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Introduction
=

o1 The Three Thermodynamic Analysis of IC Engines are

Ideal Gas Cycle (Air Standard Cycle)

® |[dealized processes

® |dealize working Fluid
Fuel-Air Cycle

® ldealized Processes

m Accurate Working Fluid Model
Actual Engine Cycle

® Accurate Models of Processes

® Accurate Working Fluid Model



Introduction
S

1 The operating cycle of an IC engine can be broken down into a

sequence of separate processes

» Intake, Compression, Combustion, Expansion and Exhaust.

1 Actual IC Engine does not operate on ideal thermodynamic cycle that

are operated on open cycle.

0 The accurate analysis of |IC engine processes is very complicated, to
understand it well, it is advantageous to analyze the performance of an

|dealized closed cycle



Air Standard Cycles

Air-Standard cycle differs from the actual by the following

1. The gas mixture in the cylinder is treated as air for the entire
cycle, and property values of air are used in the analysis.

2. The real open cycle is changed into a closed cycle by assuming
that the gases being exhausted are fed back into the intake
system.

3. The combustion process is replaced with a heat addition term
Q,, of equal energy value



Air standard cycles
o

4. The open exhaust process, which carries a large amount of

enthalpy is denoted by Q_ . of the equal energy value

out

5. Actual engine processes are approximated with ideal

processes

The almost-constant-pressure intake and exhaust strokes
are assumed to be constant pressure.

Compression strokes and expansion strokes are
approximated by isentropic processes



Air Standard Cycles Assumption

I I ————————

<. The combustion process is idealized by a constant-volume

process (Sl cycle), a constant-pressure process (Cl cycle),
or a combination of both (Cl Dual cycle).

d.  Exhaust blow down is approximated by a constant-volume
process.

e.  All processes are considered reversible.



Charles Law
=

1 For an ideal gas, volume is directly proportional
Kelvin's temperature, if moles of gas and pressure
are constant.

0V «T If n and P are constant

11 Decreased temperature = Decreased volume

0 Increased temperature = Increased volume



Gay Lussac’s Law
xm

01 The pressure of an ideal gas is directly proportional
to the Kelvin temperature of the gas if the volume
and moles of gas are constant

0 P «T if n and V are constant

1 Decreased temperature = Decreased pressure

0 Increased temperature = Increased pressure



ldeal Gas Law

Combining Boyle’s and Charles’ laws allows for developing a
single equation:

Pv=RT

Where the constant of proportionality R is called the gas constant.

The gas constant R is different for each gas and is determined

from: R = EA—U [kJ /kg.K]

Ru is the Universal gas constant and M is the molar mass (molecular weight)



Polytropic Process
I

1 During Expansion and compression process,
pressure and volume are often related by:

PV'=C or P=CV™

Where C is a constant, and n is a value between 1.0
and 1.4.

1 Assuming the combustion chamber is perfectly
insulated (adiabatic), n=k=1.4. For an isothermal
process, n=1.0.



Isentropic process

For an ideal gas k is constant.

PV X

C

P,

R

o

Vi

Vv,

i

Using the equation of state for an ideal gas,

PV =mRT

TVt =C

1-k

TP *

C




Isentropic work

Work done during isentropic Process becomes:

V2—n+1 _Vl—n+l _ P2V2 . F)lvl

W :IZPdV =J'2CV‘”dV —C
1 1 —Nn+1 1-—n

For an ideal gas this equation can be written as:
P = pRT
dh = cpdT
du = c,dT




Specific heat constants

When analyzing what occurs within engines during the

operating cycle and exhaust flow, the following air
property values are used:

C,=1.108 |[ki/kg-K
C, =0.821 |kJ/kg—K
k=C,/C, =1.108/0.821=1.35

R=C,—-C, =0.287 |kJ/kg—K]




Air properties

For processes such as inlet flow in superchargers,
turbochargers, and carburetors, and air flow through

the engine radiator, the following air property
values are used:

C,=1.005 [ki/kg-K
C, =0.718 |[kJ/kg—K
k=C,/C, =1.005/0.718 =1.4

R=C,-C,=0.287 |[ki/kg-K]




Otto Cycle
16

Point 6 to 1 - Intake » Point 3 to 4 — Isentropic Expansion

» Point 4 to 5 — Blow Down
» Point 1 to 2 - Isentropic Compression > Point 5 to 6 - Exhaust

» Point 2 to 3 - Constant-Volume Heat Input

| s |

Pressure, P
Temparature, T

Entrapy, s

Specific Volume, v



Intake Stroke

01 Starts with the piston at TDC

0 Constant pressure process at the inlet pressure of one
atmosphere.

7 In real engine process 6-1 will be slightly less than
atmospheric due to pressure losses in the inlet air flow.

01 The temperature of the dair during the inlet stroke is
increased as the air passes through the hot intake manifold.



Compression Stroke

It is an isentropic compression from BDC to TDC (process 1-2)

In real engine, the beginning of the stroke is affected by the
intake valve not being fully closed until slightly after BDC.

The end of compression is affected by the firing of the spark
plug before TDC.

In addition to increase in pressure there is also increase in
temperature due to compressive heating



Combustion Process

0 It is a constant-volume heat input process 2-3 at TDC.

0 In real engines combustion starts slightly bTDC, reaches its
maximum speed near TDC, is terminated a little aTDC.

11 Peak cycle pressure and temperature is reached at point 3
due to energy added to the air within the cylinder.



Power (Expansion) Stroke

0 High pressure on the piston face forces the piston back towards
BDC and produces the work and power output of the engine.

1 The power stroke of the real engine cycle is approximated with
an isentropic process in the Otto cycle.

1 The beginning of the power stroke is affected by the last part of
the combustion process.

1 The end of the power stroke is affected by the exhaust valve
being opened before BDC.

1 Values of both the temperature and pressure within the cylinder
decrease as volume increases from TDC to BDC.



Exhaust Blowdown

O

Exhaust valve is opened near the end of the power stroke

A large amount of exhaust gas is expelled from the cylinder, reducing the
pressure to that of the exhaust manifold

The exhaust valve is opened bBDC to allow for the finite time of
blowdown to occur.

The Otto cycle replaces the exhaust blowdown open-system process of the

real cycle with a constani—volume pressure reduction, closed-system process
4-50

Enthalpy loss during this process is replaced with heat rejection in the
engine analysis.



Exhaust Stroke
S22

1 Occurs as the piston travels from BDC to TDC.

1 Process 5-6 is the exhaust stroke that occurs at a
constant pressure of one atmosphere due to the
open exhaust valve.



Thermodynamic Analysis of Air-Standard Otto Cycle
I

1 Process 6-1-Constant-pressure intake of air at Po.

o Intake valve open and exhaust valve closed:

Pl — I:)6 — I:)o
Wy = Py (v, V)




Process 1-2- Isentropic Compression Stroke

- All valves closed

1/V) —T(l/vz)k_lz (c)k_1
1/V) _P( 1/V2) = (c)

C11—2 — O




Process 2-3- Constant — volume heat input (combustion).

All valves closed

V3 =V, = Vipc

W, ., =0

Qs 53 =Q; =M Qpy77c = mva(T3 _Tz)
— (ma + My )Cv(T?, _Tz)

Quvlc = (AF +1)Cv (T3 _Tz)

0, 3 =i, = Cv(Ts _Tz): (us _uz)

T3 — Tmax

P3 — Pmax




Process 3-4: Isentropic power or expansion stroke.
.2y

-1 All valves closed:

Q
II

0
= ( 3/V ) ( 3/V4) =T (]7/ C)k_l
( 3/V4) T = P3( 3/V4) T = 3(1/ C)k_l




Process 4-5: Constant-volume heat rejection (exhaust
blowdown)

1 Exhaust valve open and intake valve closed:

Vs =V, =V; =Vgpc

w, . =0

Q4—5 — Qout = Mm.C, (TS _T4): m.c, (Tl _T4)
Uss = Uout = CV(TS _T4): (u5 _u4): Cv(Tl _T4)




Process 5-6: Constant-pressure exhaust stroke at Po

1 Exhaust valve open and intake valve closed:




Thermal efficiency of Otto Cycle

Wl [

(77t)0TTo = ‘qin‘ = ‘qin‘

—1— Cv(T4 _Tl)

Cv(T3 _Tz)
—1— (T4 _Tl)
} (Ts _Tz)




Thermal efficiency of Otto Cycle

For isentropic compression and expansion strokes and
recognizing that v, = v,and v, = v,

(To/T) = (v /v,) ™ = (va v )™ = (T /T,)
Rearranging the temperature terms gives:

(T4/T1): (Ts/Tz)

Rearranging the above equation gives:
- T 3

Ml
(nt)oTTo:].—(Tz} T:;_ >

. T2




Thermal efficiency of Otto Cycle
S

1 Thus efficiency becomes:
(77t )OTTO =1- (Tl /T, )

11 Combining this with:

=T (Vl/vz )k_l =T, (Vl/VZ )k_l = Tl(rc )k_l

(77t )OTTO =ll= (1/ (Vl / vV, )k_l)




OTTO CYCLE

Spark ignition engine compression ratio limited by
T, (Auto ignition)
P, (material strength),

For r_ = 8 the efficiency is 56%

Cylinder temperatures vary between 300K and 2000K so 1.2 <
k < 1.4, k = 1.3 most representative

1.0
0.7+ 2 I | T
F‘ -
0.6 — 0B+ 3 -.t
é. 14 8
L aypieall £ 08} —{13 B
£ 0.4 ,_K compression g =
= ratios for ' 19 2
= 0.3+ gasolinel E 0.4 ™
- engines = %
0.2 i bl . ’g
0.1} g
I I I [ 0 | | | I
2 <4 6 8 10 12 14 0 5 10 15 20 o5

Compression ratio, » Cm’npmssinn ratio l:?'}



OTTO CYCLE

Factors Affecting Work per Cycle

The indicted cycle work of an engine can be increased by

either:
i) Increasing the r (1’2 2)
ii) Increase Qin (22 3")

W Qin rc
mep = = N
V,-V, V,lr -1

mp W Q.
Pl Pl(vl_VZ) I:)1\/1 I -1 o




OTTO CYCLE

1 The thermal efficiency of the

Otto cycle depends only on
compression ratio and

specific heat ratio

As expected the indicated

mean  effective  pressure
(imep) depends on heat
addition and compression
ratio

Indicalsd mean aelfective pressura

Indicaled afficiency { n)

(imepdfy)

1.0

0.8

0.8

0

o2

| ]
] - 10 15
Comprassion ratia ()

a & 10 15

Compressionmtio (r) vy=1.3

20

Specilic heal ratio (y)

Heal in



OTTO CYCLE

P
an mR—I—l V — m RT]_
mep = 77, 1 1 D
1-— 1

=Tl
1 c,T 1
o — {Rqu R=c,(y-1) " 1{1—}[%1]

Mep/p, is a function of heat added, initial temperature, compression ratio
properties of air, namely, cv and vy

Determine the relation for mep _ mep 1 1

mep/p3 P3 O 9 41
Clercy




Closing Thoughts on the Otto Cycle
o6 4

11 The Otto-cycle efficiency serves as an upper limit
to the efficiency of Sl engines.

0 In practice this efficiency is never achieved.

0 This theoretical analysis is flawed in that it ignores
friction and heat transfer.



P-V Diagram of a Sl Engine

) Combustion
{heat in)
Ignition
NN
a Expansion
o
a
g
[«
Exhaust opens
Compression
) Exhaust stroke
Atmospheric
ressure -
p 0 S~ Intake stroke =
Volume V
Clearance
volume - - Displacement -




Diesel Cycle
R

01 Fuel is injected into the combustion chamber very late in the
compression stroke

0 Due to ignition delay and the finite time required to inject the
fuel, combustion lasted into the expansion stroke

01 This keeps the pressure at peak levels well past TDC.

-1 Combustion process is approximated as constant-pressure heat
input in an air standard cycle



Indicator diagram of Cl engine

Pressure, P

Volume, V



Air=Standard diesel cycle

Entropy, s

1 'sinesadwa)

BDC

Specific Volume, v

d ‘aunssaly



Thermodynamic Analysis of Air-Standard Diesel
Cycle

1 Process 6-1-Constant-pressure intake of air at Po.

01 Intake valve open and exhaust valve closed:

Pl — P6 — I:)o
Wy = Py (v, - V)




Process 1-2- Isentropic Compression Stroke

- All valves closed:

T, =T, (Vl/Vz )k_l =T (Vl/VZ )k_l = Tl(rc )k_l
P, =R /v, ) = RN, =Rir,)
q1_2 =0




Process 2-3- Constant — Pressure heat input
(combustion).

All valves closed:

Qy 5 =Q; =M Quy77c = mme(Ts _Tz)
—(m, +m, )c,(T,-T,)

Quvlc = (AF +1)Cp(T3 _Tz)

4,5 =0, = Cp(TS _Tz): (hs — hz)

Wy 3 =0, 3= (us _Uz): Pz(Vs _Vz)

gy & Wi




Cut of ratio

Cut of Ratio (B): The change in volume that occurs
during combustion, given as a ratio.

From ideal gas equation P,V, /T, = P,V, /T, =
T3/T,=V3/V,,P3 =P,

p =V3/V2 :V3/V2 :Ts/Tz




Process 3-4: Isentropic power or expansion stroke.
T

- All valves closed:

Os-4

0
(V3 /V4 )k_l =T, (Vs /V4 )k_l
3(V3/V4)k — P3(V3/V4)k

T, =T,
P, =P




Process 4-5: Constant-volume heat rejection (exhaust
blowdown)

1 Exhaust valve open and intake valve closed:

Vs =V, =V; =Vgpc

w, . =0

Q4—5 — Qout = Mm.C, (TS _T4): m.c, (Tl _T4)
Uss = Uout = CV(TS _T4): (u5 _u4): Cv(Tl _T4)




Process 5-6: Constant-pressure exhaust stroke at P,

s

1 Exhaust valve open and intake valve closed:

P.=F =P,
Ws_g = PO(VG _Vs): PO(V6 _Vl)




Thermal efficiency of diesel Cycle

o4 4
Woet| . |Goud
= =]
"Tth, Diesel G A
—1— CV(T4 _Tl)
Cp(T3 _Tz)
(T4 _Tl)
k(Ts _Tz)

_ Tl(T4 /Tl _1)
TK(T,/T,-1)

PV, PV; T3 Vs

—} p— pr—
Iy ry; T, V; g

From combined gas law

Is = Tzﬁ



Thermal efficiency of diesel Cycle
=

From Isentropic compression
_ k—1
TE _ Tl (T'r:)

Substituting isentropic expression into expression obtained from combined law we
arrive at

T =T () 'p

From Isentropic Expansion

T.{l. VE k—1 VE VE k—1 1 k—1
5 (E) ST, =T, (EE) ST, = TE(EE)
N
T, =T,() P (5 _)
T::-



Thermal efficiency of diesel Cycle

1 With rearrangement, this can be shown to equal:

1 £ -1
(77t )Diesel =1-|— K 1
I'; (ﬂ_ )
0 Where: r. = Compression ratio
k = CP/CV
£ = cutoff ratio

Note the term in the square bracket is always larger than unity so for the
same compression ratio, r., the Diesel cycle has a lower thermal efficiency
than the Otto cycle

Note: Cl needs higher r_ compared to Sl to ignite fuel



Thermal Efficiency - Diesel cycle

The cut-off ratio is not a natural choice of independent variable, more
suitable parameter is the heat input, the two are related by:

k-1(Q ) 1
—1— in
ﬂ K (Plvl] er—l

Substituting the cutoff ratio equation into the thermal efficiency
equation for diesel cycle, it is possible to plot some curves




Thermal Efficiency - Diesel cycle

11 Higher efficiency is obtained _' | ! ' !
. Eﬂﬂ y=1.3 |
by adding less heat per : ol
cycle, Q. : :
[ i
E
7 In diesel engine the fuel N
o 1 i | ]
cutoff ratio depends on the § | -1 !
output maximum for 2. x| W
. 23 1L L
maximum output iy = I
E= ol 2 =
% 7| & — 10 E
E i "/‘-I'_-’-_-i_ | i~ ]
] 5 10 15 20 25

Compression ratio ()



DUAL CYCLE
e ..

0 Fuel is injected earlier in the compression stroke, around 20°
bTDC

0 Some of the combustion occurs almost at constant volume at
TDC similar to Otto Cycle

0 The fuel is being injected at TDC, and combustion of this fuel
keeps the pressure high into the expansion stroke.

71 The heat input process of combustion is approximated by a
dual process of constant volume followed by constant
pressure



Indicator diagram of Dual cycle engine
T

Pressure, P

Volume, V



Air Standard Dual cycle

Entropy. s

Specific Volume, v



Thermodynamic Analysis of Air-Standard Dual Cycle

0 The analysis of an air-standard Dual cycle is the same as

that of the Diesel cycle except for the heat input process
(combustion) 2-x-3

1 Process 2-x: Constant-volume heat input (first part of
combustion)

1 All valves closed:

V, =V, =V
w, , =0
Q2—x — rnva(Tx _TZ): (ma + My kv(Tx _TZ)

0, « = CV(TX _TZ): (ux _UZ)
F)x — I:)max — PZ(TX /TZ)




Thermodynamic Analysis of Air-Standard Dual Cycle

0 Pressure ratio

is defined as the rise

in pressure

during combustion, given as a ratio:

a:Px/Pz :Ps/Pz :Tx/Tz

=/r.)" (R/R)

Po/Py = (Vi /Vo)<= (r)*

0 Process x-3- Constant-Pressure heat input (Second part of

combustion)

-1 All valves are closed:

PS — I:)X — I:Jmax

W2x:O

Qx 3 =M,C (3_ x) (m +mf)cp(T3_Tx)
Oy s =C (T -T,)=(h,~h,)
T

(us _ux) P (V3 _Vx): PS(V3 _Vx)

||oo

Tax




Thermal efficiency of Dual Cycle:
oss 4

|Wnet| ||
(77t )DUAL |qm | |qm |
L e
&, (T, =T,)+c, (T, - T,)
_ (T4 _Tl)
(T, =T,) +k(T, - T,)]

o This can rearranged to give:




Comparison of OTTO,DIESEL, and DUAL Cycles

00 For the same inlet conditions, the same compression
ratios and same heat removal:

(77t )OTTO > (77t )DUAL > (77t )DIESEL

3A

Otto: 1-2-3A-4-1
Dual; 1-2-x-3B-4-1
Diesel: 1-2-3C-4-1

Pressure, P

Temperature, T

Specific Volume, v

Entropy, s



Comparison of OTTO,DIESEL, and DUAL Cycles

01 For the same inlet conditions, the same peak pressure and
same heat removal :

(77t )DIESEL > (77t )DUAL > (77t )OTTO

p -G o x 3 Otto: 1-2A-3-4-1
max I Dual: 1-2B-x-3-4-1

: Diesel: 1-2C-3-4-1
| -

o T s

D | I =]

5 I I [ ®

@ I L 4 g

& o :
I I I =

| __p o I I I
° 6 16A (6B 511 Otto: 1-2A-3-4-1

I I I | Dual: 1-2B-x-3-4-1
: : : : Diesel: 1-2C-3-4-1
1 1 I I 1

Specific Volume, v Entropy, s



Comparison of OTTO,DIESEL, and DUAL Cycles

0 For the same inlet conditions, the same
compression ratios and same heat addition:

nOtto > 77Dua| > 77Diese|

3 Constant pressure 3

o -3
2 XBX [ ﬂj
] T .
P 2 3 " | La

14

4
1
Constant volume
Isentropic process

5 6 6"6

V



Atkinson Cycle
62

11 Pressure in Otto and Diesel cycle is in order of
three to five atmospheres when the exhaust valve
opens

0 If the exhaust valve is not opened until the gas in
the cylinders allowed to expand down to
atmospheric pressure a greater amount of work
can be obtained in the expansion stroke



Air Standard Atkinson Cycle

Pressure, P

1 Such an air standard cycle is called an Atkinson
Cycle or Over expanded Cycle

0 Mechanical Linkage of some kind is needed to
achieve this cycle



Miller Cycle

_ 64|
7 Introduced by Ralph Miller in the 1940s

0 It is a modified Otfto Cycle that improves fuel efficiency
by 10%-20%.

0 It relies on a supercharger/turbocharger, and takes
advantage of the supercharger’s greater efficiency at

low compression levels.
o This is applicable for the late closing cycle

71 It uses unique time valve timing



Miller Cycle

0 Air intake in a Miller cycle is unthrottled

1 Closing the intake valve at the proper time long before

BDC controls the amount of air ingested into each cylinder

1 Has an expansion ratio greater than the compression

ratio.



Air standard Miller Cycle

Pressure, P

Specific Volume, v

1 Cylinder pressure is reduced
along process /-1

7 When the piston reaches BDC
and starts back towards TDC
cylinder pressure increases
during process 1-7

o Air-standard Miller cycle for
unthrottled naturally aspirated
four stroke cycle Sl engine.



Air standard Miller Cycle

0 If the engine has early intake valve closing, the cycle

will be 6-7-1-7-2-3-4-5-7-6

o If the engine has late intake valve closing, the cycle
will be 6-7- 5-7-2-3-4-5-7-6

1 The work produced in the first part of the intake
process 6-/ is canceled by part of the exhaust stroke
/-6, process 7-1 is canceled by process 1-7.



Air standard Miller Cycle
_ 68

r1 The net indicated work is then the area within loop
/-2-3-4-5-7 so that there is essentially no pump
work resulting in higher thermal efficiency

1 The compression ratio is:




Lenoir Cycle

1 The Lenoir cycle is approximated by the air-standard
cycle with two strokes

1 The first half of the first stroke was intake with air-fuel
entering the cylinder at atmospheric pressure (process 1-

2)

0 Halfway through the first stroke the intake valve was
closed and the air-fuel mixture was ignited without any
compression



Air standard approximation for Lenoir Engine Cycle

Fressure, P
9

Fﬂ'

(

Volume, V

There was essentially no clearance volume !



Air standard approximation for Lenoir Engine Cycle

Combustion raised the temperature and pressure in the
cylinder almost at constant volume (process 2-3)

The second half of the first stroke then became the power
or expansion process 3-4.

Near BDC, the exhaust valve opened and blowdown
occurred (4-5).

This is followed by the exhaust stroke 5-1, completing the
two stroke cycle.



Thermodynamic Analysis of Air-Standard Lenoir Cycle

e
=1 Process 2-3: Constant-volume heat input (combustion)

-1 All valves closed:




Process 3-4: Isentropic power or expansion stroke.
e

-1 All valves closed:

04 = 0




Process 4-5: Constant-volume heat rejection (exhaust
blowdown)

11 Exhaust valve open and intake valve closed

Vs =V, = Vppc
w, . =0
Us-5 = Qour =Gy (Ts _T4): (us - u4)

Process 4-5: Constant-volume heat rejection (exhaust blowdown)

E=F=PF=FkK
Ws_, = I:)o (Vz _V5)
U5, = 0oyt = Cp(TZ _Ts): (hz _h5)




Thermal Efficiency of Lenoir Cycle:

=
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