 𝐶𝑤𝑒 = 𝐶𝑟𝑒 𝑐𝑜𝑠 𝛽𝑒 + 𝐶𝑟𝑖 𝑐𝑜𝑠 𝛽𝑖  

Velocity coefficient:  𝑘 =
𝐶𝑟𝑒

𝐶𝑟𝑖
  ;  Driving force: 𝐹𝐷 = �̇�∆𝐶𝑤 

Diagram efficiency:  
𝑑

= 
2𝐶𝑏∆𝐶𝑤

𝐶𝑎𝑖
2  ;            𝐸𝑛𝑒𝑟𝑔𝑦 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑡𝑒𝑎𝑚 =

1

2
�̇�𝐶𝑎𝑖

2  

Power output:   �̇�𝑜𝑢𝑡𝑝𝑢𝑡 = �̇�𝐶𝑏∆𝐶𝑤 

End (Axial) thrust:   �̇�∆𝐶𝑓 ;  Where: ∆𝐶𝑓 = 𝐶𝑓𝑖 − 𝐶𝑓𝑒 = 𝐶𝑟𝑖 sin 𝛽𝑖 − 𝐶𝑟𝑒 sin 𝛽𝑒 

For Nozzles (EB):   𝐻1 +
𝐶1

2

2
= 𝐻2 +

𝐶2
2

2
 

Critical pressure:   
𝑃𝑐

𝑃1
= (

2

𝛾+1
)

𝛾 (𝛾−1)⁄

 Critical temperature: 
𝑇𝑐

𝑇1
= (

𝑃𝑐

𝑃1
)

(𝛾−1) 𝛾⁄

 

Critical specific volume:  𝑣𝑐 =
(𝑅 𝑀⁄ )𝑇𝑐

𝑃𝑐
 Critical velocity: 𝐶𝑐 = √

𝛾𝑅𝑇𝑐

𝑀
= √2(𝐻1 − 𝐻𝑐) = √2𝐶𝑝(𝑇1 − 𝑇𝑐) 

Exit specific volume:  𝑣2 =
(𝑅 𝑀⁄ )𝑇2

𝑃2
 Exit velocity: 𝐶2 = √2(𝐻1 − 𝐻2) 

Mass flowrate per unit area: 
�̇�

𝐴2
=

𝐶2

𝑣2
  Nozzle efficiency:  

𝐻1−𝐻2

𝐻1−𝐻2𝑠
=

𝐶𝑝(𝑇1−𝑇2)

𝐶𝑝(𝑇1−𝑇2𝑠)
=

𝑇1−𝑇2

𝑇1−𝑇2𝑠
 

Velocity coefficient:  
𝐶2

𝐶2𝑠
  Coefficient of discharge: 

�̇�

�̇�𝑠
 

For dry saturated steam,   = 1.135  For superheated steam,         = 1.3 

Refrigeration (Engine efficiency): 𝑐𝑎𝑟𝑛𝑜𝑡 =
𝑊𝑛𝑒𝑡𝑐𝑎𝑟𝑛𝑜𝑡𝑒𝑛𝑔𝑖𝑛𝑒

𝑄1
= 1 −

𝑇2

𝑇1
 

Coefficient of Performance: 𝐶𝑂𝑃𝑐𝑎𝑟𝑛𝑜𝑡 =
𝑄1 𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑜𝑟

𝑊𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑜𝑟𝑖𝑛𝑝𝑢𝑡
=

𝑇2

𝑇1−𝑇2
 

Indicated Power: 𝐼𝑃 =
𝑛

𝑛−1
�̇�𝑅(𝑇2 − 𝑇1),  𝐼𝑃 =

𝑛

𝑛−1
�̇�𝑅𝑇1{(

𝑝2

𝑝1
)

(𝑛−1)

𝑛
− 1},  𝐼𝑃 =

𝑛

𝑛−1
�̇�𝑝1{(

𝑝2

𝑝1
)

(𝑛−1)

𝑛
− 1} 

Isothermal Power: 𝐼𝑠𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑃𝑜𝑤𝑒𝑟 = �̇�𝑅𝑇 ln
𝑝2

𝑝1
  

Volumetric Efficiency: ∩𝑣= 1 −
𝑉𝑐

𝑉𝑠
{(

𝑝2

𝑝1
)

1/𝑛
− 1}, ∩𝑣=

𝑉

𝑉𝑠
 , 

𝐹𝐴𝐷

𝑐𝑦𝑐𝑙𝑒
=   (𝑉𝑎 − 𝑉𝑑)

𝑇

𝑇1

𝑝1

𝑝
 

Roots Efficiency: 𝑅𝐸 =  
𝐶𝑝

𝑅
{

𝑟(𝛾−1)𝛾−1

𝑟−1
} 
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