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Combustion Engines

Comparisons of the compression ratios, efficiencies, and work of the ideal Otto

and Diesel cycles are presented at conditions that yield maximum work per cycle.
The compression ratios that maximize the work of the Diesel cycle are found always
to be higher than those for the Otto cycle at the same operating conditions, although
the thermal efficiencies are nearly identical. The compression ratios that maximize
the work of the Otto and Diesel cycles compare well with the compression ratios
employved in corresponding production engines.

Introduction

The air-standard Otto and ID_ie§el cycles are used to desgribe
the major processes occurring in internal co_mbustxon engines.
The two cycles differ only in the ecergy input process and
provide limiting cases for actual engine operation. Thermo-
dynamic analysis shows the ef’ ﬁcx.ency of ‘both. cyc}es to increase
with increasing compression ratio. The implication of this re-
sult is that the higher the compression ratio, the better. How-
ever, spark-ignition internal engines typically operate at a
compression ratio less than 10, whereas compression-ignition
engines may operate at i cCOmpression ratio of 15 or more. _An
explanation for this difference, offere_d in most mecham_cal
engineering thermodynarmic te.\_:tbpo_ks. is that the compression
ratio in spark-ignition engines is limited to abm_n Iq to prevent
pre-ignition of the fuel-air mixture. (;Dmpressmnolgmnon en-
gines do not have this limitation and can thereby operate at
higher compression ratio, and consequently, higher efficiency.
There is, however, another explanat_xon for the f)bs?rved
compression ratios in internal combustion cycles, which is the

objective of this paper.

Maximum Work of the Air-Standard Otto Cycle

Although the thermal c!'ficier.xcy of thtj: Otto cycle ipcreas?s
with increasing compression ratio, there is a compression ratio
that maximizes the net work per cycie, as seen i;l Fig. '1. An
analytical expression for th}s optimum compression ratio can
easily be derived for the mr-standa;d Otto cycle assuming a
constant specific heat ratio. Referring to the T-s diagram in

Fig. 2(a), W the nct work of the Ortto cycle per unit mass
of gas in the cylinder, is

W= Wia+ Wa=C(T)-T1-T,-T.) m
Assuming processes 1-2 and 3-4 to be isentropic
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Fig. 1 Net work per cycle (per unit mass of gas) and efficlency versus
compression ratio for the air-standard Otto cycle with k = 1.4
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Fig.2 Temperature-entropy representations of the air-standard (a) Otto
and (b) Dliesel cycles operating at maximum net work {(drawn to scale)
between the same temperature limits

Tz = Tlrk" ! 2
Ty=Ty/r*"! &)

where r is the compression ratio = v;/v;, = vJ/vs.
Eliminating T3 and T using Egs. (2) and (3),

Wae=CITV(1=r*"Y) + T3 (1 = 1/F571)] @)
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{1, Lv, ANA k are constants in the following analysis. If Tis
also assumed constant, the ner work depends only on the
‘compression ratio. Setting dW.../dr to zero results in the fol-
lowing expression for Tmax, the compression ratio that maxi-
mizes the net work: :

Fmax= (T}/T3) " /%= 5
The thermal efficiency, 7, at maximum netr work is

1 T,
s = 1= —==1- /7.} (6)

Remarkably, the efficiency at maximum net work for the Otto
cycle has the same form as the efficiency derived by Curzon
and Alhborn (1975) for the heat transfer limited Carnot cycle
as first observed by Leff (1987). It is also worth noting that,
when the cycle operates at maximum net work,

T2= T4=\/ Tl T3 (7)

Maximum Work of the Air-Standard Diesel Cycle

An analysis similar to that presented for the Otto cycle can
be made for the air-standard Diesel cycle represented in Fig.
2(b). Assuming T3, C,, and k to be constants, the net work of
the Diesel cycle can be expressed as

Woee=Wiz+ Wy + W34=Cu(Tl(l"krk—l)
+kT3“ T{—kTgl'k“—k)) (8)

As with the Otto cycle, there is a compression ratio that max-
imizes the net work. Assuming T to be constant, the maximum
net work compression ratio for the Diesel cycle is

k
Fnax = (%) (=) )

Again, at maximum net work, T: = T,. The thermal efficiency

of the Diesel cycle at maximum net work is
(r*-'-1
k(r(k:—l)/k__rk—-l)
Although Eq. (10) appears to be quite different from the cor-
responding efficiency for the Otto cycle (Eq. (6)), the efficiency

of the Diesel cycle at maximum et work is very close, but not
exactly equal, to | - \/7/T;.

Tmax =1~

(10)

Comparison of the Air-Standard Otto and Diesel Cycles
for Fixed Cycle Temperatures

If the maximum cycle temperature, 73, is assumed to be
independent of the compression ratio and k and C, are known
constants, the maximum work per cycle and the corresponding
efficiency and compression ratio are functions only of the ratio
Ty/Ty. Figure 3 presents the work, compression ratio, and
thermal efficiency of the Diesel cycle divided by the corre-
sponding quantities for the Otto cycle as a function of T3/7,
for & = 1.40. The compression rario that maximizes the work

of the Diesel cycle is always higher than that for the Otto cycle
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Fig. 3 Diesel/Otto cycle ratios of the maximum work/cycle, compres.
sion ratio, and thermal etficiency at maximum work as a function of the
maximum/minimum cycle temperatures for k = 1.40

at the same value of T3/T;. The efficiencies of the two cycles,
operated at maximum net work, are very similar, with the Otto
cycle having a slightly higher efficiency. The Diesel cycle, how-
ever, enjoys significantly higher net work per cycle for the
same value of T3/ 7, as evident from the T-s diagrams in Fig.
2. Similar results have been presented by Leff (1987).

Heat Transfer Considerations

In a real engine, 73 could not be expected to remain constant
as the compression ratio is varied, as assumed in Fig. 1 and
in the derivation of Egs. (5) and (9). Increasing the compression
ratio increases T, which results in higher values of T3, assum-
ing the energy release during combustion is unchanged. There
are, however, additional relationships between T; and the
compression ratio, which result from a consideration of heat
transfer to the cylinder walls.

Internal combustion engines combust fuel with air in near-
stoichiometric proportions. The combustion process is ob-
viously not adiabatic since the maximum temperature in the
cycle is far below the adiabatic combustion temperature. The
actual heat transfer processes occurring within the cylinder are
quite complicated. Regardless, the cylinder wall heat transfer
will increase with increasing compression ratio since the dif-
ference between the mass-averaged gas and cylinder wall tem-
peratures increase. For a given bore to stroke ratio, increasing
the compression ratio also increases the peak gas density (which
increases the gas to cylinder wall heat transfer coefficient) and
slightly decreases the surface area available for heat transfer.

As a first approximation, the heat transfer to the cylinder
walls is assumed to be a linear function of the difference be-
tween the average gas and cylinder wall temperatures during
the energy release process 2-3. The wall temperature is further
assumed to be constant as in Mozurkewich and Berry (1982)
and Hoffman et al. (1985). In this case, O, the energy trans-
ferred to the gas in the cylinder during combustion for the
Otto cycle, can be represented

On=CuT3—T)=a—f(T3+T3) (1
where « and 3 are constants. If the combustion process were

C, = constant-volume specific heat

a = heat transfer constant used in

AR

of working fluid (assumed as o}

air)

ratio of constant pressure 1o
constant volume specific heat
(assumed to be 1.4)
compression ratio
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T;
w

[

energy added to gas during
process 2-3 as a result of
combustion

temperature at state {

work per unit mass of gas in
the cylinder per cycle

Egs. (11)~(14)

heat transfer constant used in
Egs. (11)-(14)

thermal efficiency defined as
the ratio of the net work to
energy input
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Fig.4 Comparison of the comprassion ratios of the Dlesei (solid lines)
and Otto (dotted lines) at maximum net work for various values of « and
gwith T, = 350 Kand k = 1.4

adiabatic (8 = 0), the heat transfer to the gas would be equal
to «, the heat release during combustion. Fuels used in internal
combustion engines release about 50,000 kJ/kg. The air-fuel
ratio for stoichiometric conditions is approximately 15. As a
result, o should be approximately 3500 kJ/kg air. Values of
# must range from about 0.3 to 1.8 in order to achieve max-
imum gas temperatures of 1500 to 3000 K, as observed in
practice.
Eliminating T3 from Eq. (4) using Eq. (11)

(a+(C,=B) T H(1=r"%)
C,+8

Wnet=cu(rl(l""kn‘) +

(12)

Setting dW,,/dr to zero results in the compression ratio at
maximum power for the Otto cycle with heat transfer consid-

erations.
o \ V-2
= | e 3
Fmax (27..l ﬁ) (13)

It can again be shown that, at this compression ratio, T is
equal to Ts.

Considering heat transfer to the cylinder walls for the Diesel
cycle with the same heat transfer mode} used for the Otto cycle,

On=C(Th—-TN)=a-8(T1+T7) (14)
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A simple analytical expression for the compression ratio at
maximum net work that does not involve T; is not apparent.
However, the maximum net work compression ratio for the
Diesel cycle can be determined numerically. -

The compression ratios that result in maximum work for
the Otto and Diesel cycles are plotted in Fig. 4 as a function
of wand § with 7} = 350 K and k& = 1.4. The values of 3 for
each value of « are such that the maximum gas temperature
liesin the range of 1500 to 3000 K, as observed in actual engines.
For given values of « and 8, the compression ratio that max-
imizes the work of the Diesel cycle is always higher than that
of the Otto cycle.

Conclusions

The air-standard Otto and Diesel cycles are very simplistic
and cannot possibly represent the complex processes occurring
in internal combustion engines. Furthermore, compromises in
the performance of modern engines are made in order to meet
emission standards. Nevertheless, the results observed in Figs.
3 and 4 show that the maximum work compression ratios for
the Otto cycle are significantly lower than those for the Diesel
cycle, as observed in practice. Further, these compression ratios
compare reasonably well with the compression ratios employed
in production engines.

Power output is surely a major design considerarion in the
determination of the compression ratio for internal combustion
engines. The point of this paper is that the choice of compres-
sion ratio in internal combustion engines is dictated to some
extent by the desire to maximize engine power output. Pre-
ignition is certainly a design consideration in spark-ignition
engines. However, the characteristics of gasoline are an eco-
nomic consequence of engine power-compression ratio trade-
offs. The textbook explanation of factors limiting the compres-
sion ratio of spark-ignition engines misses this point.
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