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BASIC CONSIDERATIONS IN THE ANALYSIS
OF POWER CYCLES Thermal efficiency of heat engines

MOStpO Wé’f-pdeUCng devices Operate on C:VCI@S. "Vm:t Whet
Nin — or M —

ldeal cycle: A cycle that resembles the actual cycle Qin Jin
closely but is made up finternally reversibl
processes is called an Ideal Cycle. P

Reversible cycles such as Carnot cycle have the

highestthermal efficiency ofall heat engines

operating between the same temperature levels.
Unlike ideal cycles, they are unsuitable as a realistic

model.
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On a T-s diagram, the ratio of the The idealizations and simplifications in the
area enclosed by the cyclic curve to analysis of power cycles:

the area under the heat-addition 1. The cycle does not involve any friction.
process curve represents the thermal Therefore the working fluid does not

efficiency of the cycle. Any experience any pressure drop as it flows in

modification that increases the ratio pipes or devices such as heat exchangers.

of these two areas will also increase 2. All expansion and compression processes
the thermal efficiency of the cycle.

take place in a quasi-equilibrium manner.

UMMM/ IF You cuT 3. The pipes connecting the various

OFF THE LEGS components of a system are well insulated,
OF A FLEA..IT and heat transfer through them is negligible.
BECOMES DEAF/
P T
3
e A : ;

o

vV s

Eare should be exercised On both P-v and T-s diagrams, the area enclosed
in the interpretation of the by the process curve represents the net work of the

results from ideal cycles cycle
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THE CARNOT CYCLE AND ITS
VALUE IN ENGINEERING

The Carnot cycle is composed of four totally
reversible processes: isothermal heat addition,
Isentropic expansion, isothermal heat rejection, and
isentropic compression.

For both ideal and actual cycles: Thermal
efficiency increases with an increase in the average
temperature at which heat is supplied to the system
or with a decrease in the average temperature at
which heat is rejected from the system.

C . )

Isothermal Isentropic
turbine turbine W

Isothermal Isentropic
compressor compressor

A steady-flow Carnot engine
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P-v and T-s diagrams of

a Carnot cycle ;



AIR-STANDARD ASSUMPTIONS

Air-standard assumptions:

AIR _ S '
Combist compusTion 1. The working fluid Is air which
ombustion . . .
charaber = continuously circulates in a closed
. PRODUCTS :
FUEL loop and always behaves as an ideal
(a) Actual g4as.
HEAT 2. All the processes that make up the
cycle are internally reversible.
AIR kVHeatin(, AIR 3. The combustion process is replaced
section - by a heat-addition process from an
external source.
(b) Ideal 4. The exhaust process is replaced by a

The combustion process is replaced by  heat-rejection process that restores
a heat-addition process in ideal cycles. 40 working fluid to its initial state.

Cold-air-standard assumptions: When the working fluid is considered to
be air with constant specific heats at room temperature (25°C).

Air-standard cycle: A cycle for which the air-standard assumptions are
applicable.



AN OVERVIEW OF RECIPROCATING ENGINES

Compression ratio W, = MEP X Piston area X Stroke = MEP X Displacement volume
= Vmax _ VBDC Mean effective MEP LV'I‘I(:I Whet kP
Vmi n VTDC pressure V -V V — V ( )

max min

« Spark-ignition (Sl) engines

. . .. . P
« Compression-ignition (Cl) engines
Wncl = MEP (Vm'w 5 Vmin)
Intake Exhaust h
valve valve J u | U L
W | | I ___________ TDC
——————————3-———5—-TDC |
) Bore edanm 0 i
[
BDC ! |
Stroke @~ | 1T . :
anlin Vmax 4
TDC BDC
-————| #————4———1—-BDC
(a) Displacement (b) Clearance
volume volume

Nomenclature for reciprocating engines.



OTTO CYCLE: THE IDEAL CYCLE FOR SPARK-IGNITION ENGINES

Exhaust valve

End of
combustion
P A
%,
/(),/
opens
C
Intake iy ;.
valve opens oy
Exhaust
P atm F=l >
Intake

BDC v

1
TDC

Airtuel | | l

mixture
D:ﬂ: e
|
<
Compression Power (expansion)
stroke stroke

(a) Actual four-stroke spark-ignition engine

Gin

AIR

(2) ]:ﬂ:(z)—m
D:a: (1)

Isentropic
compression

V = conslt.
heat addition

(b) Ideal Otto cycle

Exhaust
gases

== ——

Exhaust
stroke

AIR
(3)

.

4)

= ——-

L
Isentropic
expansion

1t

Air—fuel
mixture

Intake
stroke

1 qout

AIR

]ﬂ: (4)—(1)

V = consl.
heat rejection

Actual and ideal cycles in spark-ignition engines and their P-v diagrams. 10



OTTO CYCLE: THE IDEAL CYCLE FOR SPARK-IGNITION ENGINES

Four-stroke cycle
1 cycle = 4 stroke = 2 revolution
Two-stroke cycle
1 cycle = 2 stroke = 1 revolution

1-2  Isentropic compression
2-3  Constant-volume heat addition
3-4 Isentropic expansion

4-1 Constant-volume heat rejection

T4 3
Gin

4
» Zout
T-S
diagram
of the
ideal Otto
s cycle.

The two-stroke engines are
generally less efficient than
their four-stroke counterparts
but they are relatively simple
and inexpensive, and they
have high power-to-weight
and power-to-volume ratios.

2 Spark
=, Plug

Intake
port

Crankcase \
mixture

Schematic of a two-stroke
reciprocating engine.

Fuel-air
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OTTO CYCLE: THE IDEAL CYCLE FOR SPARK-IGNITION ENGINES
(Qin - QUUI) + (Win o woul) = hcxil - hinlcl

Mh.0wo

P
9in
1
1 1
TDC BDC v
0.7r
0.6
Typical
0.5¢ compression
ratios for
0.4 gasoline
engines
0.3 e
0.2
0.1

12
Compression ratio, r

2 4 6 8 10 14

Gin = Us — Uy = (T35 — T))

Gouw = Uy — Uy = ¢(Ty —
. ~ Whet l out
th,Otto — - L
t in Gin
T, v, \ A ! vy \F!
T, Vi Vy
1
MNh,0t0 — [ — k=l

In Sl engines,
the
compression
ratio is limited
by
autoignition

or engine
knock.

1)
=1_T4_T|_ _n(T/T, - 1)
I — T, IL(T/T, — 1)
_T4 o Vmax_ VI _ Vi
T3 T Vmin N VE N Vs
0.8}
o0.6-
S
< 04}
0.2
P o 4 v §F e b § oy

2 4 6 8 10 12

Compression ratio,
The thermal efficiency of the Otto cycle
increases with the specific heat ratio k
of the working fluid. 12



OTTO CYCLE: THE IDEAL CYCLE FOR SPARK-IGNITION ENGINES

In air-standard cycles, air is considered an ideal gas such that the following ideal
gas relationships can be used:

Pv = RT
du = ¢, dT
PV = mRT K _ . :
Pv" = constant isentropic process
P = pRT Tv* ! = constant isentropic process
dh = f_"F dl TP K/k = constant isentropic process

wy_1 = (Pvy — Pivy)/(1 — k) isentropic work in closed system
= R(T, —T)/(1 — k)
¢ = VKkRT speed of sound

[ o]

where

~

= gas pressure in cylinder
V' = volume in cylinder

=]

= specific volume of gas
R = gas constant of air
T = temperature
m = mass of gas in cylinder
p = density
h = specific enthalpy
u = specific internal energy
Cps €y = specific heats
k = cpley
w = specific work
¢ = speed of sound



OTTO CYCLE: THE IDEAL CYCLE FOR SPARK-IGNITION ENGINES

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

AF = air—fuel ratio
m = mass flow rate
g = heat transfer per unit mass for one cyc:le|

g = heat transfer rate per unit mass
() = heat transfer for one cycle

Q = heat transfer rate
Opyy = heating value of fuel

r. = compression ratio

W = work for one cycle

W = power

1. = combustion efficiency

Subscripts used include the following;
@ = air
f = fuel
ex = exhaust
m = mixture of all gases

14



OTTO CYCLE: THE IDEAL CYCLE FOR SPARK-IGNITION ENGINES

When analyzing what occurs within engines during the operating cycle and exhaust
flow, this text uses the following air property values:

¢, = 1108 kJ/kg-K = 0.265 BTU/Ibm-"R
¢, = 0.821 kI /kg-K = 0.196 BTU/Ibm-°R
k = cp/c, = 1.108/0.821 = 1.35
R=c, - c, = 0287 kJ/kg-K
= 0.069 BTU/Ibm-"R = 53.33 ft-1bf/Ibm-°R

Air flow before it enters an engine is usually closer to standard temperature, and
for these conditions a value of k=1.4 is correct. For these conditions, the following air
property values are used:

¢, = 1.005 kJ/kg-K = 0.240 BTU/Ibm-"R
¢, = 0.718 k] /kg-K = 0.172 BTU/Ibm-°R
k = cp/c, = 1.005/0.718 = 1.40

R =c, — ¢, = 0287 k] /kgK

15



OTTO CYCLE: THE IDEAL CYCLE FOR SPARK-IGNITION ENGINES

3
F
o
o =
it 5 Y
- )
z .
2 =
= =
(i
2
1
Specific Volume, v Entropy, s
(a) (b)

Itis commonto find the Otto cycle shown with processes 6—1 and 5-6 left off the figure.

The reasoning to justify this is that these two processes cancel each other thermodynamically 4
and are not needed in analyzing the cycle.




Thermodynamic Analysis of Air-Standard Otto Cycle at WOT

Process 6-1—constant-pressure intake of air
Intake valve open and exhaust valve closed:

Pl — Pﬁ — Pa
wy1 = P,(v; — vg)

Process 1-2—isentropic compression stroke
All valves closed:

T, = Ty(vi/v)* ' = Ti(Viy/Va)* ! = Ty(r)F !
P, = Pi(v)/n)" = PI(Vi/Va)* = Pi(r)"
q1—2=10

=2

w2 = (P, — Puy)/(1 — k) = R(T, — Ty)/(1 — k)
= (U1 —wp) = (T} — T1)

3

Temperature, T

Pressure, P

Specific Volume, v Entropy. s

(a) (b)

Process 2-3—constant-volume heat input
(combustion)
All valves closed:

V3 = v = VIpC
wy 3 =0
Oy 3 = Oy = mOpyn. = m,c, (T3 — T)
= (mg, + mg)e(T; — Th)
Onuvne = (AF + 1)e (T3 — Th)
@3 = Ggin = (T — Tr) = (u3 — up)
T3 = Tax
Py = Prax 17



Thermodynamic Analysis of Air-Standard Otto Cycle at WOT

Process 3-4—isentropic power or expansion stroke
All valves closed:

Temperature, T

Pressure, P

g3-4 =0
T, = Ty(v3/vy) 1 = To(Vy/Vy)* ! = Ta(1/r)*
Py = Py(vs/uy)k = Py(Va/Vi)k = Py(1/r)t
w3y = (Pyoy — Pv3)/(1 — k) = R(Ty — T;)/(1 — k)

= (H} - H_l) = C ( - T_1_) Specific Volume, v Entropy. s
(a) (b)

Process 4-5—constant-volume heat rejection Process 5-6—constant-pressure exhaust
(exhaust blowdown) stroke
Exhaust valve open and intake valve closed: Exhaust valve open and intake valve closed:
U5 = V4 = V1 = UBDC
wy—5 =0 Pf\:Pﬁ:RJ
Q4—5 - QDUI = myGC, (T‘i TJ-) ‘L‘(TI - T4} iUS—ﬁ — Pﬂ(.vﬁ o {U‘;) = f)(vﬁ o .UI)

Gs-5 = Gour = Co(Ts — Ty) = (us — 314) =c,(Th — Ty)

18



Thermodynamic Analysis of Air-Standard Otto Cycle at WOT

Thermal efficiency of Otto cycle:

-
=
[

|

o
S
[

(T;‘I}DTTD = | Whet / dinl = I - ( out / Qiﬂ|)
=1 = [c(Ty — T1)/c(T3 — Th)]
=1 - [Ty —T)/(T5 — Th)]

W
=
[

Isentropic compression and expansion strokes recognizing

Thermal Efficiency, 1, (%)

(T/Th) = (v/v)f ! = (vy/w3)* ! = (Ty/Ty) e

| I N I I |
01 2 3 4 5 6 7 8 9 10 11 12 13

Rearranging the temperature terms gives Compression Ratio, r.

(m)orro = 1 = (TY/){(Ty/Th) — 1/[(T3/T2) — 11}

(m)otto = 1 — (T/T)  (M)orro = 1 — [1/(v/v)* ']

With v/v, = r,, the compression ratio is (1? ) PnE 0 8“3(1’} )DTTD
tJactua AT

)k—l

(n)orro = 1 — (1/r, 19



Example Problem 1

A four-cylinder, 2.5-liter, SI automobile engine operates at WOT on a 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 a stroke-to-bore ratio §/B = 1.025. Fuel is isooctane with AF = 15, a heating value of
44,300 kJ/kg, and combustion efficiency . = 100%. At the start of the compression stroke, con-
ditions in the cylinder combustion chamber are 100 kPa and 60°C. It can be assumed that there
is a 4% exhaust residual left over from the previous cycle.

Do a complete thermodynamic analysis of this engine.

20



DIESEL CYCLE: THE IDEAL CYCLE
FOR COMPRESSION-IGNITION ENGINES

In diesel engines, only air is compressed during the g
compression stroke, eliminating the possibility of
autoignition (engine knock). Therefore, diesel engines
can be designed to operate at much higher compression
ratios than Sl engines, typically between 12 and 24.

Spark

Spark Fuel 10" 1.2 isentropic
plug

’ ‘ injector i
compression
AR
« 2-3 constant-
Air—fuel pressure heat
mixture Fuel spray addition

| 3-4 isentropic .
‘ J expansion e

* 4-1 constant-
volume heat
rejection.

Gasoline engine Diesel engine

In diesel engines, the spark plugis replaced
by a fuel injector, and only air is compressed -

() T-s diagram

during the compression process. o1




I)

o
2

» quul
|

-

v
(a) P- vdiagram

(b) T-s diagram

in — Whout —

T You = U

MNih.Diesel —

e =

V

Uy =ty = Gy = Py(v3 — vy) + (u3 — uy)
=hy — hy = ¢,(T; — T))
— Uy —> Gou = Uy — Uy = (T, = T))
Woet o Gow _ o Lam Tl (/T — 1)
Gin Gin k(Ty — Tr) kT(TH/T, — 1)
_ Y% Cutoff I [ rf—1
V2 ratio NihDiesel — 1 — k=] {k(f} _ l)}

NMth,0tto > T]th,Diesel

M th.Diesel

0.7
0.6
0.5
0.4
0.3
0.2
0.1

A

I

Typical
compression
ratios for diesel
engines

1 | | | | | 1 | L

[ e
4 6 8 1012141618 202224
Compression ratio, r

for the same compression ratio

Thermal
efficiency of
the ideal Diesel
cycle as a
function of
compression
and cutoff
ratios (k=1.4)
22



DIESEL CYCLE: THE IDEAL CYCLE FOR COMPRESSION-IGNITION ENGINES

[

Pressure, P
Temperature, T

Specific Volume, v Entropy, s

(a) (b)

The pressure at peak levels well past TDC. This combustion process is best
approximated as a constant-pressure heat input in an air-standard cycle, resulting in
the Diesel cycle 23



Thermodynamic Analysis of Air-Standard Diesel Cycle

Process 6-1—constant-pressure intake of air at

Intake valve open and exhaust valve closed: ;s :

we—1 = Po(v1 — ve)

Process 1-2—isentropic compression stroke
All valves closed:

Pressure, P
Temperature, T

Ty = Ti(vi/v)* 1 = Ti(Vi/v)s 1 = Ty(r )" !
P, = Pi(vi/n)" = Pi(Vi/V2)* = Pi(ro)"

V2 — VTDC Spcciﬁc(‘:;\lumc.v E]ll[l"::\)}\‘
g2 =10 . . .
w5 = (P, — Pwy)/(1 — k) = R(Ty — Ty)/(1 — k) Cutoff ratio is defined as the change In
volume that occurs during combustion,
= (Itl — H’}) = ’U(Tl — T’;)

given as a ratio:
Process 2-3—constant-pressure heat input

(combustion) B = WV:/V, = v3/v, = T/T,
All valves closed:

Oy 3 = Qin = mpQuvne = mucp(Tzs — To) = (my, + my)cy(Ts — Ty)
Ouvne = (AF + 1)c,(T5 — Ty)
Gy 3 = Gin = p(T3 — T3) = (hy — hy)
Wy 3= @y 3 — (U3 — up) = Py(v3 — 1)
T3 = Tmax 24



Thermodynamic Analysis of Air-Standard Diesel Cycle

Process 3-4—isentropic power or expansion stroke
All valves closed:

qG-4=0
Ty = T(vy/vg)' 1 = Ty(V/Va)"
Py = Py(v3/vy)* = Py(V3/Vy)"
wi-y = (Ppy — Pv3)/(1 — k) = R(T, — T3)/(1 — k) [»-
= (uz — uy) = c(Tz — Ty)

Pressure, P
Temperature, T

Specific Volume, v Entropy. s

(a) (b)

Process 5-6—constant-pressure exhaust

Process 4-5—constant-volume heat rejection stroke _
(exhaust blowdown) Exhaust valve open and intake valve closed:

Exhaust valve open and intake valve closed:

ws—¢ = Po(vs — vs5) = Po(vs — 1)
U5 = Vg4 = U1 = VUBDC
’IU4_5 = {}
Q4—5 — QDut — F.-'I_,”Gv(?}, T T4) — fnmCE(TI T T~1)
Gs—5 = Gowt = Co(Ts — Ty) = (us — uy) = c,(Ty — Ty)

25




Thermodynamic Analysis of Air-Standard Diesel Cycle

Thermal efficiency of Diesel cycle:

(M)piEsEL = | Wnet!/|Ginl =1 — (1qout! /| Gin!)
=1 - [Ev(T4 — le/fp(TS — TE:]]
=1 - (Ty — T)/[k(T3 — Tr)]

With rearrangement, this can be shown to equal
(m)pieser = 1 — (1/r)* (" = 1)/{k(B — 1)}]

Where;

r. = compression ratio
k = cp/c,
3 = cutoff ratio

Recall that the Otto thermal efficiency;

With v;/v, = r., the compression ratio is

(m)orro = 1 — (1/r.)*!

It is found that the value of
the term in brackets is greater
than one.

When this equation is compared with
Otto thermal efficiency egn. can be
seen that for a given compression ratio
the thermal efficiency of the Otto
cycle would be greater than the
thermal efficiency of the Diesel
cycle.

Constant-volume combustion
at TDC is more efficient than constant-
pressure combustion.

However, Cl engines operate with much higher
compression ratios than Sl engines (12 to 24
versus 8to 12) and thus have higher thermal

efficiencies. 26



Dual cycle: A more realistic
iIdeal cycle model for modern,
high-speed compression ignition
engine.

P\

P-v diagram of an ideal dual cycle.

QUESTIONS

Diesel engines operate at
higher air-fuel ratios than
gasoline engines. Why?

Despite higher power to
weight ratios, two-stroke
engines are not used in

automobiles. Why?

The stationary diesel
engines are among the
most efficient power
producing devices (about
50%). Why?

What is a turbocharger?
Why are they mostly used
In diesel engines
compared to gasoline
engines.

27



DUAL CYCLE: THE IDEAL CYCLE FOR MODERN COMPRESSION-IGNITION ENGINES

LS

Pressure. P

Temperature, T

Specific Volume, v Entropy, s
(a) (b)

The air-standard cycle used to analyze this modern CI engine cycle is called a Dual cycle or
sometimes a Limited Pressure cycle. It is a Dual cycle because the heat input process of

combustion can best be approximated by a Dual process of constant volume followed by

constant pressure. It can also be considered a modified Otto cycle with a limited uit)éaer
pressure.




Thermodynamic Analysis of Air-Standard Dual Cycle

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.

Pressure, P

Temperature, T

Specific Volume, v Entropy, s

(a) (b)

Process 2-x—constant-volume heat input (first part of combustion)
All valves closed:

V.=V, = Vipc
wy =0

X

29



Thermodynamic Analysis of Air-Standard Dual Cycle

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.

QE—A: — m'mﬂ’u(T.I o TE) = (IHH T ’”}")Ci-‘(Tx o TE)
Gr—x = (T — T2) = (uy — uz)
P:: — Pnn:-: — P’J( :;/)TE

Pressure ratio_is defined as the rise in pressure during combustion, given as a ratio:

a=P/P,=P/P,=T/)T, = (1/r.)"(P;/P))

Process x-3—constant-pressure heat input (second part of combustion)
All valves closed:

P; = P, = Phax
O, 3=muc)(Tz — T,) = (mg + my)c, (T3 — Ty)
4y3 = ¢p(T3 = T,) = (hy — hy)
Wy 3= Gy 3 — (3 —u,) = P(v3 — v,) = P3(v3 — vy)

i
TE‘- — Tmax
30



Thermodynamic Analysis of Air-Standard Dual Cycle

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.

Cutoff ratio:

B = v/v, = v3/v, = V3/V, = TH/T,
Heat in:

On =02  + 0,3 = mOpyn,

Gin = @2 + Gy 3 = (Uy — up) + (hz — hy)

31



Thermodynamic Analysis of Air-Standard Dual Cycle

Thermal efficiency of Dual cycle:

(ﬂ:)DUAL = |Ti.?llet|f|qin| =1 - (|QDut|f,|qm|)
=1 —¢(Ty — TY)/[c,(T, = T3) + ¢c,(T3 — T,)]
=1 —(Ty - T)/I(T, — T5) + k(T3 — T,)]

This can be rearranged to give

(n)puaL = 1 — (1/r)* {aB* — 1}/{ka(B — 1) + a — 1}]

Where; . I
r. = compression ratio
k = c,/c Recall that the Diesel thermal efficiency;
pl Lo
@ = pressure ratio (npieser = 1= (1/r)*1(B* = 1)/{k(B = 1)}]
= cutoff ratio
Recall that the Otto thermal efficiency;
(”I)ﬂctual ~ [}*SE(HI)D]EEEL With v{/vy = r.. the compression ratio is
(M) actual = 0-85(n;)puaL (m)orro = 1 = (1/r)* !
32




COMPARISON OF OTTO, DIESEL, AND DUAL CYCLES

First compares Otto, Diesel, and Dual cycles with the same inlet conditions and the same
compression ratios

3A
3A Otto: 1-2-3A-4- Otto: 1-2-3A-4-1
Dual: 1-2-x-3B-4-1 Dual: 1-2-x-3B-4-1
Diesel : 1-2-3C-4-1 Diesel : 1-2-3C-4-1 3B
3C
X 3B
F
E
E A é" Y
g 5
= 2. 2
& 4
A
4
511
: 1
BDC
Specific Volume, v Entropy, s
(a) (b)

(HI)DTT'D (T?I)DLAL - (WE)DIESEL 33



COMPARISON OF OTTO, DIESEL, AND DUAL CYCLES

A more realistic way to compare these three cycles would be to have the same peak
pressure—an actual design limitation in engines.

| _p _2C - X 3 Otto: 1-2A-3-4-1
max Dual: 1-2B-x-3-4-1
Diesel : 1-2C-3-4-1

Pressure, P
Temperature, T

|
I
|
|
|
I
|
|
|
I
T P(]__ I
|
I
|

Dlesel

Specific Volume, v Entropy, s

(a) (b)

Comparing the ideas, It would suggestthat the mostefficient engine would have combustionas close as
possibleto constantvolume butwould be compression ignition and operateat the higher compression
ratios thatarerequired.

Thisis an areawheremoreresearch and developmentis needed.

(n¢)pieseL = (m)puar = (M)orrto 34



BASIC CYCLES OF TWO STROKE S| ENGINES

Four-Stroke Cycle. A four-stroke

cycle has four piston
i / |:| movements over two engine
& A /,.-r" : revolutions foreach cycle.
e N Two-Stroke Cycle. A two-stroke
m_—== TN w\“"" cycle has two piston movements
(N " over onerevolution foreach
| : O / cycle.
|III IIIII ’).I
. (a) Power or expansion
y A | stroke. High cylinder
/ ﬁ%'&}}}'

{r b / pressure pushes piston from
U TDC towards BDC with all
N ports closed. Air in crankcase
(©) Is compressed by downward
motion of piston.

Two-stroke Sl engine operating cycle with crankcase compression.

(b) Exhaust blowdown when exhaust port opens near end of power stroke.

(c) Cylinder scavenging when transfer port opens and air-fuel is forced into cylinder
under pressure. Intake mixture pushes some of the remaining exhaust out the open
exhaust port. Scavenging lasts until piston passes BDC and closes transfer and
exhaust ports.

35



BASIC CYCLES OF TWO STROKE S| ENGINES

(d) Compression stroke. Piston moves
from BDC to TDC with all ports closed.
Intake air fills crankcase. Spark ignition
occurs near end of compression stroke.

(e) Combustion at almost constant volume
near TDC.

(d)

Two-stroke Sl engine operating cycle with crankcase
compression.

Two-Stroke Sl Engine Cycle

Intake and Scavenging when blowdown is nearly complete, at about 50° bBDC, the intake slot on the side of the cylinder is uncovered
and intake air—fuel enters under pressure. Fuel is added to the air with either a carburetor or fuel injection. This incoming mixture
pushes much of the remaining exhaust gases out the open exhaust valve and fills the cylinder with a combustible air—fuel mixture, a
process called scavenging. The piston passes BDC and very quickly covers the transfer port and then the exhaust port (or the
exhaust valve closes). The higher pressure at which the air enters the cylinder is established in one of two ways. Large two-stroke
cycle engines generally have a supercharger, while small engines will intake the air through the crankcase. On these engines the
crankcase is designed to serve as a compressor in addition to serving its normal function. 36



AIR STANDART APPROXIMATION FOR TWO STROKE SI ENGINE

Pressure, P

g%

=4
La

Process 1-2—isentropic power or expansion stroke.
All ports (or valves) closed:

I P
I N
|
|
|
|
B

|
|
|

Volume, V

Exhaust scavenging continues
until the exhaust port is closed at
point 6.

T, = Ty(Vy/Va)k !

= P(Vi/Va)k

2= ﬂ

wi-2 = (P, — Pw)/(1 — k) = R(T; — T)/(1 — k)

-
|

Process 2-3—exhaust blowdown.
Exhaust port openand intake port closed.

Process 3-4-5—intake, and exhaust scavenging.
Exhaust port open and transfer port open.

Intake air entering at an absolute pressure on the order
of 140-180 kPa fills and scavenges the cylinder.
Scavenging is a process in which the air pushes out
most of the remaining exhaust residual from the
previous cycle through the open exhaust port into the
exhaust system, which is at about one atmosphere
pressure. The piston uncovers the intake port at point 3,
reaches BDC at point 4, reverses direction, and again
closes the intake port at point 5. In some engines fuel is
mixed with the incoming air. In other engines the fuel is
injected later, after the exhaust port is closed.

Process 5-6—exhaust scavenging.
Exhaust port openand transfer port closed. 37




AIR STANDART APPROXIMATION FOR TWO STROKE SI ENGINE

Process 6-7—isentropic compression.
All ports closed:

Ty = To(Ve/ V7)<
P, = Pﬁ{"”'ﬁ.f’vﬁ}k
gs—7 =0
We—7 = (P — Fsvs)/(1 — k) = R(T7 — T5)/(1 — k)

In some engines, fuel is added very early
In the compression process. The spark
plugis fired near the end of process 6-7.

Pressure, P

Process 7-1—constant-volume heat input

3
o s (combustion).
I T 17 1 ] Alports closed:
| | | |
| | | |
TDC BDC
Volume, V Vi=Vi=Vmc
W1 =0
Q71 = Oin = miOuvne = muc(Ty — T3)
TI = Tm.ax

P, = FPoax = B(TY/T3)
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AIR STANDART APPROXIMATION FOR TWO STROKE CI ENGINE

Pressure, P

Volume, V

Many compression ignition engines—especially large
ones—operate on two-stroke cycles. These cycles can
be approximated by the air-standard cycle shown in Fig.
This cycle is the same as the two-stroke Sl cycle except
for the fuel input and combustion process. Instead of
adding fuel to the intake air or early in the compression
process, fuel is added with injectors late in the
compression process, the same as with four-stroke cycle
Cl engines. Heat input or combustion can be
approximated by a two-step (dual) process.

Process 7-x—constant-volume heat input
(first part of combustion).
All ports closed:

V=V, = Vipc
W7—x — O

Q7—x — mmcv(Tx o T7)
Px — Pmax — P7(Tx/T7)

Process x-1—constant-pressure heat input
(second part of combustion).
All ports closed:

Pl — Px — I'max
Wx—l — Pl(‘/l o Vx)
Qx—l — mme(T1 - Tx)

Tl — Tmax
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stiingeycle < 1IRLING AND ERICSSON CYCLES

« 1-2 T = constant expansion (heat addition from the external source)

« 2-3 v = constant regeneration (internal heat transfer from the working fluid to the
regenerator)

 3-4 T = constant compression (heat rejection to the external sink)

« 4-1 v = constant regeneration (internal heat transfer from the regenerator back to

the working fluid) - T T
Working fluid Gin 5
/ T __..I 2
ve ut p—— ——¢
> % %
REGENERATOR sl 18
I I
Tl —— e <
Energy 1 o4 ¥, 3
/ oul
. Ry
S .
Energy
e
A regenerator is a device that

borrows energy from the working
fluid during one part of the cycle
and pays it back (without " 3
Interest) during another part. v v v

(a) Carnot cycle () Stirling cycle (¢) Ericsson cycle




The Stirling and Ericsson cycles Both the Stirling and Ericssoncycles are
give a message: Regeneration totally reversible, as is the Carnot cycle,

: - and thus:
can increase efficiency.
Iy
nth,StIrling — nth,Ericssan — nth,Carnot — 1 I
/ Regenerator Ty
— T l: State Thel Ericsson cycle is very much like the
P : 1 Stirling cycle, except that the two constant-
4 volume processes are replaced by two
A constant-pressure processes.
-— - Ty - State = Regenerator
) e [ ]
Hgat
— ) T —= State
':1 : T 1 1 1
\ /
I T, = const. A T,;= const. Wnet
| <—  State | Compressor b Turbine
- 4
Qout “ Qout in

The execution of the Stirling cycle. A steady-flow Ericsson engine.
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SECOND-LAW ANALYSIS OF GAS POWER CYCLES

thcxtm_\-'ul — T S_Lll —
Exergy
> 0 Irreversible process destruction for a
Xgestroyed § = 0 Reversible process
: closed system
< 0 Impossible process
. , , le) For a steady-
Xiest = ToSeen = To(Soue — Sin) = ns — ns — kW
dest 0 U( l U(%] %i Tb in Tbull ( ) ﬂOW SyStem
4 qo c .
Xiest = ToSgen = To(Se - ) (ki/kg) Steady-flow, one-inlet, one-exit
b.in b.out

Yoy = T (2 ;f > din ) (ki/ke) Exergy destruction of a cycle
b.oul

Cnu Cin i

Yy = T {out 1 (kJ/kg) For a cycle with heat transfer
. .

1y Ty onIy with a source and a sink

vvf_“
b= (u—uy) — Ty(s — so) + Po(v— V) + T 8% Closed system exergy

‘__,!_"
= (h = hy) = Ty(s — s,) + - + gz Stream exergy

A second-law analysis of these cycles reveals where the largest
irreversibilities occur and where to start improvements.
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Exp 1. The compression ratio of an engine running on the ideal air standard dual
cycle is 15. The maximum pressure in the cycle is 6500 kN/m?, and the
maximum temperature is 1950 K. At the start of compression, the temperature
and pressure are 27 °C and 100 kN/m?.

a) Find the thermal efficiency of the cycle.
b) Find the mean effective pressure of the cycle.
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Exp 2: In an Otto cycle with a compression ratio r=8, the pressure and
temperature at point 1 are 100 kPa and 300K, respectively. Since M,=1 kg,
Q;=3000 kJ, find the net work and efficiency for the cycle.
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Summary

« Basic considerations in the analysis of power cycles

« The Carnot cycle and its value in engineering

« Air-standard sssumptions

* An overview of reciprocating engines

« Otto cycle: The ideal cycle for spark-ignition engines

* Diesel cycle: The ideal cycle for compression-ignition
engines

 Stirling and Ericsson cycles

« Second-law analysis of gas power cycles
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