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Abdtract: An irreversible air standard dual cycle model is proposed in this paper. The performance of an air-
standard dual cycle with heat transfer loss and variable specific heats of working fluid is analyzed by using finite-
time thermodynamics. The objective of this study is to analyze the effects of heat |oss characterized by a percentage
of the fuel’s energy, friction and variable specific heats of working fluid on the performance of an air standard dual
cyclewith aredtriction of maximum cycle temperature. The relaions between the power output and the compression
ratio, and between the thermal efficiency and the compression ratio of the cycle are derived. Moreover, the effects of
heat transfer and global losses lumped in a friction like term on the performance of the cycle are shown by detailed

numerical examples. [Journal of American Science 2011;7(3):608-613]. (ISSN: 1545-1003).
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1. Introduction

A series of achievements have been made
since finitetime thermodynamics was used to
analyze and optimize red heat engines. Severa
author shave applied finite-time thermodynamics
(Andresen and Bgjan and Chen et da.) to the andysis
and optimization of the internal-combustion engine.
Mozurkewich and Berry and Hoffman et al. used
mathematica techniques from optimal-control theory
to determine the optima motion of the piston in Otto
and Diesdl engines. Aizenbud and Band and Chen et
al. determined the optimal motion of a piston, fitted
to a cylinder containing a gas, pumped with a given
heating rate and coupled to a heat bath for a finite
time. The heat addition process for an air standard
cycle has been widely described as subtraction of an
arbitrary heat loss parameter times the average
temperature of the heat addition period from the
fuel’s chemica energy. Orlov and Berry obtained the
power and efficiency limits for internal-combustion
engines. Angulo-Brown et a. and Chen et al.
optimized the powers of the Otto and Diesd engines
with friction loss during finite times. Klein studied
the effect of heat transfer through a cylinder wall on
the work output of the Otto and Diesel cycles. Chen
et a. derived the relations between net power output
and the efficiency for both the Diesel and Otto cycles,
with considerations of heat transfer through the
cylinder wall. Blank and Wu and Lin e al.
considered the effect of heat transfer through a
cylinder wall on the work output of the dual cycle.
On the basis of these investigations, the relations
governing the net power output and the efficiency for
the dua cycle with considerations of heat transfer
loss and friction-like terms loss during a finite time
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are derived in this paper. heat transfer between the
working fluid and the environment through the
cylinder wall is considered and characterized by a
percentage of the fuel’s energy; friction loss of the
piston in al the processes of the cycle on the
performance is taken into account. Furthermore, we
consider the variable specific heats of the working
fluid that is dgnificant in practica cycle analysis.
The results obtained in the study may offer good
guidance for design and operation of the dua cycle
engine.

2. Thermodynamic analysis

An ideal ar-standard dual cycle is shown in
Fig. 1. The compression process ignition is isentropic
1® 2; the combustion is modelled by a reversible
constant volume process 2® 3and a congant-
pressure process 3® 4; the expansion process
4® 5is isentropic; and the heat rejection is a
reversble constant-volume process 5® 1. As is
usual in FTT-heat engine models, we suppose
instantaneous adiabats. For the isochoric branches
(2® 3 and 5® 1) and theisobaric branch (3® 4)
in Fig. 1, we propose that heating from states 2 to 4
and cooling from states 5 to 1 proceed according to
constant temperatures; i.e.

ar _ 1 (for 2® 3, 3® 4)

dt K,

dT 1 M
—=— (for 5® 1),

dt K,
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/ 9. = VuIV,=T, [T, (8)
_ " __fj” we have
T,=T./(9,9) €)
T T,=T,g, , (10)
T,=T,9,9.. (11)
= Bl
Figure1. T-sdiagram for adua cycle g =[T,/(T,9,8, )" . (12)

where T is the absolute temperature and t is the time.
k, and k, are constants. Integrating
Eq. (1) gives

t1:K1(T3'T2) ) tz :Kz(T4'T1) ' (2)

where t,and t,are the heating and cooling times,

respectively. Then, the cycle period
is

t :t1+t2 :Kl(rs'Tz)+K2(r4'T1)- (3)
Thework outputis

W :Cv (Ta 'Tz) +Cp (T4 'Ta)

- Cv (Ts - Tl)' (4)

where C, is the heat capacity at constant volume, and
C, is the heat capacity at constant pressure, i.e., the

product of mass flow rate and the specific heat. Thus,
the power outputis

Pl:t_

C,(T,-T)+C,(T,-T))-C, (T,-T)) )
- K1U4'T2)+K2U5'T1) .

Defining the compression ratio, g, the pressurerétio,
g, and the cut-off ratio, g, asfollows:

g: V1/V2 :(TZ/Tl):U(k-l) ! (6)

9, = RIR=T/T, (7)
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Substituting Egs. (6)—(11) into Eq. (5) yields

W
Pl :t_
={C,{T[1- g"*- (k- Dg,g" ']
+KT, =TT gy *g* ) (13)
/{K1U4'Tlgk>1)
+K2[T1L kT4kgk(1>k) - Tl]}

where k is the ratio (C,/C, ) of specific heds. In

special cases, the dual cycle becomes the Diesel cycle
or theOttocycle, i.e.when g, =1 , ¢, =1.

The total heat added to the working-fluid during
processes 2® 3 and 3® 4 is

Qa =Qx +Qy,
=C,(T;-T)+C (T,-T,) (14)
=C,[KT, +(1- k - g;1)g9,0" 'T,]

For an ideal dua cycle, there are no irreversible
losses.

QA =a- b(Tz +T4)

=a-b(Tg+T)), o

where a and b are two congants related to the

combustion and heat transfer.
Combining Egs. (14) and (15) yields

T, ={a-[bg""

1 k-1 (16)
+C, (1- k- 9,7)9,9" T} /(C, +b).

Substituting Eq. (16) into Egs. (13) and (14) yields
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P, ={C{T,[1- g"'- (k- Dg,g" ]
+[k /(C, +b)}{a - [b
+C, (1- k - 9,1)9,10“ "T,}}
-C (T, gy “g““"“{{a - [b
+C, (1- k - g;1)9,19" T} (C, +b)}*}}
HK{{a - [bg“"* (17)
+C, (1- k - 9,1)9,9" T}
IC, +b)-Tg“}
+K AT g {{a - [bg
+C,(1- k- g, )gpgk "}
IC,+b)-Tg“}*-T}},

=C,{ak +b[(1- k - g,)g, - KIg" T}

18

IC, +b). e

fo=-mv =-mX (19)
dt

where mis a coefficient of friction which takes into

account the globa losses and X is the piston
displacement. Then, the lost power is

dw,,
Pm = =-
dt

L (20)
dt dt
If we take the piston mean velocity v asv ,

T — 1-X2:X2(g_1), (21)
Dtlz Dtlz

where X, is the piston position at minimum volume
and Dt,, isthe time spent in the power stroke. Thus,
theresulting power output is
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P, ={C{T,[1- g“*- (k - Dg,0"“"]
Hk/(C, +b)[{a - [b +C,
“(- k- 9,19,19" T3}
-C AT g *g" M da - b +C,
“(1- k- g;19,19" T }H(C, +b)}}}
KK {{a - [bg“™* +C,
“(1- k- g;")g,9" ' }H(C, +b)-T19“}
AT g 9" i {a - [bg* * +C,
“(1-k-g, )gpgk T}
IC, +b)-T,g“"}* -T}}-b(g- 17

(22)

where

LS
(Dt,)*

1
— 23
5 (23)
Thethermal efficiency of the cycleis

h =§={CV{T1[1- g (k- Dg,g"]

Hk /(C, +b)}{a - [b +C,
“(1- k-g;Mg, 19" T}
C AT *gy“g“““{{a - [b+C,

“(1- k- g,19,10" T}/(C, +b)}}}
KC,(@ - 2bg“T,)/(C, +b)} (24)
-b(g- DK {{a - [bg“*+C
“(1- k- g;g,0" 'TT}H(C, +b)-Tlgk’1}
+K (T g g““{{a - [bg"“* +

“(I-k-g; )gpgk "}

IC, +b)-T,g“ '} -T}}}

/C, (@ - 2bg“"T,)/(C, +b)}.

Egs. (22) and (24) are the mgjor results of this paper.
They determine the relations between the power
output P, efficiency h , compression rétio g, and the
pressure ratio g, . The relation between power output
and efficiency may be obtained using numerica
calculations.

Two limiting cases are manifested from Eqgs. (22) and
(24). The first case, when g, =1, describes the
relationship of the power and efficiency of the Diesd
cycle
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Py ={C{T,(1- kg“")+[k/(C, +b)][a
+C, - b)g" T,]}- C{T,"g"““{[a
+C, - b)g" T,J/(C, +b)}}}
{K{[a +(C, - b)g* T,]/(C, +b) (25)
T g KT g [a +
(C, - b)g“T,]/C, +b)
-T.g" Y -T}}-b(g- D%,

PD

"0 73,
={C,{T,(1- kg“'")
+k /(Cp +b)][a +(Cp - b)
“geT]- T 9 Y [a
+C, - b)g“ T,]/(C, +b)}*}}
HC, (@ - 2bg""T,)/(C, +b)} (26)
-{b@-D{K{[a+(C,-b)
"g“T,)IC, +b)-T,g" 1}
+K (T g f[a +(C, - b)
“g“TI/C, +b)-T,g" "} - T3}
/{Cp(a - 2bg"’1'l'1)/(Cp +b)}

when b =0, the result is the same as that of Chen &
a

The second cese, when ¢, =1, describes the

reationship of the power and efficiency of the Otto
cycle

P, ={{C{T,(- g
+1/(C, +b)][a +(C, - b)g“ T,]
T(1- g (K, KT (27)
{[a +(C, - b)g“"T,]
IC, +b)-g“ T }}}- b(g- %
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P
h, =% =C {T,@- g"*
() éOA V{T-( g )

+H1/(C, +b)][a +(C, - b)
“g"T,1@- 9" M} - b(g - 1)?
“(K,+Kg"“{[a +(C, - b) (28)
“g“T]IC, +b)- g“ T }}
AC{[a +(C, - b)g“T,]
IC, +b)- g“ T }},

g, =(9,), =T, /(T,g"™")
=[a+(C, - b)g“T,] (29)
(C, +b)g* T],

Where (g, ), isthepressureratio for the Otto cycle.

3. Numerical examples
To illustrate the preceding analysis, we have

t =33.33ms, C, =0.7165kJ /K and
C, =1.0031j /K . Taking equa heating and cooling
times(t, =t, =t /2=16.6ms), the constant

temperature rates K, and K, are estimated as
K,=8.128"10°%s/K and K,=18.67"10°s/K .
We consider m=7s with s =12.9kg/s and s is
the friction coefficient of the exhaust and
compression drokes. Taking the same vaues of
x,and Dt,, asin Mozurkewich’s paper and following
the same procedure to determine the losses for the
full cycle, we obtain b =325W . The maximum

cycle-temperature ratio is t =2742/329=8.33. The
typicd parameter ranges of the four parameters are
g, =1-@,), - a =2500- 4000 kJ /kg,
b =0.3- 1.8kJ /[(kg)K] and T, =300- 400 K .

The effects of g, on the power output vs. efficiency
curve for a =3500 kJ/kg, b =1kJ /[(kg)K]and
T,=350 K ae shown in Fig. 2. The g, =1
characteristic curve corresponds to the Diesd-cycle
performance. The g, =g, characteristic curve
corresponds to the Otto-cycle performance. Thereisa

maxi mum-power output point. When
g, =0, =16.512and g, =12, the power output
approaches its maximum value a

P =29.0214 kW and the corresponding
efficiency is h, =05174. The effect of b on the
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power output vs. efficiency curve for
a=3500kJ/kg, T,=350K, b=325W and
g, =12 is shown in Fig. 3. The effect of a on the
power output vs. efficiency curve for
b =1kJ/[(kg)K], b=325wW,T, =350 K and
g, =12 is shown in Fig. 4. The effect of T, on the
power output vs. efficiency curve for
a =3500 kJ /kg , b =1kJ/[(kg)K],
b =325W and g, =12is shown in Fig. 5. The
effects of b on the power output vs. efficiency curve
fora =3500 kJ /kg , b =1kJ/[(kg)K],
T, =350 K and g, =1.2areshown in Figs. 6.
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Figure 2. Effect of g, onthe P - h characteridtic.

AgE o=3500 L) Sy
|3 (6 -
= 1
L T =350 K
=325 0 1.2
=05
mt
oy
=
= 11t
o

i [N ] (£ ] 03 0.4 1.4
)

Figure3. Effect of b onthe P - h characteristic.
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Figure 4. Effect of a onthe P - h characteristic.
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Figure5. Effect of T,onthe P - h characteristic.

3 =325
@ = 3500 &S ky
Fi) Pk ) =4
HE r=i50k 2
at
E 15F
_E_
8
(1 4
5
I . . s . .
1] It 2 2.3 (B 3

Figure 6. Effect of b onthe P - h charaecteristic.

4. Conclusions

In this paper, the effects of cylinder wall
heat-transfer and globa losses lumped in a friction-
like term on the performance of a dual cycle during a
finite time are investigated. The relations between net
power output, efficiency, compression-ratio, and the
pressure ratio are derived. The maximum power
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output and the corresponding efficiency and the
maximum efficiency and the corresponding power
output are aso caculated. The results can also be
applied to the performance analysis of the Diesel and
Otto cycles. The detailed effect andyses are shown
by numerical examples. The results can provide
significant guidance for the performance evaluation
and improvement of real dual engines.
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