Ideal Gases and Heat Engines

The operation, and theoretical efficiency, of combustion driven piston engines (e.g. diesel or petrol fuelled) can
be analysed by considering charges to pressure, temperature and volume of the gaseous components. This
proceeds by accounting for the energy changes in the gas as a result of heat applied and work done
combined with the ideal gas equation, which relates the physical properties of the gas.

Ideal Gas Equation

pV =nRT

P Pressure in Pascals (Pa)
V  Volume / cubic metres

N Number of moles of gas
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Fahrenheit, Celsius and Kelvin scales

R Molar gas constant
8.314 Jmol-1K-1

T Temperature /Kelvin
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— Fahrenheit
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Temperature T /K

Boltzmann's constant

Internal energy of N
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An ideal gas assumes a large number of point
particles colliding elastically. It neglects any
short-range intermolecular forces resulting from
repulsion or attraction due to molecular
charges, and the fact that molecules have a
finite volume i.e. are not infinitely small! This
means a real gas is not infinitely compressible
whereas an ideal gas has no such limits.

: At latm = 101,325Pa, one mole of gas at I
| 20°C = 293K has volume :
| V=2.40x102 m? = 24 litres |

The Kelvin temperature scale (or
“absolute” scale) is proportional to the
mean kinetic energy of molecules.

U =3anRT
AI A

Number of degrees of freedom of
molecular motion (e.g « = 3 for
X,Y,Z translation)

1 mol = 6.02 x 102 molecules. So energy of a molecule is U = %ankBT

ks =R/6.02x10% =1.38x10 *JK™

Ideal Gas Equation in practical units

P 101305 | Y w1 |=8.314x L |xn
atm litres K

nx(T /°C +273)
(p/atm)= .
12.187(V / litres)

Special cases of the ideal gas equation:

Boyles’s Law. At constant P oc l
temperature, gas pressure is \Y%
inversely proportional to volume.  -|pV = constant

Charles’ Law. At constant VoT
pressure, gas volume is
proportional to temperature.

. \L = constant
T

p/atm

10 T

nx(T / °C+273)
(p/atm)= _
12.187(V /litres)

T =500°C

1 1 >V [ litres

30 40 50

Fahrenheit is a temperature scale, where 32° F is
the freezing point of water and 212° F is the boiling
point of water, defined at sea level at standard
atmospheric pressure (101,325Pa).

It was proposed in 1724 by Daniel Gabriel Fahrenheit.
0° F corresponded to the lowest temperature he could

cool brine (salt water) and 100° F was the average
human body temperature (37°C).

A more popular scale
is the Celsius scale,
with 0° C and 100° C
representing the
freezing and boiling
points of water at
standard atmospheric
pressure.

Anders Celsius
1701-1744

1686-1736

Daniel Fahrenheit

William Thompson
(Lord Kelvin)

Robert Boyle
1627-1691

1824-1907

Jacques Charles
1746-1823
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Heat, work and internal energy
of an ideal gas

X

dx

Consider a cylinder of gas
being compressed by a force F.
The work done on the gas by the force is:

dW = Fdx

The pressure acting upon the gas is:

and the volume change is:
dv =—Adx

AW = pr—d—V
A

dW =—pdV

If heat dQ is supplied to the gas
then the First Law of
Thermodynamics (that Energy in a
closed system is conserved) means
the internal energy change is

dU =dQ - pdV
dQ =dU + pdv

First Law

The internal energy for n moles of
an ideal gas is

U =3;anRT

The Ideal Gas Equation is
pV =nRT
U =1apV

Constant volume process
(isochoric)

Constant volume heat capacity for n moles

dQ
“=ar
~.dQ=C,dT
U=2anRT
~.dU =1anRdT
dv =0 i.e. no work done on gas
2.dQ=dU FirstLaw
= C,dT = 1anRdT
-{C, =3anRk

So for a constant volume
change, the heat capacity
is a constant for an ideal gas.

zlaR
2
M
Constant volume specific heat capacity.
M is the molar volume /kg

G,

Total amount of heat supplied to m kg of
gas is therefore:

Gas

Acetylene

Air

Ammonia
Argon
Benzene
Butane

Carbon dioxide

Carbon
Monoxide

Chlorine
Ethyl Alcohol
Fluorine
Helium

Hydrogen
Chloride

Hydrogen
Sulphide

Krypton
Methane
Natural Gas
Nitrogen
Neon
Oxygen
Ozone
Propane
Sulphur dioxide
Toluene
Xenon

Water vapour

M /gmol-?

26.04
28.966
17.02
39.948
78.11
58.12
44.01
28.011

70.906
46.07
37.996
4.003
36.461

34.076

83.80
16.044
19.00
28.0134
20.179
31.9988
47.998
44.097
64.06
92.13
131.30
18.02

Constant pressure process
(isobaric)

C = dQ Constant pressure heat capacity for n
P daT moles of ideal gas

~.dQ=C,dT

U=3anRT
~.dU =1anRdT

Since p =constant

pV =nRT Ideal Gas Equation
.~ pdV =nRdT
dQ =dU + pdVv First Law

~.C,dT =3 anRdT +nRdT
= C, =2anR+nR

C, =3anR

~JC, =C, +nR|  Mayer Relationship

Experimentally it is very hard to maintain a
constant volume as heat is added, so
constant volume heat capacity is difficult to
measure directly.

However, constant pressure heat capacity
is much easier to measure, as one can
allow volumes to change in order to
maintain equilibrium with the ambient
pressure.

The Mayer relationship is therefore very
useful in working out the constant volume
heat capacity from the constant pressure
heat capacity.

http://www.engineeringtoolbox.com/molecular-weight-gas-vapor-d_1156.html
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Heat supplied and work done for an
isobaric process

dQ =C,dT
-1Q=mc AT
c = C, C,+nR_1anR+nR
* nM nM nM
RCa+1)
C,=—t—>"
M
w = ~pdv
W =p(V,-V)| Since pis constant

The Mayer Relationship and y

Adiabatic (or isentropic) process
i.e. no heat added. Work done

is the sole cause of changes in
internal energy

U =2anRT
pV =nRT
~U=1apV

sdU =1ad(pV)
dU =1aVdp + 3 a pdV

dQ =0 This defines an adiabatic change
s.dU =—pdVv

dU =—pdVv

S2aVdp+iapdV =—pdV
1a+1)pdV =—1aVdp

Work done on gas for an adiabatic change

dW =—-pdV
W = pdv

W =—pV, jvvv v

B g

—y+1
wo_PV V] 4
1-7 |\V%

W =1apV, (\%j -1
0

W =Lapy, (\é} -1

pV7" = pVy
SLPp=pNVVT

CP
=P =142 . y-1=2
s 2 y-1=2

So work done by gas on the
surroundings is:

W — pOVO 1_(\ij71
y—1 \Y

(
(1+2)pdV =-Vdp
(
(

Constant temperature

1+2)InV =-Inp+k (isothermal) process
In(pV*? )=k dU 0
pV " = constant T = constant

dQ = pdV First Law

pV’” = constant

pvy =Py oy

C,=C, +nR
&:1+B
CV CV
C, =3anR
&=1+ nR
C, +anR
y:&:C_P=1+l
C, ¢
%‘%Jri
4 M
C,=C, +nR ( _1)_5
C, _C, M AT
Mn Mn Mn _R 1
R CV_My—l
C=C +—
M c R ¥
M y-1

dQ =—dV Usingthe Ideal Gas Equation
\Y

Q:nRTIVVVldV

\
Q=nRTIn [\TOJ

Heat supplied to gas

Work done on gas

dW =—pdV
W:—jpdv
W =-[dQ
W =-Q

W =nRT In (\ij
\Y
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Heat Engines Ideal gas equation  Mayer relation Between positions 1 and 2 Between positions 2 and 3 D, =ﬁ1 P, :ﬁ
_ V V.
pV =nRT _ C_P p1V1 = nRTH p V. =nRT. 2 s
Carnot Cycle ) V= vV 272 H B v Y
U =30mRT CV Qin = nRTH In -2 pV7 — p 4 . p: p ﬁ p3 = pz 2
Positions 1 to 2 Vi 2z 2l v Vv,
Isothermal expansion of an ideal gas at Vv
the hot reservoir temperature. Since gas \/ = constant _ 2 r1 nRT r
temperature, and therefore internal P vV W1,2 =nRT, In| == W, = pZ_VZ 1- \Q ¢ = ﬁ \Q
energy is constant, the work done by the Q=nRTIn| — 1 Coy-1 vV, V, vV, |V,
gas on the surroundings must exactly VO V = pV. =nRT. n
equate to the heat absorbed by the gas. PV =PV, = H T T V=
nRT rL_ THy L = 2
Positions 2to 3 sp= v H Vs T Vi3V T, v,
Isentropic (i.e. adiabatic or ‘no heat v _ ¢ ¢
added or lost’) expansion of the gas. The pV = constant
work done by the gas on the PV A Between positions 3 and 4
_surroundlngs is powered by the loss of W =g Yo V. —RT Carnot cycle: TH - 90°C, TC - 20°C, V1 - 0.1m3
internal energy of the gas as it cools y=1 v PsVs =Nl W = 13.9266kJ, Q= 72.2194kJ, Efficiency = W/Q_ = 19.2837%
from the temperature of the hot reservoir I\ T ¥ T e , Eficiency = in~ % ©
to the temperature of the cold reservoir. V. 11 |
\ Qe =NRT: In (\Tsj (p,, D) — Isothermal expansion
Positions 3to 4 . Work done by the ideal 4 0 X\ * Isentropic expansion H
Isothermal compression of the gas. In gas on the surroundings V \\.\ —— Isothermal compression
order for the temperature, and hence the W. =-nRT.Inl = gl \» —— Isentropic compression ||
internal energy, to remain constant, the 3.4 c = \ AN W = <ﬁ pdV
heat lost by the gas to the cold reservoir 4 B 8F N\ N ,
must equate to the work done on it by pV =p V. =nRT = RN Work dor_le by_ the gas on the
the surroundings. 3’3 ¢ o 7| \ N Q. surroundings is the area |
NRT, £ \ l/ enclosed by the cycle
Positions 4to 1 SP= v a 6l \ g |
Isentropic compression of the gas, g:’ Vo) \ Vi
heating it from the temperature of the o p ,— . ™~ pz-_2
cold reservoir to the temperature of the Between positions 4 and 1 Sr 4 vV, S \A 1
cold reservoir. l/ —_ v
p,V, =nRT, 4r Q.. ~_ 0.,
Assume we have n moles of ideal gas, none of which V4 r ; ‘ \‘j\\ 3 \,1
are lost in the process. Input parameters are: DV7 =p, 4y SPp=p, V 31 1.5 2 25 3
T,, Hot reservoir temperature (Kelvin) Volume V IV,
y-1
Tc Cold reservoir temperature (Kelvin) W = p4V4 1 (Va J
41— SN
V :V1 Volume of gas at position 1 in the cycle 4 -1 Vl
V =V, Volume of gas at position 2 in the cycle Vv, g nRT, nRT.(V, !
PR T T Y
These two volumes are derived from the other inputs: 1 1 4 1
1 . .
V =V, Volume of gas at position 3 in the cycle T T V1 Nicolas Léonard
Vit CHy ot oy | CH \Vj Sadi Carnot
V =V, Volume of gas at position 4 in the cycle 4 - ! 4 A 1| Tocomplete the cycle (1796-1832)
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Carnot engine cont.... T V4 T )4 v,
V, = (_HJ V, Vv, = (_H] vV, pV,=nRT, pV,=nRT, pV,=nRT, pV,=nRT. Q,=nRT,In v
Total work done is: Te T . . 1
Vz_Tcﬁ V4_THﬁ \ﬁ_\i
w =3[> pdV =W,, +W, , +W, , +W,, v —[TH volT VTV
W =nRT, In| 2 |+ P2 1—(\£JH R, |n(£)—p4—v“ [\QJ” -1
- H C
Vi r-1 3 4 7= M The efficiency of a Carnot heat engine can be more simply derived by
1oyt 1oyt consideration of Entropy S. This is a measure of disorder in a substance.
V. NnRT T. ) V. nRT, T, |*
W =nRT, In V—z + 7_; 1- (T—C] —NnRT, "{V—ZJ_—}/_i [T_HJ -1 The Second Law of Thermodynamics states for any change, the total
! H ! ¢ amount of Entropy in the Universe must increase.
d
W = nRT. In Vv, N nRT, 1 T, J 1RT In[VZJ NRT. LTH lJ If heat is added in a reversible process: [dS =?Q
- H Ve D | C VT
Vi y-1 Ty Vi y=1{Te For the Carnot cycle, the isentropic stages have no heat change hence they are at constant
V,) nRT, nRT. nRT, nRT, Entropy. (Note this a_lpplies to the ideal gas, the surroundings WiII_change in entropy due to the
W= nR(TH —TC)In V_ + 1 - 1 - 1 1 exchange of work with the ideal gas). We cannot create entropy in the cycle for the gas, as the
AN A A A cycle returns to the original state (p;,V,, T,,), and Entropy is a scalar function of state (i.e. like
W R(T T )I (Vz J potential energy — the path does not matter). The (S,T) curve for the cycle is therefore a rectangle.
=n nle)INf o
V, )
! In the isothermal stages, temperature is a constant, so in both cases AS = & = % 3nR In[\ij
H C 1
Define heat engine efficiency as the ratio Carnot cycle: T, = 90°c, T.= 20°C, Vv, =01 m®
of Work done by the gas to the heat input W = 13.9266kJ, Q= 72.2194kJ, Efficiency = W/Q, =19.2837% From the First Law of Thermodynamics
n= ﬂ Since the temperature du = dQ - pdV ~1dU =TdS — pdV
Qin range cannot go beyond 2 ]
v the range of reservoir 80~ ] Over the whole cycle the internal energy doesn't
temperatures, the Carnot change, so the work done by the gas is:
nR (TH _Tc ) In [VZJ cycle represents the L g y g
_ 1 most efficient way of o BO-
7 (VZ j extracting work given an g Isothermal expansion W= C'[) v = qSTdS
nRT, In| = amount of heat input.* @ _ ! >
Any other process would e Isentropic expansion | vV
' occupy less area in the §40 —— Isothermal compression W =(T, -T. )AS 5(T,, —Tc)nR1In V_z
n= TH _Tc S, T diagram. = —— Isentropic compression 1
T i
- : . 20 (T, =T )nRIn Ve
_1_ T_C The Carnot Engine efficiency _ w \ T,
7 T, depends only on the reservoir 0 ‘ | ‘ . SN= Q_ = v T 7
temperatures. 0 50 100 150 200 " nRT, In[ZJ "
Entropy change of ideal gas 1K! V1
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General notes regarding the Second Law of Thermodynamics, and the maximum possible efficiency of heat engines

It is possible to bound the efficiency of any heat engine using (i) the law of conservation of energy and (ii) the Second Law of Thermodynamics. That the upper bound of
efficiency equates with the efficiency of the Carnot engine is perhaps an even stronger justification of the statement that a Carnot engine is the most efficient scheme
possible, if indeed it could be practically realized.

Any heat engine is essentially flow of heat from a hot reservoir to a colder one. By a reservoir we mean a thermal mass that is so large that it will not change
temperature when the heat we associate with our engine is taken from or added to it. The difference in heat taken from the hot reservoir, and the heat transferred to the

cold reservoir, is the maximum possible work W done by the engine. This must be true to satisfy the law of energy conservation, or the First Law of Thermodynamics.

First Law: |Q,, =Q,, +W

Hot reservoir

The Second Law of Thermodynamics states that for every change there can never be an overall decrease
in Entropy. For our idealized system, this means the loss of entropy of the hot reservoir must at least be

compensated for by the gain in entropy of the cold reservoir.
Qin
AS,, = _Qu Entropy changes of Combining with the Define engine efficiency:
Heat Engine SW Ty hot and cold reservoirs First Law expression: W
ou A 77 =<
ASCZ& —$+%20 Qin
Quut Te T, T. T
) _ S——=+1-1n2>0
w Asmm = ASH + ASC = —% + % Qout - Qin -W TH n
H ¢ . _% + Qin _W > O TC
AS,., 20 | Second Law: " T, T. sm<i- o
H
Te Q0 Qu s 1 W
T, Tc 1 Q,
SLm—+—0 >0 So since the Carnot engine has
e Tt T T, Te efficiency
Notes on reversibility T W
A reversible heat engine is one which is assumed to operate at thermodynamic - +1-—2>0 n= 1_T_c
equilibrium at all times. The ideal gas equations, and associated relationships, hold Th Qi T,

and there are no losses due to friction etc. In other words, the differential form of the

|

|

|

|

|

I . . . .
: First Law holds at all times; i.e. where changes dU in internal energy are fully accounted this is as efficient as
|

|

|

|

|

thermodynamics allows, so the
Carnot cycle is (one example*) of
the most efficient heat engine
possible.

for by heat change dQ and work done dW = -pdV. This means that there is no net

internal energy and indeed entropy change over the complete cycle. This means the

‘ideal’ cycle could be run in reverse without breaking the Second Law, since a zero net
I_entropy change is permitted.

*A Brayton Engine (adiabatic compression, isobaric heating, adiabatic expansion, isobaric cooling) has a Physics topic handout - Ideal gases & heat engines Dr Andrew French. www.eclecticon.info PAGE 6
similar theoretical efficiency as a Carnot Cycle.
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Heat Engines - Rectangular p,V cycl

e

Rectangglar p,V cycle

T, = 300°C, T,=873

- - 0,
, T,=300°C, T,=1357C

W = 50.6625kJ, Qin = 329.3062kJ, Efficiency = Wl'Qin =15.3846%

22 ‘ : :
5 (pl’vl) (pl’VZ) |
— |sobaric expansion
18 Isochoric cooling
£ ' —— Isobaric compression
® —— Isochoric heating
o 16r 1
)]
5
D 1.4-
o
o
1.2F J
|
(ps,Vl) (p3,V2)
0‘ L L L L 1 L
8.4 0.5 0.6 0.7 0.8 09 1 1.1
Volume V /m®
900 T . T T :
/12
800 / J
700+ —— Isobaric expansion 1
O 600 Isochoric cooling P |

—— Isobaric compression

[&)]
o
o

—— Isochoric heating

13
200} - -~

/ ol
100 e

Temperature /°
oS
o
o

W
o
o

-800 -100 0 100

200

Entropy change of ideal gas 1K'

Assume we have n moles of ideal gas, none of which

are lost in the process. Input parameters are:

T1 Gas temperature at position 1 in the cycle

P, Pressure at position 1 in the cycle
P; Pressure at position 3 in the cycle

V :Vl Volume of gas at position 1,4 in the cycle

\ =V2 Volume of gas at position 2,3 in the cycle

300 400

Note Carnot efficiency
| for this heat engine

would be
fas E R
+
L

Between positions 1 and 2

Between positions 3 and 4

p=p, p=p, ¥_ - \VL
V 1 1
p1V1 = nRTl =n= pl_vl p3\/2 — nRT3 :>-|-3 _ PsVs
; nR T, _ P
Q., =NMc, (T2 _Tl) Heat input to gas Q,, =nMc, (T3 —TA) Heat output from gas T, - P,
W, =p(V,-V,) Work done by gas W, =—ps(V, -V,) Work done by gas T, v,
T, dT T (T daT _ T, TV
AS,, = . nMcp?ancp In(T_ZJ AS,, —L3 nMc, T =nMc, In{T3 3 V2
: L_n
Between positions 2 and 3 Between positions 4 and 1 T P
V=V, V=V,
p.V. pV, c
pV, =NRT, =T, = anz p3V1=nRT4:>T4:ﬁ y:a"zuz
Q2,3 =nMc, (Tz _Ts) Heat output from gas Q4‘l =nMg, (T1 —T4) Heat input to gas _,aR
W,,=0 Work done by gas W,,=0 Work done by gas & =2 M
_ame 9T T noodT T, _R 1
AS,, _LZ nMc, T =nMc, In[fj AS,, :LA nMc, T nMc, In(fj & M y—1
= 1
Net heat input Net work done by gas M y-1
Q, =0, +Q,, W =W, +W,, +W,, +W,,
Q, =nMc, (T, ~T,)+ M, (T, ~T,) W= Vs ) Rell )
nM nM Wz(pl- pa)(vz 'Vl)
Qin = ﬁcp(plvz - p1V1) +ﬁcv(plvl - p3V1)
M Engine efficiency
Qin =F{plcp(vz —V1) +V1Cv(p1_ ps)} n:ﬂ: (pl- ps)(v2 _Vl)
Q - (V —V)-i-L( - ) Qin Lpl(VZ _V1)+ Vl (pl_ps)
in_}/—l pl 2 1 _1 pl p3 7/_1 }/_1

y= 1 4] N \'A
7_1 P, - Py

(V, -vl)} 71
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Heat Engines — The Otto cycle

The Otto Cycle is the basis of spark-ignition
piston engine, which is essentially how a typical
petrol driven engine operates.

Positions 0-1:
Air is drawn into piston/cylinder arrangement at
constant pressure.

Process 1-2
Adiabatic (isentropic) compression of the air via a
piston.

Process 2-3

Constant-volume heat transfer to the working gas from
an external source while the piston is at maximum
compression. This process is intended to represent the
ignition of the fuel-air mixture and the subsequent rapid
burning.

Process 3-4
Adiabatic (isentropic) expansion (power stroke).

Process 4-1
Constant-volume process in which heat is rejected from
the air while the piston is at maximum expansion.

Process 1-0
Air is released to the atmosphere at constant pressure.

Assume we have n moles of ideal gas, none of which
are lost in the process. Input parameters are:

P, Pressure of gas at position 1 in the cycle

P; Pressure of gas at position 3 in the cycle

Vl Volume of gas at position 1 in the cycle

V2 Volume of gas at position 2 in the cycle

T1 Temperature of gas at position 1 c, = E 1
in the cycle M y-1
c aR

y=—"r=1+2 & =3, cpzi—y
C, M y-1

Between positions 1 and 2

. prl
V,=nRT, ..n=—"=
pl 1 1 R-I-1
vV 14
pVy =P 1y Sp= pl(vlj
y-1
W. . = plvl 1_(&}
1,2
r-1 Vz SN

Q.,=0 AS,=0

Between positions 2 and 3

Between positions 4 and 1

To complete the cycle

V =V,

_ Heat output
Q4,1 = nIVICV (T4 _Tl) via exhaust
W,, =0

y — 4
p22 _pll

V Ve
SR =R (_lj
2

V.

7 — 7
p32 _p41

P,=P ﬁy
4_3\/1

AS,, = f:l nMc, dT—T =nMc, In(l—lj

4

-ve since work
is being done
on the gas

Qtto cy

o cycle o o
T1 =20"C, T2= 192.1085°C, T3= 1192°C, T4= 649.8922°C
W =191.9293kJ, Qin = 518.6724kJ, Efficiency = W/Clin = 37.0039%

V =V,
p,V,
PV, =nRT, =T, =ﬁ

PV,
V,=nRT, =T, =
PsVs 3 "R

W,,=0

sz3 = nM(:V (T3 _Tz) Heat input to gas

via spark ignition

AS,, = J: nMc, dT—T =nMg, In (::_-ij

Between positions 3 and 4

A
nR

p,vV, =nRT, .. T, =
V 4
PV =pV, . p= ps(_zj

\Y
Vv v,
w,, = P2 | Y2
' 7_1 V1

Q,=0, AS,,=0

(P.,V,) | |
10 r *\ T
\ —— Adiabatic compression
8 AN Isochoric heating |
\ . . .
c “_ | —Adiabatic expansion
. . .
© —— Isochoric cooling
o L . 4
o 6~ Qq Work done bhﬁa\
2 gas on the -
@ surroundings is the T~
£ 4 area enclosed by (P, V)
_‘Eh\e cycle W = Sﬁ pdV
2 T
2r ( pz 1V2) T Qout 1
S \7‘7R7 %
Il L 1 Il 1 Il ( pl ’Vl)
8.4 05 06 0.7 0.8 0.9 1 1.1
Volume V /m®
Qin = Q1,2 = nMCv (Ts _Tz) -
Qoul = Q4,1 = nMC\/ (T4 _Tl) ( ‘
Work done i =4
by gas

Nikolaus Otto
(1832-1891)

¥
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Otto eng

ine cont....

Define the
_ compression
Total work done is:
v
W = ¢ pdv V,
W =W, +W,,

y-1 y-1
VIV PO VA ' O A
A y-1 V,

I

N 1
W = _Zl{plr(l—r )+ p{l—mj}
\Y, 1 _ rt
W:}/_Zl(l— rV‘lj{plr(l_r“)[rr-l_l +
Y, 1
e s

From the previous page:

v, Y vV DV
p,=p| =+ TP g _PYe
? 1(V2J 2 nR : nkR

Qin = nM(:v (T3 _Tz)

in

R
C\/:_

M
M
R

nM VY
zn—;\/[ psvz - pl(\le Vz]

5 Qin

7 -
V. (ps—pr)
y-1

ratio

Define heat engine efficiency as the ratio
of Work done by the gas to the heat input

_w
79,
A e
Vo(ps—pir7)
y-1
1
n=1--3

So the Otto Engine efficiency
depends only on the compression
ratio, and the ratio of specific heats

c aR
p 2 —1
y==l+z G =30
c, M
_R 1
& M y-1
.- 7
My-1

Temperature /°C

(;)tto cycle

T, = 20°C, T,=192.1085°C, T, = 1192°C, T, = 649.8922°C

W =191.9293kJ, Qin = 518.6724kJ, Efficiency = W.’Qin = 37.0039%
(ps,V,)
10+ *\ 7
\ — Adiabatic compression
8 AN Isochoric heating |
AN . . .
E . | —Adiabatic expansion
s "l — Isochoric cooling
o - . 4
o 6 Qq Work done by the.__
s gas on the S~
o surroundings is the T~ |
g 4 area enclosed by - _ (p,\V)
Ehe cycle W = q‘) pdVv -
oL (P, V,) T Qe |
[ 1
1 L 1 L L (pl ,Vl)
8.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Volume V /m?
1200 . ' D
1000}
— Adiabatic compression
8ool Isochoric heating
— Adiabatic expansion
—— Isochoric cooling
600+ 8
400f - 1
200 | / _
./ . | .
-?OO 0 100 200 300 400 500 600

Entropy change of ideal gas 1K
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Heat Engines — The Diesel cycle

The Diesel Cycle is the basis of a diesel engine, which is
ubiquitous in transport applications. Unlike petrol-driven
engines, diesel variants are more suited to heavy machinery.
They can be found powering most ships as well as trucks,
buses and cars.

Positions 0-1:
Air is drawn into piston/cylinder arrangement at constant
pressure.

Process 1-2
Adiabatic (isentropic) compression of the air via a piston.

Process 2-3

Constant-pressure (isobaric) heat transfer to the working gas
from an external source while the piston is at maximum
compression. This process is intended to represent the
ignition of the fuel-air mixture and the subsequent rapid
burning. This is different from the Otto cycle, which is constant
volume (isochoric) heating during this stage. In the Diesel
cycle, the heat generated from air compression is sufficient to
ignite introduced fuel vapours. In the Otto cycle a spark plug is
used instead to ignite the fuel.

Process 3-4
Adiabatic (isentropic) expansion (power stroke).

Process 4-1
Constant-volume process in which heat is rejected from the air
while the piston is at maximum expansion.

Process 1-0
Air is released to the atmosphere at constant pressure.

Assume we have n moles of ideal gas, none of which
are lost in the process. Input parameters are:

P, Pressure of gas at position 1 in the cycle
Volume of gas at position 1 in the cycle
Volume of gas at position 2 in the cycle

Volume of gas at position 3 in the cycle

Vl
VZ
V3
Tl

Temperature of gas at position 1
in the cycle

=Lt=1+2
Y c, « 2°M

Between positions 1 and 2

. A4
V,=nRT, ..n=
PV 1 RT

1

v Y
pvy =P 1y Sp= p1(vlj

y-1
W1 , = plvl 1-— ﬁ
coy-1 \Y, AN

Between positions 4 and 1

To complete the cycle

V =V,

Heat output

Q4,1 = nIVICV (T4 _Tl) via exhaust

W,, =0

AS,, =JTT:nM<:v qr—T:nMcv In

Tl

P, 272 Py 1y P, 3y: P, 1y
Vv, ) V

SR =R S| [ Pa= R
2 1V2 4 2V1

¥

4

™~ -ve since work

is being done .
Q,=0, AS,=0 o Diesel cycle
A2 =2 on the gas T,=20°C, T, =380.8128°C, T, = $166881°C, T , = 413.4605°C
W =172.7357kJ, Qin = 376.835kJ, Efficiency = W/‘Qin =45.8386%
Between positions 2 and 3 8l : ‘ . .
p=p, pzavz)‘ Q \(pz V;)
L 2] 3 .
p,V, =nRT, =T, = p2_V2 ! —— Adiabatic compression
nR 6 Isobaric heating i
B AA c ' Adiabatic expansion
pV; =nRT, =T, = R B 5 \\_\ —— Isochoric cooling i
Q,,=nMc, (T3 _Tz) Heat input to % \"\\
' gas during S 4r AN Work done by the}a& ]
W2 =P, (V3 _Vz) combustion a ._on the surroundings is ™ _
' E 3l the area enclosed by T ]
p dT T. the eycl T
AS,, = IT nMc, — =nMc, In (—SJ e\sygf\ W = pdv —(PeV0)
T T T, ol S~
1 | T
Between positions 3 and 4
. AA 0.2 0.4 06 0.8
V, =nRT, .. T, =—2%
P.Vy A Volume V /m®
V Ve
pV7=pV . p=p, (ﬁj Q. =Q1,2 =nMc, (Ts _TZ)
v vV 7-1 Qoul = Q4,1 =nMg, (T4 _Tl)
W. = P.Vs 1-| =2 Work done
oy v, by gas
Q3,4 =0, ASBA =0 Rudolf Diesel

(1858-1913)
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_ . Diesel cycl
Diesel engine cont.... Define the From the previous page: T, = 20°C, T, = 380.8128°C|,e ie =c§%66.6881°0, T, = 413.4605°C

work d compression ratios v. Y W =172.7357kJ, Q_ = 376.835kJ, Efficiency = W/Q,_ = 45.8386%
Total work done is: =pr’
w I r:ﬁ s:V—3 V>V3>V p P ] p.r 8 v Q \ (p Vj T ]
W :¢ pdV Vz V2 “lr>s T _ p2V3 T = p2V2 , Pz, )‘.\ *\ 21 V3
W =W . +W,. +W. L L —— Adiabatic compression
12 T Vo3 TV, 6 Isobaric heating i
7-1 7-1 \ . . .
V v A V —— Adiabatic expansion
W = pl—;-[l— (V—lj J+ p, (V -V ) pz—{l— (V—gj ] Define heat engine efficiency .._% 5/ \ —— Isochoric cooling |
r- 2 r- 1 as the ratio of Work done by the & \\
~ gas to the heat input p \
v, r r S 4r . Work done by the}a\ 1
w i\ (1 r’ 1) +p,rv, (S 1) hS 1- Ej % \\\ on the surroundings is
y-1 y-1 r W g 3l the area enclosed by S~ |
V 771 77 - Q_m thewgl? W — @ pdV \ (p4 ’V )
w =P r(1-r)+r (s=1)(y -1)+r’s 1—(% Y 2- T
y-1 r 1t {r(l— s")+17 (s —1)7/} — l Quy
r—1 1 o
P " (Vi) |
W =2 fr— " 417 (s—-1)(y —1)+ r's—s'r} 7 (s=1)py, | | , P,V
y-1 y-1 0.2 0.4 0.6 0.8 1
3
W= plvzl{r(l §)+17 (s=1)(y=1)+ 1 (s-1)} _{r@-s)+r(s-1)7| Volume V /m
7; — yr7 (s-1) 900 : . | .
_ 2
W_y—l{r(l §)+r"(s-1)y } L r(s’—l) 800L |
r(s-1
Y ( ) 700 —— Adiabatic compression ]
Q, =nMc, (T, -T 3 1 s’ -1 | Isobaric heating ]
P ( o )7 n=1- 7t 7/(5 _1) ch 600 —— Adiabatic expansion
_ Mg, o Vi (v, ~V,) %’ 500~ —— Isochoric cooling |
in nR 1 V2 3 2 E
8 400+ ]
c, aR aR The Diesel engine is typically £ /
y=—=1+2 ¢, =3— . .C=)C, =3y— more efficient than a petrol (Otto) 2 300+ - -
G M M engine since the former
Mc y works on the basis of self ignition 200+ / 1
e = %}/0! =—" due to high compression. This _—
R -1 ‘knocking'’ is undesirable for petrol 100+ / i
] 7 engines, so a lower r value is
1Q =——r"(s-1)pV : ' ' : ' '
Qr 7-1 ( P.Y required. oo 0 100 200 300 400 500
Entropy change of ideal gas 1K
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o Qtto cycle o o
T1 =20°C, T2= 192.1085°C, .- 1192°C, T4 = 649.8922°C

Comparing Otto and Diesel heat engines W = 191.9293kJ, Q = 518.6724kJ, Efficiency = W/Q = 37.0039%
C
= _P = 1+ 2 Y T T
r=i s:V—3 4 Y ‘ 10f (pB'XZ) .
Vz Vz R - - -
c, = Lan \ — Adiabatic compression
Z M gl Isochoric heating |
0 0.2 0.4 06 0.8 1 e "\ |~ Adiabatic expansion
. . . - - - _ o [ X 4
Diesel cycle efficiency n W/’(..'lin M y-1 o 6 Q, Work done bhé\\
SN0V >V >V, e c_R 7y 2 gasonthe S
-~ : : : : =— o surroundings is the ~
<° 5b P F My-1 & 4 area enclosed by \\ (p,, V)
f : ‘ ~_the cycle w :qs pdV
(%) \
1 2 3 4 5 86 7 8 9 10 ol (PVe) e
Otto cycle efficiency n = WlClin
1 ; 1 ‘ ‘ 1 ; 1 ‘ ‘ 84 o5 06 07 o8
: ‘ ! : ‘ Volume V /m*

o 0Diesel cgcle o o
T1 =207C, T2 =380.8128"C, T3 =816.6881°C, T4 =413.4605"C
W =172.7357kJ, Qin = 376.835kJ, Efficiency = W/Qin =45.8386%

-
N
w
.
[o2]
~l
oo -
©o

0 1 L i \ 8F T T ]
VA 10 P,,V, )\ Qs *i( P,:Vs)
r= \
172 F \ 3 4
! ‘ —— Adiabatic compression
W Diesel 6- \\ Isobaric heating - |
n=— PV, e \ —— Adiabatic expansion
Q. w =#{r(l—sy)+ r” (S—l)}/} s \ —— Isochoric cooling ]
1( s-1 _1 o \'\
=1 — v el . Work done by the'gas l
Nasn =1 rr [;/(S —1)] Q.= _ r’ (S _1) PV, ﬁ 4 . on the surroundings i
Ve 0 3 “the area enclosed by ~
1 o 3¢ the cycle y
Motto L Otto %\ W =q‘> pdV ~ (P,
Y, 1 ) 2/ T~ 4 Qy |
W= y_l[l— r“j(ps— ) | B
V2 ( p; — plry) . j . (p11V1)
Q.= — 1 0.2 0.4 0.6 0.8 1
4 Volume V /m®
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