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Abstract

The performance of an air-standard Otto cycle with heat transfer loss and variable specific heats of working fluid is analyzed by using
finite-time thermodynamics. The relations between the power output and the compression ratio, between the thermal efficiency and the
compression ratio, as well as the optimal relation between power output and the efficiency of the cycle are derived by detailed numerical
examples. Moreover, the effects of heat transfer loss and variable specific heats of working fluid on the cycle performance are analyzed. The
results show that the effects of heat transfer loss and variable specific heats of working fluid on the cycle performance are obvious, and they
should be considered in practice cycle analysis. The results obtained in this paper may provide guidance for the design of practice internal
combustion engines.
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1. Introduction and Diesel cycles. Chen et al. [13,14] and Lin et al. [15] de-
rived the relations between net power and the efficiency of
A series of achievements have been made since finite-the Diesel, Otto and Dual cycles with consideration of heat
time thermodynamics was used to analyze and optimize realif@nsfer loss. Chen et al. [16,17] and Ge et al. [18] derived
heat engines [1—3]. Mozurkewich et al. [4] and Hoffman et the characteristics of power and efficiency for Otto, Dual and
al. [5] used mathematical techniques from optimal-control Miller cycles with heat transfer and friction-like term losses.
theory to determine the optimal motion of the piston in Otto Chep etal. [19]’ Al-Sarkhi et al.' [20], and Sgh!n etal. [2.1]
and Diesel cycles. Aizenbud et al. [6] and Chen et al. [7] studled_ the optimal power de_nsny characterlstl_cs for Atkin-
analyzed the internal combustion engine cycle by using the son,.M|IIer and l?ual cycles without an.ylloss. Qinetal. [.22.]
optimal motion law of a piston fitted to a cylinder contain- obtalned th_e umve_rsal power and efﬁqency charat_:terlstlcs
ing a gas pumped with a given heating rate. Orlov et al. [8] for |rreverS|bI§ r.eC|pr'ocat|ng heat engine cycles with hegt
obtained the power and efficiency limits for internal com- trgnsfer and friction-like ter_m Iosse_s. Parlak et al. [23] opti-
bustion engines. Angulo-Brown et al. [9], Chen et al. [10] mized the performance of irreversible Dual cycle and gave

. out the experimental results. Fischer et al. [24] found that a
and Wang et al. [11] modeled Otto, Diesel and Dual cycles o . . ;
with friction-like loss during a finite time. Klein [12] stud- quantitative simulation of an Otto engine can be accurately

iod the effect of heat t ¢ th ‘ t the Ot rendered by a simple Novikov model with heat leak. The
1ed the effect of heat transfer on the performance ot the OUO 5,46 work was done without considering the variable spe-

cific heats of working fluid, so Ghatak et al. [25] analyzed

* Corresponding author. Tel.: +86 27 83615046, fax: +36 27 83638709, L1 €ffects of the variable specific heat of working fluid and
E-mail addresses: lingenchen@hotmail.com, Igchenna@yahoo.com heat transfer loss on the performance of Dual cycle. Based

(L. Chen). on Ref. [14], this paper will study the effects of the variable
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Fig. 1. T—s diagram for the cycle model.

specific heats of working fluid and heat transfer loss on the
performance of Otto cycle.

2. Cyclemodel

An air standard Otto cycle model is shown in Fig. 1.
The compression process is an isentropic processZt the
heat addition is an isochoric process23; the expansion
process is an isentropic process»34; and the heat rejec-
tion is an isochoric process4 1. As is usual in finite time
thermodynamic heat engine cycle models we suppose two
instantaneous adiabatic processes P and 3— 4. For the
heat addition and heat rejection branches{3 and 4— 1)
in Fig. 1, we assume that heating from state 2 to state 3 and
cooling from state 4 to state 1 proceed according to constant
temperature rates, i.e.,

ar 1
a = K_l (fOI‘ 2—> 3)
(jj_f = Ki (for4a— 1) 1)

whereT is the absolute temperature ané time, K1 and
K> are constants. Integrating Eq. (1) yields

11=Ki1(T3 — T»), 1o = Ko(Ts — T1) (2

wherer; andt, are the heating and cooling times, respec-
tively. Then, the cycle period is

T=1+12=K1(T3 — T2) + Ko(Ts — T1) 3

In practice cycle, specific heats of the working fluid are
variable and this variation will have great influence on the
performance of the cycle. According to Ref. [25], it can
be supposed that the specific heats of the working fluid
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Cpmzap—i-le (4)
Com = bv + le (5)

wherea,, b, andk; are constants;,,, andC,,, are molar
specific heats with constant pressure and volume, respec-
tively. Accordingly, one has

R=Cppn — Com=a, —by (6)

whereR is the molar gas constant of the working fluid.
The heat added to the working fluid during process 3
is

T3 T3
Oin =M/CUde =M/(bv + k1 T)dT
T T
= M{[by(T3 — T2) + 0.5k1 (T — T5)] @)

The heat rejected by the working fluid during process
4 1is

T4 T4
Qout= M/ Com dT = M/(bv + k1 T)dT
i
= M[by(Ts — T1) + 0.5k (T7 — T7)]

T
(8)

whereM is the molar number of the working fluid.

SinceC,,, andC,,, are dependent on temperature, adi-
abatic exponenk = C,,,/C,, will vary with tempera-
ture. Therefore, the equation often used in reversible adia-
batic process with constaktcannot be used in reversible
adiabatic process with variable However, according to
Ref. [25], a suitable engineering approximation for re-
versible adiabatic process with variabtecan be made,
i.e., this process can be broken up into infinitesimally small
processes, for each of these processes, adiabatic exponent
k can be regarded as constant. For example, any reversible
adiabatic process between statesd j can be regarded as
consisting of numerous infinitesimally small process with
constantc. For any of these processes, when small changes
in temperature @, and in volume & of the working fluid
take place, the equation for reversible adiabatic process with
variablek can be written as follows

TVE = (T +dT)(V +dv)F1 )

From Eqg. (9), one gets

ki(Tj — Ti) + by IN(T;/ T;) = —RIn(V; / Vi) (10)
The compression ratio is defined as

y=V1/V2 (11)

Therefore, equations for processes>12 and 3— 4 are

are functions of temperature alone and over the temperature?s follows
ranges generally encountered for gases in heat engines (300

2200 K) the specific heat curve is nearly a straight line which
may be closely approximated in the following forms

ki(T2 — T1) + b, In(T2/T1) = RIny
k1(T3 — Tyg) + byIn(T3/T4) = RIny

(12)
(13)
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For an ideal Otto cycle model, there are no heat transfer
losses. However, for a real Otto cycle, heat transfer irre-
versibility between working fluid and the cylinder wall is not

negligible. We assume that the heat loss through the cylinders ., |

wall is proportional to average temperature of both the work-
ing fluid and the cylinder wall and that the wall temperature

is constant. The heat added to the working fluid by combus-
tion is given in the following linear relation [8,12—-14,18,22]

Qin=M[A — B(T2+T3)] (14)

whereA and B are two constants related to combustion and
heat transfer.
Thus, the power output is

w
Por=— = {M[by(T3+T1 — T2~ Ty)

+0.5k (T4 + TZ — T2 — TP)]}

x [K1(T3 = To) + Ko(Ta — Tp)] (15)
and the efficiency of the cycle is
w
not=—— = [bo(T3+T1 — T2 — Ts)
Qin
+ 0.5k (T§ + TZ — T — T})]
x [b1(T3— To) + 0.5k (T2 —TA)] ™ (16)

When y and 71 are given,T> can be obtained from
Eq. (12), then, substituting Eq. (7) into Eq. (14) yiells
and the last7, can be worked out by Eq. (13). Substituting
T1, T2, T3 and T, into Egs. (15) and (16) yields the power

and efficiency. Then, the relations between the power output
and the compression ratio, between the thermal efficiency

and the compression ratio, as well as the optimal relation
between power output and the efficiency of the cycle can be
derived.

3. Numerical examplesand discussion

According to Ref. [25], the following parameters are
used:A = 60000-70000-nol~%, B = 20-30 Jmol~1.K 1,
b, = 19.868-23868 Jmol~1.K~1, M = 1.57 x 10~ kmol,
Ty = 350 K, k1 = 0.003844-0009844 dnol~1.K 2. Taking
equal heating and cooling times =1, = t/2 = 16.6 ms
(r = 33.33 ms [4]), the constant temperature ratésand
K> are estimated ag; = 8.128x 10 8sK~1 and K, =
1867 x 10 %sK1,

The variations in the temperaturés, T3 and 7, with the
compression ratio are shown in Fig. 2. One can seeThat
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Fig. 2. The temperatures versus compression ratio.
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Fig. 3. The influences aB on the power output.

loss on the cycle performance. One can see that the power
versus compression ratio characteristic and the power versus
efficiency characteristic are parabolic-like curves. For any
given y, when the heat transfer loss increases, dede-
creases 0B increases, the power output, the working range
of the cycle, as well as the efficiency at the maximum power
point will become smaller. IfB increases by about 50%,
the maximum power of the cycle decreases by about 28%,
and the efficiency at the maximum power point decreases
by about 20%. IfA decreases by about 14%, the maximum
power decreases by about 14%, and the efficiency at the
maximum power point decreases about 8%.

Figs. 7-12 show the effects of the variable specific heats
of the working fluid on the performance of the cycle. Figs. 7—

and T, decrease with the increase of compression ratio, and9 reflects the effects df, on the performance of the cycle.

T, increases with the increase of compression ratio. In Fig. 2,
there are two special states: one is the state with1, and

in this case,I4 = T3 and T»> = T; hold; the another is the
state withy = 34.5, and in this casely = T1 andT> = T3
hold. In the two special states, the power output of the cy-

One can see that for any given the power and the working
range of the cycle decrease with the decreask, pfvhile
the efficiency increases with the decrease,oflt also can
be found that the decrease igf almost have no effects on
the efficiency at the maximum power point of the cycle. If

cle is zero. Figs. 3—6 show the effects of the heat transfer b, decreases by about 17%, the maximum power decreases
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Fig. 13. The power output versus compression ratio with and without con-
sidering variable specific heats of working fluid.

by about 14%. Figs. 10-12 show the effectskgfon the
performance of the cycle. It can be found that the effects of
k1 on the performance of the cycle is related to compression ing compression ratio of SI engines, which are between 9.0
ratioy . If y is less than certain value, the decreask;ofill and 11.5 in general.
make the power bigger, on the contrasty iexceeds certain According to above analysis, it can be found that the ef-
value, the decease b6f will make the power less. One also  fects of the heat transfer losses and the variable specific heat
can see that the maximum power, and the efficiency at theof the working fluid on the cycle performance are obvious,
maximum power point decrease with the decreada ofhe and they should be considered in practice cycle analysis in
maximum power increases by about 18% and the efficiency order to make the cycle model be more close to practice.
at the maximum power point increases by about 10% if
increases by about 61%.

In order to observe the practice meaning, one can com-4. Conclusion
pare the performance of the Otto cycle with constant molar
specific heat and variable molar specific heat. Fig. 13 shows In this paper, an air standard Otto cycle model with the
the power output versus compression ratio characteristicconsideration of the heat transfer and the variable specific
with k; = 0.005844 dmol~1.K—2 andk; = 0 Jmol~1.K 2, heats of working fluid was presented. The performance char-
One can see that for the casepf= 0.005844 dmol~1.K—2, acteristic of the cycle was obtained by detailed numerical
the optimum compression ratio at maximum power output examples. The results show that the effects of the heat trans-
point isy ~ 11. This is consistent with the practical work- fer loss and variable specific heats of working fluid on the
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cycle performance are obvious, and they should be consid-[11] W. Wang, L. Chen, F. Sun, C. Wu, The effects of friction on the perfor-
ered in practice cycle analysis. The results obtained in this ~ mance of an air standard Dual cycle, Exergy Internat. J. 2 (4) (2002)

paper may provide guidance for the design of practice inter- ~ 340-344.

nal combustion engines. It would be more meaninaful if one [12] S.A. Klein, An explanation for observed compression ratios in internal
9 9 combustion engines, Trans. ASME J. Engrg. Gas Turbine Pow. 113 (4)

considers experimental results. This will be a next work in (1991) 511-513.

the near future. [13] L. Chen, F. Zen, F. Sun, C. Wu, Heat transfer effects on the net work
output and power as function of efficiency for air standard Diesel cy-
cle, Energy Internat. J. 21 (12) (1996) 1201-1205.
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