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WEEK - 3

Internal Combustion Engines Lecture Notes

Syl Iabus MAK3031-Internal Combustion Engines

1 Definitions of internal combustion engines, Engine Classification

2 Principle of operation of engines, Introduction to engine thermodynamics

3 Ideal cycles (Otto, Diesel and Seilinger Cycles, Thermal Efficiency and Mean Indicated Pressure
Expressions)

4 Ideal Cycles and Comparisons

Introduction to Combustion in Engines, (Minimum Oxygen and Air Intake calculation, Complete and
Incomplete Combustion combustion, excess air factor, Number of moles of Change)

http://www.bologna.yildiz.edu.tr/

6 Exercises: Examples of related application cycles (Engine Thermodynamics), Application examples
on Combustion (Combustion Engines)
7 Actual Engine Cycle (the differencies between the ideal and the actual engine cycle). Definition of
Organic Efficiency, the combustion event, Compression and Expansion Events, Gas Exchange Event
8 Mid-term Exam
9 Volumetric Efficiency (Definition, Calculation, Factors Affecting Volumetric Efficiency)
10 (Compression Ignition and Combustion, Compression Ignition Delay, definition and factors OOO
affecting) in Diesel Engines
11 Detonation (Knock) in Engines, Otto and Diesel Engines Knocking, knocking disadvantages
. . *slgh*
12 The factors affecting detonation, octane and cetane numbers X E—
13 The basic of Mixture Fomation in Otto Engines, Carburation (simple carburettor), Fuel Injection reads me

(Injection type, the general scheme of injection), The basics of Diesel Mixture Formation, General
Injection System, the expected properties from Injection System

14 Mid-term Exam
15 Engine Power Calculation
16 Final Exam

Dr.Orkun OZENER- Yildiz Technical University-Mechanical Engineering Department — Automotive Sciences Subdivision- Internal Combustion Engines Lab.
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ENGINE CYCLES
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ENGINE Is a thermodynamic system
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So , Thermodynamic LAWS are Valid.

The first law of thermodynamics is the conservation-of-
energy principle stated for a system where heat and work are the

methods of transferring energy for a system in thermal
St equilibrium. Q represents the net heat transfer—it is the sum of
all heat transfers into and out of the system. Q is positive for net
heat transfer into the system. W is the total work done on and by
the system. W is positive when more work is done by the system

than on it. The change in the internal energy of the system, AU, is
related to heat and work by the first law of thermodynamics,

First law of . o,
thermodynamics
say us, energy 1s N -
conserved R W
Q § System -
AU=Q- W

So the fuel chemical energy entering the system, is converted in to
mechanical energy !!!
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So , Thermodynamic LAWS are Valid.

2"d LAW

—

Second law of Efficiency
. All real heat Q.-Q
thermodypamlcs says for ndinesioe L i, Qﬂ - e
converting heat in to some heat to N_ w> H H \
g the environment Fasimumitoeth W
mechanical Energy two aximu e
Carnot cycle

Extracting heat Qg and using

Cold Reservoir it all to do work W would
constitute a perfect heat engine,

forbidden by the second law.

heat source is needed

< ¥ @

For converting the heat energy in to mechanic energy, a closed cycle is
needed between two heat source. For obtaining this cycle we need to have a

working mixture

Dr.Orkun OZENER- Yildiz Technical University-Mechanical Engineering Department — Automotive Sciences Subdivision- Internal Combustion Engines Lab.



Internal Combustion Engines Lecture Notes

ENGINE CYCLES

Engine Cycles are open cycles with changing composition. The system is difficult to analyze.

-Manageable
-Approximation

:
2 b i)
. Air Standard

P

I Iix )[ ;}In L(x,ﬂ))-f(x,ﬂ)dx :IT(:}
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Air standard cycles differs from the actual cycles with;

Internal Combustion Engines Lecture Notes

Differs with:

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. This is good approximation during the first half of the cycle, when most of the gas in the
cylinder is air with only up to about ~7% fuel vapor. Even in the second half of the cycle when the gas
composition mostly CO2,H20, and N2, using air properties does not create large errors in the analysis.
Air will be treated as an ideal gas with constant specific heats.

Real open cycle is changed in to a closed cycle by assuming that gases being exhausted are fed back into
the intake system. This Works with ideal air standard cycles, as both intake gases and exhaust gases are
air. Closing the cycle simplifies the analysis.

The combustion process is replaced with a heat addition term Qin of equal energy value. Air alone can
not combust.

The open exhaust process, which carries a large amount of enthalpy out of the system, is replaced with
a closed system heat rejection process Qout of equal energy value.

']
| <.

AP/«

2 V4
//f /

just simplifying
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Air standard cycles differs from the actual cycles with; =i

Internal Combustion Engines Lecture Notes

Differs with;

S

5.a

5.b

5.c

5.d

Actual engine process are approximated with ideal process.

The almost constant pressure intake and exhaust strokes are assumed to be constant pressure.At Wide
open throttle (WOT) the intake stroke is assumed to be at pressurePO of one atmosphere. At partially
closed throttle or when supercharged, inlet pressure will be some constant value other than one
atmosphere. The exhaust stroke pressure is assumed constant at one atmosphere.

Compression strokes and expansion strokes a re approximated with isentropic process. To be truly
isentropic would require these strokes to be reversible and adiabatic. There is some friction between
piston and cylinder walls but, because the surfaces are highly polished and lubricated, this friction is
kept minimum an the process are close to frictionless and reversible. If this were not true, automobile
engines would wear long before the 150-200 thousand miles which they now last if properly
maintained. There is also fluid friction because of the gas motion with in the cylinders during these
strokes. This is too minimal. Heat transfer fir any stroke will be negligibly small due to the very short
time involved for that single process. Thus, and almost reversible and almost adiabatic process can
quite accurately be approximated with an isentropic process.

The combustion process is idealized by a constant volume process(Sl), a constant pressure process (Cl)
cycle, or a combination of both (CI dual cycle- Seilinger)

Exhaust blow down is approximated by a constant volume process.

All process are considered irreversible. AW A
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can be used.

Pv = RT 25
PV = mRT 26
PV = pRT 27
dh = c,dT 28

du = c¢,dT 29

Pvk = constant

Tv*~1 = constant > isentropic process

TPO=K/k = constant > isentropic process

In air standard cycles, air is considered an ideal
gas such that following ideal gas relation ships

>> isentropic process

1-k 1—-k

cVkRT > speed of the sound
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30

31

32

» isentropic work in closed system | g4

P = gas pressure in the cylinder
V = volume in the cylinder

v = specific volume of gas
R = gas constant of air

T = temperature

m = mass of gs in the cylinder
p = density

h = specific enthalpy

u = specific internal energy
Cp, Cy = Specific heats
k=cp/cy

w = specific work

¢ = speed of the sound

34




Internal Combustion Engines Lecture Notes

In addition to these, the following variables are
used in this chapter for cycle analysis.

subscripts

AF = air — fuel ratio a = air

m = mass flowrate f = fuel
q = heat transfer per unit mass for one cycle ex = exhaust
q = heat transfer rate per unit mass m = mixture of all gases

Q = heat transfer for one cycle
Q = heat transfer rate

Qyuy = heating value of fuel

T, = compression ratio

W = work for one cycle

W = power

1. = combustion ef ficiency
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For thermodynamic analysis specific heats of air
can be treated as functions of temperature,
which they are , or they can be treated as
constants which simplifies calculations at slight
loss of accuracy.

SO

Constant specific heat analysis will be used.

Becasue of high temperatures andlarge
temperature range experienced during ana
engine cycle the specific heats and ratio of

specific heats k do vary by fairy amount.

WEEK - 3

Internal Combustion Engines Lecture Notes
e
e

Low temperature
end of cycle during
intake and start of
compression a value
of k~1.4
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CALCULATIONS

AIR PROPERTIES THAT WILL BE USED FOR

Internal Combustion Engines Lecture Notes

cp = 1.108 kJ /kgK

c, = 0.821 k] /kgK
1.108

k= ¢/t =581

=1.35

R = ¢, —c, =0.287 kj/kgK

Air flow before it enters an engine is usually closer to standard temperature, and for these conditions a
valie of k=1.4 is correct. This would increase processes such as inlet flow in superchargers, turbochargers

and carburetors and air flow through the engine radiator.

cp = 1.005 kJ /kgK
c, = 0.718 k] /kgK

k= c,/c, =

1.005 4
0.718

R = ¢, —c, =0.287 kj/kgK
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Air Standard - OTTO CYCLE

Pressure ,P

Temperature , T

TDC Specific Volume v BDC Entropy , s
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Air Standard - OTTO CYCLE

Process 6-1
constant pressure intake of air at P,.
Intake valve open and exhaust valve

closed
o
o
P, = Pg 35
P1:P6:PO 36
We_1 = Po(v1 — V) 37

Specific Volume v BDC
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Process 1-2

Air Standard - OTTO CYCLE

isentropic compression stroke.

All valves closed.

V1
T, =Ty ()=
2 1(1])

()kl Tgkl

Pz—P1(_) _P( )k_PE

q1-2 =0
W _ Pv,—P1vq _ R(T,-Ty)
1-2 1—k 1—k
= (u1 — uz) = c,(T; — T3)
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40

41

42

Pressure ,P

Internal Combustion Engines Lecture Notes
e
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Air Standard - OTTO CYCLE

Process 2-3
Constant volume heat input (combustion)

All valves closed.
V3 = V2 = Vrpc 43
Wy_3 = 0 44 o
Q2-3 = Qin = Mg Quy. e = Mg Quy-Nc [ 45 %
= (mg + mg)cy, (T3 — T) 46 £
Quvne = (AF + 1)¢,(T5 — Ty) 47
G2-3 = Qin = (T35 — T3) = (uz —uz) |48
T3 = Thhax 49
P, =P 0)
3 max 2 TDC Specific Volume v BDC
P; T
—_— == = — is defined as pressure ratio. ich defines the rise of pressure during combustion
P2 TZ P a defined as p tio.(Which def; th fp during bustion)

both p and a notation can be used for pressure ratio, p ~2 +4
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Air Standard - OTTO CYCLE

Process 3-4
Isentropic power or expansion stroke.
All valves closed.

qz-4 =0 51

Ty —T3(_)k 1= ( )k =Ty /(e )| 52

e
P4—P3(_)k_ Ps( )k_P/(Sk) 53 §
__ Pyvy—P3v; _ R(Ty—T3)
Wis == = 1 =& 54
= (uz —uy) = c,(T3 — Ty) 55
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Air Standard - OTTO CYCLE

Process 4-5 & Process 4-1

Constant volume heat rejection (exhaust blow down) .
Exhaust valve open and intake valve closed

Vs = Vs = V1 = VUppc 56
Wy-5 =0 o/
Qa—s = Qout = My €y (Ts — Ty) = My €. (Ty — 1) 58

qa—s = Qour = Cp. (Ts = Ty) = (us —uy) = ¢,. (Ty — Ty) 59

TDC Specific Volume v BDC
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Air Standard - OTTO CYCLE

Process 5-6

constant pressure intake of air at P,.

Intake valve open and exhaust valve
closed

Pressure ,P

P5=P6=P0 60
ws_¢ = Py(ve —v5) | 61

ws_g = Py(vg —v1) | 62

TDC Specific Volume ,v BDC
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Thermal Efficiency of OTTO CYCLE

[Whetl <|CI0ut|> [Cv(T4 -
Teorro = g, ] Gial ) W Teorro co(Ts —T3)

63 64
Only cycle temperatures need to be known to determine thermal efficiency. This can be
simplified further applying ideal gas relationships for the isentropic compression and
expansion strokes and recognizing that v; = v, and v, = v

F)-) -6 -6) =

Rearranging the temperature terms gives:

) =

Equation 63-65 can be rearranged as:

Via usage Equation 67 gives:

T
Neorro = 1 - (Tl){[m ) - ”} 68 g Teorro = 1= (T—) 69

T,) |[(Ts — Ty) — 1]
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Thermal Efficiency of OTTO CYCLE

Combining equation 38 and 69 gives:

3 =

.1 V1 . .
With _v = £ (compression ratio)
2

1 1
Mtorro = 1 — [(S)k—ll z
Only the compression ratio is needed to determine the thermal efficiency of the Otto cycle at

WOT. As the compression ratio goes up, the thermal efficiency goes up. This efficiency is the
indicated thermal efficiency, as the heat transfer values are those to and from the air within the

combustion chamber.
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Mean Indicated Pressure of OTTO CYCLE

Internal Combustion Engines Lecture Notes

imep=P,;=w,/Av

Both P,; and imep notation is used for defining indicated mean effective pressure

3
o Il o
o )
? ?
@ @
& @ Both w; or L,
2 can be used for defining the
indicated work.
4
1
TDC Specific Volume ,v BDC TDC Specific Volume ,v BDC

The diagram area which corresponds to w; or L, can be changed with a
rectangular area which its base is V1-V2=Vh

Dr.Orkun OZENER- Yildiz Technical University-Mechanical Engineering Department — Automotive Sciences Subdivision- Internal Combustion Engines Lab



Internal Combustion Engines Lecture Notes

Mean Indicated Pressure of OTTO CYCLE

. _ _ Wi
1mep= P,,; = =y (

N.m N
m3  m2

= imep (indicated mean effective pressure) or P,,; (P mean indicated) shows the specific work
= imep or P,,; describes the work done by unit volume

It is seen from the equation the unit of specific work is equal to a pressure unit (N/m2) that this
pressure acts on piston from V1 to V2. The community commonly uses ‘the mean indicated

pressure’ term instead of specific work.

. Wi

imep= — -

w; =01 — 0,

n, = Q1 — Q3 _ Wi
T O

w; =104

T
Q, = mc,(T3 — T;) = mc, T, T_ —1)=mc,To(p—1)
2
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Mean Indicated Pressure of OTTO CYCLE

k—1
imep = P... = NeQ1 — mcyTz(p—1) _ mcyT1€° " (p—1)
P L R t VZ(%—l) t V—gl(e—l)
mT P P,V
mTy,R=P,V, o —L1__1 _ 11
1 1Y1 v R m T.R
n c R+c R
C—p:k P k= 4 = kc,—c,=R © Cv=m
Cy GO Cy -
Cp —Cy =R
P,Vi R k=10, _
' T,Rk—1 e (p—1)
imep = 1n; 7
—E-1
. P, R £ (p-1)
imep =1y —
€
. _ Py e’ .
imep =1 k—l(e—l)(p_l) p~2+4
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Air Standard - DIESEL CYCLE

Pressure ,P
Temperature , T

Specific Volume v BDC Entropy , s
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e

Air Standard - DIESEL CYCLE

Process 6-1
constant pressure intake of air at P,.

Intake valve open and exhaust valve
closed
o
J
o
Py = Ps = Py 72
We_1 = Po(v1 — V) 73

Specific Volume v
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e

Air Standard - DIESEL CYCLE

Process 1-2
isentropic compression stroke.
All valves closed.

o
J
T, =T (ﬂ)k—l ( )k 1_ T, ck-1 %
2 1%, 74 @
Pz—P1(_)_P( )k_P€ 75
q1-2 =0 76
TDC e BDC
__ Pv;—Piv;  R(T2-Ty) Specific Volume v
Wi-2 =7 o0 T Tk L7
= (U1 —uy) = ¢(T; — T2) 78
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Air Standard- DIESEL CYCLE

Process 2-3
Constant pressure heat input(combustion).

All valves closed.

Q2-3 = Qin = MeQuyn, = mme(Ts —T;) = (my + mf)cp(TS —T,)

Quvne = (AF + 1) ¢, (T3 — T3)
q2-3 = qin= Cp(T3 —T,) = h3 — hy
Wo_3 = (o3 —(uz — up) = P,(v3 — v3)

T3 = Tax

Pressure ,P

TDC Specific Volume v
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e

Air Standard - DIESEL CYCLE

Cutoff Ratio
Is defined as the changein volume that

occurs during combustion , given as a
ratio.

Pressure P

Specific Volume v BDC

g, = B = Both two notation is used for cutof f ratio
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e

Air Standard - DIESEL CYCLE

Process 3-4
Isentropic power or expansion stroke.
All valves closed.

q3-4 =0

U3 k_ Va
T, = T.(— k—-1_ T, (— k-1
1= OO = TG

Pressure ,P

V3 Vs
P, = P3(—)*= P3 ()
4 3(v4) 3(V4)

P4v4—P3v3 _ R(T4—T3)
1-k 1-k TDC

= (uz —uy) = c,(T3 — Ty)

W3_4 =

Specific Volume v
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e

Air Standard - DIESEL CYCLE

Process 4-5

Constant volume heat rejection (exhaust blowdown) .
Exhaust valve open and intake valve closed

Pressure ,P

Vy = Vs = V1 = Uppc

Wy-5 =0
Qs-5 = Qout = My Cy. (TS — T4) = My Cy. (Tl - T4)
G4—s5 = Qout = Cp. (Ts — Ty) = (us —uy) = cp,. (Ty = Ty)
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e

Air Standard - DIESEL CYCLE

Process 5-6
constant pressure intake of air at P,.

Intake valve open and exhaust valve
closed
o
]
o
P5 - P6 - PO

Specific Volume v

Ws_g = Py(vg — vs5) = Py (Vg — V1)
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Thermal Efficiency of DIESEL CYCLE

[Whet| |9out cy(Ty —T1) (Ty —T1)
Mtpieser = e - » Mtprese, = 1~ L - » Mtorro = 1~ - =
|qin| |CIm| Cp (TB - TZ) k(T3 - TZ)

With rearrangement of equation XX diesel thermal efficiency is obtained as.

~ 1\ (g% = 1)
Meprpse, = 1= (g) {m}

Comparing these two efficiency, it is seen that for a given certain compression ratio the thermal
efficiency of otto cycle is greater than the diesel cycle.

o [.1 B 1\ (g5 — 1) E
Ntorro = 1 [(E)k—l] Miprese, = 1~ (E) E{m} E

Greater than >1

However the SI engine CR~ 8-12 and CI engine CR~18-22
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Mean Indicated Pressure of DIESEL CYCLE

imep=P,;=w,/Av

Both P,; and imep notation is used for defining indicated mean effective pressure

Both w;or L,
can be used for defining the
indicated work.

The diagram area which corresponds to w; or L, can be changed with a
rectangular area which its base is V1-V2=Vh
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. _ %}
1mep= —

w; =01 —0;
Q1 — Q2 _ %%
Q1 Q1

Ne =

T
w; =101 = Uth(Ts - T2)=77thT2 (T_z - 1)

—

% _
Cy L (1 —c¢y/cr)=R =
Cp —Cy =R
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Mean Indicated Pressure of DIESEL CYCLE
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e

Mean Indicated Pressure of DIESEL CYCLE

w; = 1 kR T (e, — 1)
L g

V. V
VH=V1—V2=V2(—1—1>=?1(3—1)=

V2 Vl(e — 1)
, kR Tyefte(gy - 1)
P =M v, - 1)
Iy Py
Vi R
, k Ppe (g, — 1)
TP = 1T e 1)
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Air Standard - SEILIGER CYCLE

Pressure ,P
Temperature ,T

TDC  gpecific Volume v BDPC Entropy , s
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e

Air Standard - SEILINGER CYCLE

dual cycle

Process /-1

constant pressure intake of air at P,.
Intake valve open and exhaust valve
closed

Pressure ,P

P1=P7=PO

wy_y = Py(vy —vy)

Specific Volume ,v
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e

Air Standard - SEILINGER CYCLE

dual cycle

Process 1-2
isentropic compression stroke.
All valves closed.

Q.
()
k—-1_ k-1_ k-1 =
T, = T1(—) ( ) T e 2
V, o
) @
Pz—P1(_) —P( ) = P e*
12 =0
W _ Pv;—P1vy _ R(T,—Ty)
1-2 = =
1-k 1-k TDC  gpecific Volume v BPC
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Air Standart - SEILINGER CYCLE

dual cycle

Process 2-3
Constant volume heat input (combustion)

All valves closed.

V3 = Vy = VUrpc

Pressure P

wp-3 =0

Q2-3 = Mycy, (T3 — T3) = (Mg + mg)c, (T3 — T,)

Gz2-3 = (T3 — T3) = (uz — uyp)
TDC Specific Volume ,v

P3; = Py = Bpax
P3 _ I3 —p=a= is defined as pressure ratio.(Which defines the
P, T, rise of pressure during combustion)

both p and a notation can be used for pressure ratio
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e

Air Standart - SEILINGER CYCLE

dual cycle

Process 3-4
Constant pressure heat input(combustion).
All valves closed.

Py = P3 = Bpgx

Q3-4 = mme(T4 —T3) = (my + mf)cp(T4 —T3)

Pressure ,P

q3-4 = Cp(T3 —Ty) = hy — hs

W3_g = q3—4 —(Ug —U3) = P3(vy — v3) = Py(v4 — v3)

Ty = Tax TDC

Specific Volume ,v
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e

Air Standard- SEILINGER CYCLE

dual cycle

Cutoff Ratio:

Is defined as the change in volume that
occurs during combustion , given as a
ratio.

Pressure P

V3:v3:T3

g, = B = Both two notation is used for cutof f ratio
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Air Standard - SEILINGER CYCLE

dual cycle

Heat IN

Qin = Q2-3 + Q34 = MeQuyn,

Pressure ,P

Qin = q2-3 + q3—4 = (U3 —uy) + (hy — h3)

TDC Specific Volume v
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Air Standard - SEILINGER
CYCLE

Process 4-5
Isentropic power or expansion stroke.
All valves closed.

qs—5 =0

Ts—T4(—)k1 ( )"1 T( )kt

Ps—Ps(—)—P( )k P( )kt

Pressure P

= (us —uy) = c,(Ts — Ty)

Specific Volume ,v
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Air Standard - SEILINGER CYCLE

Process 5-1 & Process 5-1
Isentropic power or expansion stroke.
All valves closed.

Draceiira D

Pressure ,P
Pressure P

Vs = Vg = V1 = Vppc

ws_1 =0
Qs5-1 = Qour = My Cy,. (T6 - TS) = My Cyp. (Tl — TS)

q5—1 = Qour = Cyp. (Tg — Ts5) = (ug —us) = ¢;,. (Ty — Ts)

TDC Specific Volume ,v
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Thermal Efficiency of - dual cycle
Air Standard - SEILINGER CYCLE

[Whetl (lqout|> ¢, (Ts —Ty)
— —1— —1— v\!5 1
Tespineer = g, ] |Gin| o AR (T3 —T3) + cp(Ty — T3)

=1-

[ (Ts —Ty) ]
(T3 —T) + k(T —T5)

NtseiLinGer

Equation can be rearranged to :

k-1
Ntsgiinger = L < kp(é‘ _ 1) +p—1
g
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Mean Indicated Pressure of SEILINGER CYCLE

Wi
Vi—=V;

w; =01 — Q2

Q1 — Q2 _ [%%1
1 1
Q1 = mcy,(T3 — T) + mc,(Ty — T3)

15 Cp T,
Q1 = mcy, |17 T_z_l +ZT3 T_3_1

I3
Q. = mc,T, p—1+kT—(eg—1)
2

imep=

Ne =

R
k—1

Q,=m Tie*p—1+kp(e, —1)]
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Mean Indicated Pressure of SEILINGER
CYCLE

v V.
VH=V1—V2=V2(—1—1>=?1(3—1)=

V2 Vi(e—-1)
. wi mR Ty €.k
imep =, = ntk_lvi p— [p — 1+ kp(e; — 1)]
mTy; Py
V. R

R P
imep = ntklgggl[p—1+kp(eg—1)]

imep = nt—— [p — 1+ kp(gy — 1)]
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- Internal Combustion Engines Lecture Notes, Prof.Dr.Orhan DENIZ.-YTU-2008

 https://www.boundless.com

Dr.Orkun OZENER- Yildiz Technical University-Mechanical Engineering Department — Automotive Sciences Subdivision- Internal Combustion Engines Lab.



Thank You

Dr.Orkun OZENER _—




