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Engine Cycles
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Introduction

1- The cycle experienced in the cylinder of an internal
combustion engine is very complex. The cycle in Sl and
diesel engine were discussed in detail in the previous
chapter.

2- Instead ideal cycles were assumed to make the process
more manageable.

3- Ideal cycle resemble true cycle but it is made of a lot of
assumption.
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Air-Standard Cycles

|deal Air-standard cycle : Differences between Air-standard
cycle and actual engine cycle

1. Gas mixture in the cylinder is treated as air (an ideal gas
with constant specific heats) for the entire cycle, and
property values of air are used in the analysis.

- the first half of cycle, air with only up to about 7% fuel vapor
- the second half of cycle, mostly CO2, H20 and N2 doesn’t great large
errors

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

- both intake and exhaust gases are air, composition doesn’t change




Internal Combustion Engines
AssistantProfessor Dr Ahmed Majhool

3. Combustion process is replaced with a heat addition process
Q in of equal energy value (air alone cannot combust)

4. Open exhaust process, which carries a large amount of
enthalpy out of the system, is replaced with a closed system
heat rejection process Q out of equal energy value

5. Actual engine processes are approximated with ideal process
(a) almost-constant-pressure intake and exhaust strokes are
assumed to be constant pressure
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(b) compression and expansion strokes are approximated by
isentropic processes (reversible and adiabatic) — surface friction:
and gas motion friction and heat transfer (ignored)

(c) the combustion process is idealized by a constant-volume
process(Sl cycle) and a constant-pressure process(Cl cycle), or a
combination of both (ClI dual cycle)

(d) exhaust blow down is approximated by a constant-volume
process

(e) all processes are considered reversible
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Pv= RT
PV = mRT
P = pRT
dh = cpdT
du = c,dT

Pv* = constant  isentropic process
Tv¥~! = constant isentropic process
TPOU-k)/k = constant  isentropic process

(P,v, — Pyv;)/(1 — k) isentropic work
in closed system

=
S
I

R(T, — Th)/(1 — k)
¢ = VkKRT  speed of sound

where: P = gas pressure in cylinder
V = volume in cylinder
v = 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
¢p, ¢, = specific heats
k=cp/c,
w = specific work
= speed of sound
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¢ = 1.108 kJ/kg-K = 0.265 BTU/Ibm-°R
¢, = 0.821 kJ/kg-K = 0.196 BTU/Ibm-°R
k= cp/c,=1.108/0.821 = 1.35
R = cp — ¢, = 0.287 kJ/kg-K
= 0.069 BTU/Ibm-"R = 53.33 ft-1bf/lbm-°R

AF = air-fuel ratio
m = mass flow rate
g = heat transfer per unit mass for one cycle
g = heat transfer rate per unit mass
Q = heat transfer for one cycle

(Q = heat transfer rate

Qnv = heating value of fuel
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Otto cycle

The cycle of a four-stroke, SI,
naturally aspirated engine at

WOT. This is the cycle of most
automobile engines and other four-
stroke Sl engines.

Pressure, P

Al i OF
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+ Process 6-1. Constant pressure

Intfake valve open and exhaust valve closed
F=F=F

We_1 = BJ(VI — Vﬁ)

Real cycles

+ Actual pressure > P,

+ Temperature rise
bet’

n 256-35" C

Pressure, P

TDC . BDC
Specific volume, v
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+ Process 1-2. Isentropic
All valves closed
T, =T, /v,) " =T,(r)" ‘1}
P_:::H(V1/V?) 1(’Z)k E
,=0 ﬁ”
_ szz _va R(Tz _T1)
21—k 1-k pl

u —u, :Cv(Tl _Tz)

Specific volume, v

Real cycles

+ Beginning: Slight opening of intake vale aBDC

+ End: Firing of spark plug bTDC
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+ Process 2-3! Constant-volume heat input
All valves closed

Vs =V, = Ve
w, =0
Q, =0, =m Q1. '::,
=mc, (T3 — Tz) %
- (ma +my )cp (T3 - Tz) :
O, = (AF+ I)Cp(Ta _Tz)
923 = Gin = Cp(T3 — T, ): Uy — U P,
=1,

B, =F,. Specific volume, v
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+ Process 3-4. Isentfropic

All valves closed
¢4 =0 E:n
/4 :T(v v} =10/r ) :
=P /v,f =R (1/r.) .
5 :R¢U4_B%V3: (4_?;)
3-4
1k 1—k
:”3_”4:CF(T3_T4) "l 6

TDC BDC

Specific volume, v

Real cycles

+ Beginning: Combustion

+ End. Exhaust valve opening bBDC
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+ Process 4-5. Constant-volume heat rejection
Exhaust valve open and intake valve closed

Vs =V, =V, = Vppe

w, ;=0
Q4—5 = Q{)ul
.
= mm {"v (?; i T4 ) E’
2
== mn.i {"1-' (T'l = T4 ) E
qil—i = Q(m[ = {"1-' (}'15 _T4) -

=Us —Uu, :EF(TI _T4)

+ Enthalpy carried away, " TDC E:.DC

Specific volume, v

limiting thermal efficiency
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+ Process 5-6. Constant pressure

Exhaust valve open and intake valve closed

P Po=s P
P( _Vs)
B

(Ve V1)

Real cycles

+ Actual pressure < P,

+ Processes 6-1, 5-6
sometimes left off since
these cancel each other

Pressure, P

ThE

Specific volume, v
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+ Thermal efficiency. Depending only on temperature

7)ot = Wael 0] =1~ el 1) 3
:l_ﬂlv(Til—Tl):l_Til—Tl ~ 1
e\li-T)  T-T,
+ Using relations for processes 1-2, 3-4 E“
TIT, = /v,) " =(v,/v,) " =T, /T, ‘ 4
T,/T,=T,/T, :

Entropy, s
+ Therefore,

(QF)DTTD = I_TI /TZ
=1- [l/(vl /v, )"“]

=1-(1/r )"

E B B &

Thermal efficiency,
g (F)y E

S R T N

Compression ratio, r,
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Diesel cycle

Early Cl engines injected fuel into the combustion chamber very late in the
compression stroke, resulting in the indicator diagram shown in Figure below.
Due to ignition delay and the finite time required to inject the fuel, combustion
lasted into the expansion stroke. This kept 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 shown in Figure
below. The rest of the cycle is similar to the air-standard Otto cycle. The diesel
cycle is sometimes called a Constant- Pressure cycle.

Pressure, P

Volume, V

Figure 3-7 Indicator diagram of a historic CI engine operating on an early four-
stroke cycle.
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-
o g 2
w
2 =
a e
A
1
. Entropy, s
Specific Volume, v
(a) (b)

Figure 3-8 Air-standard diesel cycle, 6-1-2-3-4-5-6, which approximates the four-
stroke cycle of an early CI engine on (a) pressure-specific volume coordinates, and
(b) temperature-entropy coordinates.
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Thermodynamic Analysis of Air-Standard Diesel Cycle

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

We_y = Py(v; — )

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

Ty = Ti(v/v)* 1 = T (Vi /Vo) k1 = Ty (r,)k !
Py = Pl(l'lfﬂ:)k PI(VU’VI)‘: P (re)k
Vo = Vrpe

gi-2 =0
Wiy = (P2v, = Piv)/(1 — k)= R(T, — T1)/(1 — k)
= (1 —w) =c,(Ty — T3)
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Process 2-3—constant-pressure heat input (combustion).
All valves closed:

Q2-3= Qin = MQuv e = Mmcp(T3 — T2) = (Mg + mp)ep(Ts ~ T)
Ouvne = (AF + 1), (T3 — T2)
G2-3 = qin = (T3 — T2) = (h3 — hy)
W3 = q2-3 — (u3 —uz) = Po(vy — v,)
T3 = Timax

Cutoff ratio is defined as the change in volume that occurs during combustion, given
as a ratio:

Pressure, P

Specific Volume, v
(a)
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B=V3/V, = 1'3/1}2 =T3/T,
Process 3-4—isentropic power or expansion stroke.
All valves closed:

gs-4 =0
Ty = T3(vs/v )k~ = T3(V3/Va)k !
Py = Py(v;/v)k = P3(V3/Vy)k
Wy 4 = (Pavy — Pyv3)/(1 — k) = R(Ty — T3)/(1 — k)
= (u3 —ua) = c,(Tz — Ty)

Pressure, P

Specific Volume, v
(a)
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- = o

(TN

S

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

Vs = Uy =V = Vgpe

Wy—5 =0

Pressure, P

Specific Volume, v
{a)
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Qa-5 = Qout = MmC,(Ts — Ty) =mpc,(T1 — Ty)
Ga-5 = Gout = C,(Ts — Tyq) = (us — uq) = c,(Ty — Ty)

Process 5-6-—constant-pressure exhaust stroke at P,.
Exhaust valve open and intake valve closed:

Ws_¢ = Po(vs — v5) = Po(vs — vy)
Thermal efficiency of diesel cycle:
(7)DIESEL = [Wheel /1Gin| = 1 = (Igout1/1gin 1)
e =1-[c,(Ts — T1)/cp(T5 — T3)]
' =1-(Ty — T1)/[K(T5 — T1)]

Pressure, P

[
I
[
|
[
I
[
|
I
I
I
I

I
__Po-_'

I 1
TDC BDC
Specific Volume, v
(a)
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With rearrangement, this can be shown to equal:

where:

(m)peseL = 1 — (1/r ) ~(B* — 1)/{k(B — 1)}]
r. = compression ratio
k=cp/c,
B = cutoff ratio
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Dual cycle

If equations of the efficiency are compared, it can be seen that to have
the best of both worlds, an engine ideally would be compression
ignition but would operate on the Otto cycle.

Compression ignition would operate on the more efficient higher
compression ratios, while constant-volume combustion of the Otto cycle
would give higher efficiency for a given compression ratio. The modern
high-speed Cl engine accomplishes this in part by a simple operating
change from early diesel engines.

Instead of injecting the fuel late in the compression stroke near TDC, as
was done in early engines, modern Cl engines start to inject the fuel
much earlier in the cycle, somewhere around 20° bTDC. The first fuel
then ignites late in the compression stroke, and some of the
combustion occurs almost at constant volume at TDC, much like the
Otto cycle.
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X 3
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|
e |
g | -
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|
: !
|
I | 1
1 I
TDC BDC Entropy, s
Specific Volume, v
(a) (b)

Figure 3-10 Air-standard Dual cycle, 6-1-2-x-3-4-5-6, which approximates the four-stroke
cycle of a modern CI engine on (a) pressure-specific volume coordinates, and (b) temperature-
entropy ceordinates.
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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 mput process (combustion) 2-x-3

A=-X-3,

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

Vi =Va2 = Vrpc

wi—x = D

Pressure, P

Q2 x =My, (Ty — T3) = (Mg + my)c, (T, — T3)
g2—-x = ’:v(Tr - TE) = (uy — HI)
Py = Prax =P2{TIHTZ)

Specific Volume, v

(a)
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Pressure ratio is defined as the rise in pressure during combustion,

given as a ratio:

a = Px/PZ = PJ){PE = Tx{TZ = (1{?¢)R(P3/P1)
Process x-3—constant-pressure heat input (second part of combustion)

All valves closed:
P 3= P X = P max

Ox-3 =mmcp(T3 - Tx) = (m, + me}CP(T3 - T,)

dx -3 =fp(T3 - T.r) = (hE - hx)

Wyo3 =qx-3 — (uj _ HI) = PI('US - 'vx) = P3(1’3 - x}

T3 = Tha

Pressure, P

Specific Volume, v

I
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Pressure, P

Cutoff ratio:

B=v/v, =vy/v,=V3/Vy =T /T,
Heat in:

Oin = Q2-x + Qr-3 = mQuv e

Gin =q2-x T qx-3 = (H; - Hl} + (h3 - hx)
Thermal efficiency of Dual cycle:

(M)puaL = |[Woet!/1Gin |l =1 = (IGouc|/1qinl)

=1-¢,(Ts = T1)/[c,(Tx = T2) + co(T3 — T)]
=1—(Ty — T1)/[(Tx — T2) + k(T3 — T)]

Specific Volume, v
{a)

1
BDC
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This can be rearranged to give:

(n)puaL =1 — (/r )k [{apk — 1}/{ka(B—1) + a — 1]]

where: r. = compression ratio
k=c¢,/e,
a = pressure ratio
f = cutoff ratio
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Comparison of Otto, Diesel and Dual cycles

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

Pressure, P

I
|
TDC BDC
Specific Volume, v
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Notes
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