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CHAPTER TWO 

ENGINE CYCLES 

2-1 Thermodynamics Principles: 

2-1-1 For Isentropic Process: 

      TRPTRvPTRmVP .......                                                  … (2-1) 

       dTCdudTCdh vp .&.                                                                  … (2-2) 
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2-1-2 For Polytropic Process: 
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p        (Specific Heat Ratio) (Index) 

            TRC ..                                                                                    … (2-7) 

Where: P Gas pressure in cylinder  KPa  

            V Gas volume  3m  

            v Specific volume of gas = 


1   kgm /3  

           R Gas constant  KkgkJ ./     

          T Temperature  K  

          m Mass of gas in cylinder  kg  

          Density of gas  3/ mkg  

         h Specific enthalpy  kgkJ /   

         u Specific internal energy  kgkJ /  

         vp CC & Specific heat at constant pressure and constant volume 

        C Speed of sound 
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        w Specific work  kgkJ /  

 

 

The Ideal Cycles 

2-2 Otto Cycle: 

 In 1876 Otto build a four-stroke internal combustion engine that 

compressed the air and gas before ignition. 

 

Figure (2-1): Otto Cycle. 

 

Process (6-1): Constant pressure intake of air at ( oP ). Intake valve open and 

exhaust valve is closed. 

oPPP  61  

 6116 . vvPw o   

 

Process (1-2): Isentropic compression stroke. All valves are closed. 
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Process (2-3): Constant-volume heat input (combustion). All valves are closed. 
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Where: mm maximum mass of mixture. 
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Process (3-4): Isentropic power or expansion stroke. All valves are closed. 
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Process (4-5): Constant-volume heat rejection (exhaust blow down). Exhaust 

valve open and intake valve is closed. 
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Process (5-6): Constant-pressure exhaust stroke at  oP . Exhaust valve open and 

intake valve is closed. 
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Example (1): A four-cylinder, 2.5 liter, and SI automobile engine operates at 

WOT on four-stroke air standard Otto cycle at 3000 RPM. The engine has a 

compression ratio of 8.6:1, a mechanical efficiency of 86% and stroke-to-stroke 

ratio 025.1
B

S . Fuel is isooctane with AF = 15, a heating value of 44300 

(kJ/kg), and combustion efficiency ( %100c ). At the start of compression 

stroke, condition in the cylinder combustion chamber are 100 kPa and 60 C . It 

can be assumed that there is a 4% exhaust residual left over the previous cycle. 

Do a complete thermodynamics analysis of this engine. Let  KkgkJCv ./821.0  

  

Solution: 
For one cylinder: 

Displacement volume:  
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Bore and stroke: 
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Mass of gas in cylinder can be calculated at state (1). The mass within the 

cylinder will be then the same for the entire cycle. 
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State (2): The compression stroke (1-2) is isentropic. 
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This is the clearance volume of one cylinder, which agrees with the above. 

Another way of getting this value is by using the following equation: 
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The mass of gas mixture  mm  in the cylinder is made up of air  am , fuel  
fm , 

and exhaust residual  exhm : 
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State (3): 

For the heat added during one cycle: 
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State (4): 

Power stroke (3-4) is isentropic, and then we can find temperature and pressure: 
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This agrees with the value of  1V  found earlier. 

Work produced in isentropic power stroke for one cylinder during one cycle: 
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Work absorbed during isentropic compression stroke for one cylinder during 

one cycle: 
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Net indicated work for one cylinder during one cycle is: 

     kJWWWnet 03.1227.0257.14321    

 

To find heat added for one cylinder during one cycle: 
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Indicated thermal efficiency: 
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Indicated power at 3000 RPM is obtained by using the equation below: 
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Brake work for one cylinder during one cycle: 
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Brake power at 3000 RPM: 
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Friction power lost: 

   hpkWWWW bilost 3.194.146.88103    

 

Brakes mean effective pressure: 
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Output per displacement: 
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Brake specific fuel consumption: 
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Volumetric efficiency: 
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2-3 Diesel Cycle: 

In 1890/1892 Rudolf Diesel and Akroyd Stuart planed and produced a 

new type of engine which was burning coal dust as fuel. 

 

Figure (2-3): Diesel Cycle. 

 

Air-standard: 

Process (6-1): Constant pressure intake of air at ( oP ). Intake valve open and 

exhaust valve is closed. 

oPPP  61  
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Process (1-2): Isentropic compression stroke. All valves are closed. 
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Process (2-3): Constant-pressure heat input (combustion). All valves are closed. 
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Process (3-4): Isentropic power or expansion stroke. All valves are closed. 
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Process (4-5): Constant-volume heat rejection (exhaust blow down). Exhaust 

valve open and intake valve is closed. 
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Process (5-6): Constant-pressure exhaust stroke at  oP . Exhaust valve open and 

intake valve is closed. 

oPPP  65  

   165665 .. vvPvvPw oo   
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  
 

 
 



14
2

3

2

3

3

4
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4

3

1

1

2

2

1

2

1

2

3

1

4

23

14

23

14

&

&

*

1

11
1

.
111

vv
T

T
v

v

T
T

v
v

v
v

T
T

T

T

T
T

T
T

TT
TT

TTC
TTC

q

q

q

w

Dieselth

p

v

A

out

A

a

Dieselth



















































































 







 

1

1

2
2

1

4

3

3

1

4




























v

v
T

v

v
T

T

T
 

With rearrangement, this can be shown to equal: 

 




 









































































1

1
*

1
1

*

1

1
1

1

1

1

1

2

2

3

2

3
















C

Dieselth

Dieselth

r

v
v

v
v

v
v

                                                … (2-9) 

Where: 
2

3

2

3 ratio Cutoff
T

T

v

v
  

Cutoff ratio is defined as the change in volume that occurs during combustion. 

 

Note: The Diesel cycle efficiency dependent on  &cr . The cutoff ratio lies in 

the range  cr 1  and is thus always greater than unity. Consequently the 

expression in square brackets is always greater than unity and the Diesel cycle 

efficiency is less than Otto cycle efficiency for the same  cr . In the actual 

engines; the  cr  of Diesel engine is usually greater than for petrol engine, so the 

former is usually more efficient.  
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2-4 Dual Cycle: it is also called Limited-Pressure or Mixed Cycle.  

 

Figure (2-4): Dual Cycle. 

   

 


   3423

14

14

3423

1

.

..

1

TTTT

TT

TTCQ

TTCTTCQ

Q

Q

Dualth
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R
th





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





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2

3
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1
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1
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































 C

C

rT
P

P
TT

rT
v

v
TT

 

Where:  =









2

3

P

P  (pressure ratio or degree of pressure increasing during 

combustion.  

Crv

v 


4

4 , and hence ..14
TT   


   
























11

1
.

1
1

1









C

Dualth
r

 

1) If  1 , the above equation becomes the thermal efficiency of Otto cycle.  

2) If  1 , the above equation becomes the Diesel cycle efficiency. 

 Now: 

  

  

  



















&,,

&,

&

CDualth

CDieselth

COttoth

rf

rf

rf

 

3  
4  

4  

3  

4  
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Example (2): A small truck has a four-cylinder, 4 liter CI engine that operates 

on the air-standard Dual cycle (Fig. 2-4) using light diesel fuel at an air-fuel 

ratio of 18. The compression ratio of the engine is 16:1 and the cylinder bore 

diameter is 10 cm. At the start of the compression stroke, conditions in the 

cylinders are 60°C and 100 KPa with a 2% exhaust residual. It can be assumed 

that half of the heat input from combustion is added at constant volume and half 

at constant pressure. If heating value of the diesel fuel is 42500 (kJ/kg), 

Calculate: 

1. Temperature and pressure at each state of the cycle 

2. Indicated thermal efficiency 

3. Exhaust temperature 

4. Engine volumetric efficiency 

 

Solution:  

 

1) For one cylinder: 

      33 1000001.01
4

4 cmmLLVd   

 

 

       

    
   cmmSS

m
m

S
B

V

mLcmV
V

V

V
VV

V
V

r

d

c
c

c

c

cd

TDC

BDC
C

7.12127.0*
4

1.0*
001.0

.
4

.

0000667.00667.07.66
1000

16

2

3

2

33
















 

 

State (1):    kPaPKCT 100&33360 11    

 

  3

1 0010667.00000667.0001.0 mVVVV cdBDC   

 

Mass of gas in one cylinder at start of compression: 

 

 
   

 
 kg

K
Kkg

kJ

mkPa

TR

VP
mm 00112.0

333*
.

287.0

0010667.0*100

*

* 3

1

11 









  

 

Mass of fuel injected per cylinder per cycle: 

    kgkgm f 0000578.098.0*
19

1
*00112.0 








  
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State (2):  

        CKKrTT C

60687916*333.
35.01

12 
  

 

       

   

 

  d

C

VmV

kPa

K
Kkg

kJ
kg

P
TRm

V

kPakParPP
























3

2

2

2
2

35.1

12

000067.0

4222

879*
.

287.0*00112.0
**

422216*100.


 

 

 

Or (
2V ) can be found by using the following equation: 

  31
2 0000667.0

16
0010667.0 m

r
V

V
C

  

 

State (3): 

    kJ
kg

kJ
kgQmQ HVfA 46.242500*0000578.0* 








  

If half of  AQ  occurs at constant volume, then using the following equation 

gives us: 

 

 

     

  CKT

KT
Kkg

kJ
kgkJ

TTCmQ vm

19442217

879*
.

821.0*00112.0
2

46.2

**

3

3

2332















 

 

 

   

 
 

   kPakPa
T

T
PP

or

PkPa
m

K
Kkg

kJ
kg

V

TRm
P

mVV

10650
879

2217
*4222*

:

10650
0000667.0

2217*
.

287.0*00112.0
**

0000667.0

2

3

23

max3

3

3

3

3

23


































 

 

State (4):  
  max34 10650 PkPaPP   

 

 

 

     

  max4

4

3443

29353208

2217*
.

108.1*00112.023.1

**

TCKT

KT
Kkg

kJ
kgkJ

TTCmQ pm

















  

  

  3

max34

4
4 000097.0

10650

3208*287.0*00112.0**
m

P

TRm
V 


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State ( 4 ): 

 

 

   

   kPa
V

V
PP

CK
V

V
TT

mVV

418
0010667.0

000097.0*10650.

11131386
0010667.0

000097.0*3208.

0010667.0

35.1

4

4
44

35.0
1

4

4
44

3

14





























  

 

Work out for process (3-4) for one cylinder for one cycle: 
      kJVVPW 323.00000667.0000097.0*10650. 34max43   

 

Work out for process ( 44  ): 

 
   

 kJ
TTRm

W 673.1
35.11

32081386*287.0*00112.0

1

.** 44

44












 
 

 

Work in for process (1-2): 

 
   

 kJ
TTRm

W 501.0
35.11

333897*287.0*00112.0

1

.** 12
21 












 

 
     

 kJW

WWWW

net

net

495.1

501.0673.1323.0214443



 
 

 

2) Indicated thermal efficiency: 

  %7.60607.0
46.2

495.1


A

net

Dualth
Q

W
  

 

Pressure ratio: 

 52.2
4222

10650
2

3 
P

P
  

 

Cutoff ratio: 

 45.1
0000667.0

000097.0
3

4 
V

V
  

 

Also, thermal efficiency can be found from the following 

equation


 

   
 

 
607.0

152.2145.1*52.2*35.1

145.1*52.2
.

16

1
1

11

1
.

1
1

35.135.01
























































C

Dualth
r

 

1) Assuming exhaust pressure is the same as intake pressure, then exhaust 

temperature is found from: 

  CK
P

P
TT exh

exh

684957
418

100
*1386*

35.1

35.0
1

4

4































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4) Mass of air entering one cylinder during intake: 
 kgma 0011.098.0*00112.0   

 

Then, volumetric efficiency is found by using the equation below: 

 
 

 
%1.93931.0

001.0*181.1

0011.0

* 3

3













m
m

kg

kg

V

m

da

a

v


  

 

 

2-5 Comparison of Otto, Diesel and Dual Cycles 

2-5-1 For the same inlet conditions and the same compression ratio: 

  

Figure (2-5): Comparison of Otto, Diesel and Dual Cycles at same inlet 

conditions & compression ratio.  

 

Heat input for Otto is the area under  32  

Heat input for Diesel is the area under  32   

Heat input for Dual is the area under  322  . 

Heat rejection for Otto = Heat rejection for Diesel = Heat rejection for Dual 

Cycles = Area under  41 . 
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2-5-2 For the same inlet conditions and same maximum temperature: 

  

Figure (2-6): Comparison of Otto, Diesel and Dual Cycles at same inlet 

conditions & maximum temperatures. 

 

 

Heat input  AQ  for Otto is the area under  32  

Heat input  AQ  for Diesel is the area under  32   

Heat input  AQ  for Dual is the area under  332  . 

Heat rejection  RQ  for Otto = Heat rejection  RQ  for Diesel = Heat rejection 

 RQ  for Dual Cycles = Area under  41 . 

  
OttoADualADieselA QQQ    
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OttothDualthDieselth

OttoDualDiesel WWW
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2-5-3 For the same heat input and same maximum pressure: 

 

 

Figure (2-7): Comparison of Otto, Diesel Cycles at same heat input & maximum 

pressure. 

 

Heat input  AQ  for Otto is the area under  32  

Heat input  AQ  for Diesel is the area under  32   

 

But:  
DieselAOttoA QQ   

Heat rejection  RQ  for Otto = area under  41  

Heat rejection  RQ  for Diesel = area under  41   
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2-5-4 For the same maximum pressure and same maximum temperature: 

 

 

Figure (2-8): Comparison of Otto, Diesel Cycles at same maximum temperature 

& maximum pressure. 
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2-5-5 For the same heat input and same compression ratio: 

 

Figure (2-9): Comparison of Otto, Diesel and Dual Cycles at same heat input & 

same compression ratio. 
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2-6 Atkinson Cycle (also called: Over-expanded Cycle): 
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 In Otto and Diesel cycles, when the exhaust valve is opened near the 

end of expansion stroke, pressure in the cylinder is still on the order of three to 

five atmospheres. A potential for doing additional work during the power stroke 

is there lost when the exhaust valve is opened and pressure is reduced to 

atmospheric. If the exhaust valve is not opened until the gas in the cylinder is 

allowed to expand to atmospheric pressure, a greater amount of work would be 

obtained in the expansion stroke with an increase in engine thermal efficiency. 

Atkinson cycle is illustrated in figure (2-10) below.    

 

 

Figure (2-10): Atkinson Cycle. 

  

This cycle starting in 1885, a number of crank and valve mechanisms 

were tried to achieve this cycle, which has a longer expansion stroke than 

compression stroke. No large number of these engines has ever been marked, 

indicating the failure of this development. 
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2-7 Miller Cycle: 

 This cycle is named after R. H. Miller (1890-1967), it is a modern 

modification of the Atkinson cycle and has an expansion ratio greater than the 

compression ratio. Miller cycle is shown in figure (2-11). 

 

 

Figure (2-11): Miller Cycle. 

 

 Air intake in a Miller cycle is un-throttled. The amount of air ingested 

into each cylinder is thus controlled by closing the intake valve at the proper 

time, long before BDC (point-7). As the piston then continues towards BDC 

during the last part of the intake stroke, cylinder pressure is reduced along 

process (7-1). When the piston reaches BDC and starts back toward TDC, 

cylinder pressure is again increased during process (1-7). The work produced in 

the first part of the intake process (6-7) is canceled by part of the exhaust stroke 

(7-6), process (7-1) is canceled by process (1-7), and the net indicated work is 

the area within loop (7-2-3-4-5-7). There is essentially no pump work. 
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The shorter compression stroke which absorbs work combined with the 

longer expansion stroke which produces work, results in a greater net indicated 

work per cycle.      
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Automobiles with Miller cycle engines were first marked in the later half 

of the 1990s. A typical value of the compression ratio is about  1:8cr with an 

expansion ratio about  1:10er . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2-7 Joule (Brayton) Cycle: 
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Figure (2-12): Brayton Cycle. 

 

Compression ratio: 
2

7

v
v

rc   

Pressure ratio: 
1

2

P
P

rp   

 


 

  23

14

23

14
1

.

.
11

TT

TT

TTC

TTC

Q

Q

p

p

A

R

Braytonth








  

    1
2

11
3

4 &   

cc r

T
T

r

T
T  

 

 

   












1

1

23

1
2

1
3

1
1

;

1
11
























p

th

c

cc

th

r

also

rTT

r

T

r

T

 

 

 

 

 

The Actual Cycle 
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 The actual cycle experienced by the internal combustion engine is not in 

the true sense thermodynamic cycle. An ideal air-standard thermodynamic cycle 

occurs on a closed system of constant composition. This is not what actually 

happens in an IC engine and for this reason air-standard gives a best only 

approximations to actual conditions and output. For actual cycle the efficiency is 

lower than the ideal efficiency and this duo to the following losses: 

1) Losses duo to variation of Specific Heats with Temperature: 

All gases except monatomic gases show an increase in specific heat at 

high temperatures. 
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2) Dissociation Losses: 

Dissociation increases with increasing temperature, also considerable 

amount of heat is absorbed. This heat will be liberated when the element 

recombine as the temperature falls. 
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3) Time Losses: 
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Burning in theoretical cycle is assumed to be completed instantaneously, 

while burning in actual cycle is completed in a definite interval of time during 

which there will be a change in volume (the burning combustion is completed 

during 40  of crank turn, i.e. 10  before BDC and 30  after TDC) and thus the 

maximum pressure dose not occurs sometime after TDC. 

 

 

4) Losses due incomplete combustion: 

Some fuel dose not burns or burn partially and thus CO and CO 2  or even 

fuel will appears in the exhaust gases. This is due hydrogenous mixture, i.e. 

excess air in one part of the cylinder and excess fuel in another part. 

Therefore, energy release in actual engine is about (90-93) % of fuel energy 

input. 

 

5) Direct Heat Losses: 

During the combustion process and subsequent expansion (power) stroke, 

heat will be loosed according to: 

a. From hot gases to cylinder wall to water or cooling fins. 

b. Heat into piston or cylinder wall carried away by engine oil. 

     *There for CP and Cv are not constant. 
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The cylinder pressure at the end of expansion stroke is about (3-5) bars 

know: 

a. If the exhaust valve is opened at BDC (point 4), the piston has to do 

work against high cylinder pressure. 

b. If the exhaust valve is opened too early (point 2), part of the 

expansion stroke is lost. 

c. The best compromise is to open exhaust valve   6040   before 

BDC, thus reducing the cylinder pressure to half way to 

atmospheric before the exhaust stroke begins: 

 Exhaust valve open at point (4) too late. 

 Exhaust valve open at point (1) too early. 

 The best is to open at point (2). 

 

 

 

7) Pumping Losses: 

These losses are due to pumping gas from atmospheric (low inlet pressure) to 

higher exhaust pressure. Pumping losses increase as a part throttle because 

throttling reduces the suction pressure also increases with speed. 

 

 

 

 

 

8) Rubbing Friction Losses: 

1  
2  

4  

oP
 



 57 

These losses are duo to: 

a. Friction between piston and cylinder walls. 

b. Friction in various bearings. 

c. Friction in auxiliary equipment as pumps (oil, water, fuel … etc), 

fans generators … etc. 

These losses increased with increasing engine speed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


