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Carnot Cycle model Nicolas

Dr A. French. September 2017 Léonard Sadi
Carnot
(1796-1832)

Input parameters

Hot reservoir temperature /Celsius 150

Cold reservoir temperature /Celsius 20

Mass of gas /g 1.00

Volume of gas at lowest volume and hightest pressure /litres 0.40

Volume of gas after isothermal expansion /litres 1.00

Degrees of freedom of molecular motion 3

Molar mass of gas /gmol*-1 28.966
Outputs

Heat input during isothermal expansion /kJ 0.111
Heat output during isothermal compression /kJ 0.077
Total work done by gas on surroundings /kJ 0.034
Entropy change during isothermal stages /JKA-1 0.263
Efficiency (work done / heat input) 0.307
Theoretical efficiency 0.307
n= 1_T_c Note all temperatures incorporated into calculations

T, will be converted to Kelvin first - i.e. add 273 to Celsius number.

Pressure, volume coordinates of heat cycle

pl 3.00
V1 0.4
p2 1.20
V2 1.0
p3 0.48
V3 1.73
p4 1.20
\'Z! 0.7

Note all pressures are quoted in atmospheres. 1atm = 101,325 Pa. Volumes in litres. T in K.

Reservoir temperatures in K

TH 423
TC 293
Number of moles of gas in engine 0.035
Ratio of specific heats gamma 1.667

Gas pressure /atm

Carnot Cycle
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Isothermal expansion

Adiabatic expansion

1.00

0.50

Isothermal compression

= Adiabatic compression

0.00

0.0

T T T

0.5 1.0 1.5
Gas volume /litres

2.0

V diff
fraction
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.2
0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.3
0.31
0.32
0.33
0.34
0.35
0.36
0.37
0.38
0.39
0.4
0.41
0.42
0.43
0.44
0.45
0.46
0.47
0.48
0.49
0.5
0.51
0.52

1to2 2to3 3to4 4to1

Isothermal Adiabatic Isothermal Adiabatic

expansion expansion compression [compression

¢] \" ¢] \' p \' p \'
2.996( 0.400( 1.198| 1.000|0.478| 1.735 1.196| 0.694
2.951| 0.406|1.184| 1.007|0.481( 1.724| 1.205] 0.691
2.908( 0.412(1.169| 1.015/0.484| 1.714( 1.213( 0.688
2.867| 0.418|1.155| 1.022]0.487| 1.703| 1.222( 0.685
2.826( 0.424(1.142] 1.029|0.490| 1.693( 1.231 0.682
2.787| 0.430(1.128| 1.037|0.493| 1.683| 1.240( 0.679
2.748( 0.436(1.115| 1.044]|0.496| 1.672 1.249( 0.676
2.711| 0.442]1.102| 1.051)0.499( 1.662| 1.258] 0.673
2.675| 0.448|1.089| 1.059]|0.503| 1.651| 1.267| 0.670
2.639( 0.454(1.077| 1.066]|0.506| 1.641| 1.276( 0.667
2.605( 0.460( 1.065| 1.073]0.509| 1.631| 1.286| 0.664
2,571 0.466(1.053| 1.081|0.512| 1.620( 1.295( 0.662
2.539| 0.472]1.041| 1.088]|0.516 1.610( 1.305| 0.659
2.507| 0.478]1.029| 1.096|0.519 1.599| 1.315] 0.656
2.476| 0.484]|1.018| 1.103]|0.522 1.589| 1.324] 0.653
2.445( 0.490( 1.007| 1.110]0.526| 1.579| 1.334| 0.650
2.416( 0.496(0.996| 1.118]0.529| 1.568( 1.345( 0.647
2.387 0.502|0.985| 1.125]0.533| 1.558| 1.355| 0.644
2.359( 0.508(0.974| 1.132]0.536| 1.547| 1.365( 0.641
2.331| 0.514]|0.964| 1.140|0.540( 1.537| 1.376] 0.638
2.304( 0.520(0.953| 1.147]|0.544| 1.526( 1.386( 0.635
2.278 0.526(0.943| 1.154|0.547| 1.516( 1.397( 0.632
2.252 0.532{0.933] 1.162]0.551| 1.506( 1.408 0.629
2.227( 0.538(0.924| 1.169]0.555| 1.495( 1.419( 0.626
2.203( 0.544|0.914| 1.176/0.559| 1.485( 1.430( 0.623
2.179] 0.550/0.905 1.184|0.563| 1.474( 1.441] 0.620
2.155( 0.556(0.895| 1.191]|0.567| 1.464| 1.453( 0.617
2.132( 0.562(0.886| 1.198]|0.571| 1.454( 1.465( 0.615
2.110f 0.568(0.877| 1.206]|0.575| 1.443( 1.476( 0.612
2.088( 0.574(0.868| 1.213]0.579| 1.433| 1.488( 0.609
2.066( 0.580(0.860 1.220]|0.584| 1.422( 1.500( 0.606
2.045| 0.586|0.851| 1.228]0.588( 1.412| 1.512] 0.603
2.024| 0.592]0.843| 1.235/0.592 1.402( 1.525| 0.600
2.004( 0.598(0.834| 1.242]0.597| 1.391| 1.537( 0.597
1.984| 0.604|0.826] 1.250{0.601| 1.381| 1.550{ 0.594
1.964| 0.610|/0.818] 1.257|0.606( 1.370( 1.563| 0.591
1.945| 0.616| 0.810| 1.264|0.610( 1.360( 1.576| 0.588
1.926] 0.622(0.803| 1.272|0.615| 1.350| 1.589| 0.585
1.908| 0.628(0.795| 1.279|0.620( 1.339| 1.603| 0.582
1.890( 0.634|0.787] 1.287|0.625( 1.329| 1.616| 0.579
1.872| 0.640|0.780] 1.294|0.630( 1.318| 1.630| 0.576
1.855| 0.646|0.773] 1.301|0.635( 1.308| 1.644| 0.573
1.838| 0.652|0.765| 1.309|0.640( 1.298( 1.658| 0.570
1.821] 0.658(0.758| 1.316|0.645| 1.287| 1.672f 0.567
1.805| 0.664(0.751| 1.323]|0.650| 1.277| 1.687| 0.565
1.788| 0.670|0.744] 1.331|0.655( 1.266| 1.702| 0.562
1.773| 0.676/0.738] 1.338(0.661 1.256| 1.717| 0.559
1.757| 0.682|0.731] 1.345(0.666( 1.245| 1.732| 0.556
1.742| 0.688|0.724| 1.353(0.672 1.235| 1.747| 0.553
1.727] 0.694(0.718| 1.360|0.678| 1.225| 1.763] 0.550
1.712| 0.700|0.711] 1.367|0.684( 1.214| 1.778| 0.547
1.697| 0.706| 0.705| 1.375|0.689( 1.204| 1.794| 0.544
1.683| 0.712|0.699] 1.382|0.695( 1.193| 1.811| 0.541




Diesel Cycle model
Dr A. French. September 2017

Rudolf Diesel
(1858-1913)

Input parameters

Temperature T1 of air draw into piston /Celsius 25
Low pressure state p1 /atm 1.00
Volume V1 of uncompressed gas /litres 1820
Volume V2 of compressed gas /litres 79
Volume V3 of compressed gas after isobaric heating /litres 170
Degrees of freedom of molecular motion 3
Molar mass of gas /gmol*-1 28.966
Outputs

Heat input during isobaric heating /kJ 4267
Heat output during isochoric cooling /kJ 710
Total work done by gas on surroundings /kJ 3557
Efficiency (work done / heat input) 0.834
Theoretical efficiency 0.834

EPT N it
=T y(s-1)

Note all temperatures incorporated into calculations

vV vV c will be converted to Kelvin first

r:\Ti Sz\Tz ng -i.e. add 273 to Celsius number.

Pressure, volume, temperature coordinates of heat cycle
pl 1.0
Vi 1820
T1 298 Single cylinder power output
p2 186.0 Engine RPM 84
V2 79.1 Power output /kW 4,980
T2 2410
p3 186.0 Number of cylinders 14
V3 169.7 Total power output /kW 69,717
T3 5168
p4 3.6
V4 1820.0
T4 1063

Note all pressures are quoted in atmospheres. 1atm = 101,325 Pa. Volumes in litres, T in K

Number of moles of gas in engine 74
Ratio of specific heats gamma 1.667
Constant volume specific heat capacity /Jkg*-1KA-1 431
Constant pressure specific heat capacity /Jkg”-1KA-1 718

Note real petrol engines have an efficiency of more like 20%, whereas diesels can be
up to 40%. In other words, significant losses!

Gas pressure /atm

200.0

180.0

160.0

140.0

120.0

100.0

80.0

60.0

40.0

20.0

0.0

Diesel Cycle

2

e 3

e 4

= Adiabatic compression

Isobaric heating

= Adiabatic expansion

Isochoric cooling

. ——

1000 1500

Gas volume /litres

2000

World's largest container ship in 2014
MV CSCL Globe

MAN B&W 12S90ME-C Mark 9.2 diesel engine. 69,720kW at 84RPM

Assume about 1820 litre

cylinder volume V1

Max compression ratio:

V1/v2 =23

V3 guessed at:

V1/10.726

Vorp
diff

fraction
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.2
0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.3
0.31
0.32
0.33
0.34
0.35
0.36
0.37
0.38
0.39
0.4
0.41
0.42
0.43
0.44
0.45
0.46
0.47
0.48
0.49
0.5
0.51
0.52
0.53
0.54

1to2

2to3

3to4

4to1

Adiabatic
compression

Isobaric heating

Adiabatic
expansion

Isochoric cooling

o] \'

p

p \'}

Vv

1.000] 1820.000

186.014

186.014| 169.681

3.566

1820.000

1.016] 1802.591

186.014

159.354( 186.184

3.540

1820.000

1.033]| 1785.183

186.014

138.322| 202.688

3.514

1820.000

1.050| 1767.774

186.014

121.404| 219.191

3.489

1820.000

1.067| 1750.365

186.014

107.569( 235.694

3.463

1820.000

1.085|1732.957

186.014

96.095| 252.197

3.437

1820.000

1.104| 1715.548

186.014

86.461( 268.700

3.412

1820.000

1.122] 1698.139

186.014

78.285| 285.203

3.386

1820.000

1.142] 1680.730

186.014

71.279] 301.707

3.360

1820.000

1.162| 1663.322

186.014

65.225| 318.210

3.335

1820.000

1.182| 1645.913

186.014

59.954| 334.713

3.309

1820.000

1.204| 1628.504

186.014

55.332] 351.216

3.284

1820.000

1.225| 1611.096

186.014

51.256| 367.719

3.258

1820.000

1.248] 1593.687

186.014

47.639( 384.223

3.232

1820.000

1.271| 1576.278

186.014

44.414( 400.726

3.207

1820.000

1.295| 1558.870

186.014

41.525( 417.229

3.181

1820.000

1.319] 1541.461

186.014

38.925| 433.732

3.155

1820.000

1.344] 1524.052

186.014

36.577| 450.235

3.130

1820.000

1.370| 1506.643

186.014

34.447] 466.739

3.104

1820.000

1.397| 1489.235

186.014

32.508| 483.242

3.078

1820.000

1.425| 1471.826

186.014

30.739| 499.745

3.053

1820.000

1.453| 1454.417

186.014

29.119| 516.248

3.027

1820.000

1.483| 1437.009

186.014

27.631| 532.751

3.001

1820.000

1 1410 rNnN

10 N1 A1

JUV.IJ I+

10V.vli+t

1L0.0VV

aNC NC1 rANn AC A

ERVAVS L J J710.9917

L.09VT

1020.000

949.565

186.014

124.406

9.758( 994.841

2.283

1820.000

932.157

186.014

125.311

9.494(1011.344

2.257

1820.000

914.748

186.014

126.217

9.241(1027.847

2.232

1820.000

897.339

186.014

127.122

8.999(1044.350

2.206

1820.000

879.930

186.014

128.028

8.767] 1060.853

2.180

1820.000




Otto Cycle model

Nikolaus Otto

Dr A. French. September 2017 (1832-1891) Otto Cycle 1to2 2to3 3to4 4tol
120.00 Adiabatic Isochoric Adiabatic Isochoric
compression |heating expansion cooling
Vorp
diff
Input parameters 100.00 fraction |p \' p Vv p \' p \'
Temperature T1 of air draw into piston /Celsius 20 ' T 0] 1.000| 1.000{ 46.416]0.100|100.000| 0.100{ 2.154|1.000
Low pressure state p1 /atm 1.00 0.01| 1.015| 0.991| 46.952|0.100| 86.621| 0.109]| 2.143|1.000
High pressure state p3 /atm 100 0.02| 1.031| 0.982|47.488]0.100| 75.892| 0.118| 2.131|1.000
Volume V1 of uncompressed gas /litres 1 80.00 0.03| 1.047| 0.973|48.023|0.100| 67.142( 0.127]| 2.120{1.000
Volume V2 of compressed /litres 0.1 0.04| 1.063| 0.964| 48.559|0.100| 59.901| 0.136| 2.108|1.000
Degrees of freedom of molecular motion 3 E e 1 0.05| 1.080| 0.955|49.095| 0.100| 53.834( 0.145| 2.097|1.000
Molar mass of gas /gmol”-1 28.966 < 2 0.06] 1.097| 0.946] 49.631]0.100| 48.693| 0.154| 2.085|1.000
% 60.00 o 3 0.07| 1.115| 0.937| 50.167(0.100| 44.295| 0.163| 2.074|1.000
Outputs o 0.08| 1.133| 0.928( 50.703]0.100{ 40.500| 0.172| 2.062|1.000
Heat input during isochoric heating /kJ 0.814 g e 4 0.09| 1.151| 0.919|51.238]0.100| 37.199( 0.181] 2.051}1.000
Heat output during isochoric cooling /kJ 0.175 © —— Adiabatic compression 0.1] 1.170| 0.910f 51.774|0.100f 34.309( 0.190| 2.039|1.000
Total work done by gas on surroundings /kJ 0.639 40.00 \ Isochoric heating 0.11| 1.190| 0.901| 52.310]0.100| 31.762( 0.199]| 2.027]1.000
Efficiency (work done / heat input) 0.785 0.12| 1.210| 0.892| 52.846| 0.100| 29.505( 0.208]| 2.016|1.000
— Adiabatic expansion 0.13| 1.230| 0.883] 53.382|0.100| 27.494| 0.217| 2.004|1.000
|Theoretica|efficiency 0.785 Isochoric cooling 0.14| 1.252| 0.874| 53.918(0.100| 25.693| 0.226]| 1.993| 1.000
20.00 0.15| 1.273| 0.865| 54.454(0.100| 24.074| 0.235| 1.981( 1.000
nzl_i 0.16| 1.296| 0.856| 54.989(0.100| 22.613| 0.244| 1.970( 1.000
r Note all temperatures incorporated into calculations 0.17| 1.319| 0.847|55.525]/0.100| 21.288( 0.253]| 1.958]1.000
[= Vi y= Cp. will be converted to Kelvin first - i.e. add 273 to Celsius number. 0.18| 1.343| 0.838 56.061| 0.100| 20.083| 0.262{ 1.947( 1.000
v, c, 0.00 | | ] N | 0.19( 1.367| 0.829| 56.597(0.100| 18.984| 0.271| 1.935|1.000
0 0.2 0.4 0.6 0.8 1 1.2 0.2] 1.392] 0.820] 57.133|0.100{ 17.978| 0.280] 1.924(1.000
Pressure, volume, temperature coordinates of heat cycle Gas volume /litres 0.21| 1.418| 0.811| 57.669|0.100| 17.054( 0.289]| 1.912|1.000
pl 1.00 0.22| 1.444| 0.802| 58.204(0.100| 16.205| 0.298| 1.900( 1.000
V1 1.000 0.23| 1.472| 0.793| 58.740(0.100| 15.421| 0.307| 1.889( 1.000
T1 293 Power per cylinder 0.24| 1.500| 0.784| 59.276(0.100| 14.696| 0.316| 1.877|1.000
p2 46.42 Engine RPM 6500 0.25| 1.529| 0.775| 59.812(0.100| 14.024| 0.325| 1.866 1.000
V2 0.100 Power output /kW 69.21979 Note real petrol engines have an efficiency of more like 20%, whereas diesels can be 0.26| 1.559| 0.766| 60.348]|0.100| 13.400( 0.334| 1.854|1.000
T2 1360 up to 40%. In other words, significant losses! 0.27| 1.590| 0.757| 60.884]0.100| 12.819( 0.343]| 1.843]1.000
p3 100.00 Number of cylinders 1 0.281 1 6221 07481 A1 419101001 12 2771 03521 1 83111 000
V3 0.100 Total power output /kW 69.22 0.2 00|
T3 2930 FORD MOTOR CO. 0.
o4 2 1.0L ECOBOOST 03
Ta 631 DOHC DI I-3 03
' 0.3
Note all pressures are quoted in atmospheres. 1atm = 101,325 Pa. Volumes in litres. T in K. D‘;g’::m"t Egﬂ:;ﬂg ﬁnl;ghwary: 0.3
Block / head material: Assembly site: 0.3
Number of moles of gas in engine 0.042 Hocar::m;a(';:‘é"ﬁz): gg?oi';‘?'rﬁ:‘:':n"‘;y: 0.3
Ratio of specific heats gamma 1.667 123 @ 6,000 rpm Application tested: 0.3
Constant volume specific heat capacity /Jkgr-1KA-1 431 T:?;ﬁ;.-n. G i A;:m?n':l Zs:::::tEnons 0.3
Constant pressure specific heat capacity /Jkg”r-1K”-1 718 @ 2,500 rpm Ford Focus, C-Max, 0. 00
Siacila et s Bt Eopor 0.41| 2.154| 0.631]68.385/0.100| 7.610| 0.469| 1.681|1.000
Bore % stroke: Asia/Pacific); EcoSport 0.42| 2.206| 0.622| 68.921(0.100f 7.373| 0.478| 1.670(1.000
Lo ANV Feae) 0.43] 2.261| 0.613[69.457[0.100] 7.147| 0.487| 1.658]1.000
10.0:1 0.44| 2.317| 0.604| 69.993(0.100| 6.932| 0.496| 1.646(1.000
0.45| 2.376| 0.595| 70.529(0.100| 6.727| 0.505| 1.635|1.000
0.46| 2.437| 0.586( 71.065]0.100f 6.532| 0.514| 1.623]1.000
0.47| 2.501| 0.577| 71.600]0.100f 6.346| 0.523| 1.612|1.000
0.48| 2.567| 0.568( 72.136]/0.100f 6.168| 0.532]| 1.600]1.000
0.49| 2.636| 0.559( 72.672]0.100f 5.998| 0.541| 1.589]1.000
0.5| 2.709| 0.550( 73.208|0.100f 5.835| 0.550| 1.577|1.000
0.51| 2.784| 0.541| 73.744|0.100f 5.680( 0.559]| 1.566|1.000
0.52| 2.863| 0.532| 74.280(0.100| 5.530| 0.568| 1.554(1.000
0.53| 2.946| 0.523| 74.815(0.100f 5.387| 0.577| 1.543|1.000
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