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Abstract

A model of irreversible Stirling cycle is represented in this paper. The finite time
thermodynamic analysis is taken into account in addition with general irreversibility’s such as
friction and several irreversibility’s due to dead volume of hot space, cold space and
regenerator are studied in this paper. The analytical formula of power output and efficiency are
derived, including effects of friction and dead volumes. Also, the effect of friction, dead volume
and regenerator effectiveness are studied by performing the numerical simulation. The result
from this study shows that the cycle net work is decreasing with increasing dead volume.
Power output and cycle efficiency will depend upon the effectiveness of heat exchangers and
dead volume.

Keywords: Stirling cycle, dead volume, frictional loss, irreversible regeneration.

I.  INTRODUCTION
The Stirling engine was invented in 1816 by Robert Stirling in Scotland, some 80 years
before the invention of a diesel engine. The Stirling engine is a simple type of external
combustion engine that uses the compressible fluid as a working fluid with great potential.
Being an external combustion engine, it utilizes a wide variety of energy resources: solar,
atomic, geothermal, industrial waste heat and marsh-gas.
Our studies and recent investigations by others have found that irreversibilities in the
thermodynamic cycle have significant importance in predicting the performance of Stirling
engines.
The development of finite-time thermodynamics, a new discipline in modern thermodynamics,
provides a powerful tool for performance analysis of practical engineering cycles. Several
authors have studied the finite-time thermodynamic performance of the Stirling engine.
Kaushik and Kumar shows an investigation of a finite-time thermodynamic analysis of an
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endoreversible Stirling engine to maximize the power output and the corresponding thermal
efficiency of an endoreversible Stirling heat engine with internal heat loss in the regenerator and
for the finite heat capacity of the external reservoirs.

Significant results have been obtained by Popescu et al, who studied the performance of the
engine by finite-time thermodynamic optimization of an endo-/exo-irreversible Stirling engine
and showed that the most important reduction in performance is due to the non-adiabatic
regenerator.

Angulo-Brown et al. and Chen et al. optimized the power of the Otto engine and Diesel with
friction loss during finite times.

Dead volume is defined as the total void volume in a Stirling engine. In general, the dead
volume is referred to as the volume of working fluid contained in the total dead space in the
engine, including the regenerator and transfer port. In practical, the Stirling engine must have
some unavoidable dead volume.

Schmidt also analyzed the Stirling engine including dead volume. However, ideal regeneration
is assumed in the Schmidt analysis. The correct working fluid temperature in the regenerator is
important for Stirling engines with large dead volumes. The regenerator effective temperature
in another way is the arithmetic mean and the log mean temperatures of working fluid at the
outlet and inlet of the regenerator.

This paper shows the thermodynamic analysis of regenerative stirling cycle considering Dead
volumes, friction, and imperfect regeneration,

Here the analytical formula of Net Power output and efficiency is derived including the effect of
Dead volume and other irreversibilities.

II.  SYSTEM DESCRIPTION
Thermal energy must be transferred into and out of the engine via heat exchangers at the hot
and cold ends because the heat source of the Stirling engine is external to the working fluid.
Therefore there must be a temperature difference between the working fluid and the heat
source when the engine receives thermal energy and between the working fluid and the heat
sink when it rejects thermal energy.
The engine operates between a constant temperature heat source with temperature TH and a
heat sink with temperature TL.
The processes undergoing in the Stirling cycles are:
Process 1-2: Constant Compression
(The Heat is rejected to external sink)
Process 2-3: Constant volume regeneration
(Internal heat transfer from the regenerator to working fluid)
Process 3-4: Constant expansion
(Heat addition from an external source)
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Process 4-1: Constant volume regeneration
(Internal heat transfer from working fluid to regenerator)
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Fig.1.p-v diagram Fig.2. Illustration of the

Fig.1 shows the p-v diagram of regenerative Stirling cycle

For an ideal regeneration, the total heat rejected during process 4-1 is absorbed by a perfect
regenerator and released to the working fluid during process 2-3 since in the ideal regeneration
an infinite heat-transfer area or an infinite regeneration time is needed.

For an imperfect regenerator, the working fluid temperature at the regenerator outlet and inlet
will be T3 and T3, respectively.

III. FINITE TIME THERMODYNAMICS ANALYSIS
When the effect of finite heat transfer on the performance of thermodynamic cycle is
considered, the amount of heat transferred from Source and Sink to working fluid is written as:

[5-6]
Qin = k(Ty — Tty
1)
Qour = IR:':Tr - TL:]tr
2

Where, t; and t, are heat addition and heat rejection times for the system. And k is the heat
conductance between engine and reservoir.
Also, Heat transfer in the regenerative process is given by:
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@z =ml, Eg {Th - Tr:I

3)
Heat loss in the two regenerative processes in the regenerator is given by:

AQz = mC,(1 —€4)(T, — T,)

(4)
For perfect regeneration,
Eg=1
So,
AQz =0

Also, time for regenerative heat transfer processes should be considered in the FTT analysis of
Stirling engine.

It is assumed that the temperature of the engine working fluid is varying with time in the

regenerative process is given by, n
— =4+
a9

Where, a is the proportionality constant which is independent of the temperature but
dependent on the property of the regenerative material.

tg = 2a(Ty —T¢)

®)

Thus the Total cycle time is given by;
E=ty +tg + 1,

6)

IV.  DEAD VOLUME ANALYSIS
Assume that the hot-space, cold space and regenerator dead volumes (in m3), are
respectively.Vyp, Viep and Vgp

Then, the total dead volume is given by:

Vip = Vyp + Voo + Vip )
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Dead volume Ratio:
Kyp = VHD,’ — Hot space dead vol. ratio
Vrp
_ Vep .
K.p= KL" — cold space dead vol. ratio
TD
Kep = VRDKV — regenerator dead vol. ratio

_V _ total dead vol.

Kep = mflfr /ftora:l vol.
Vip = Krp* Vp = Kpp(Vyp +Vp +Vp) ®)
Where, V, and V; are the displacer and power piston swept volumes (in m3) respectively.
4.1. Equation of state
PV = mRT )
For isothermal compression;

4
F (—) = mki

T

mR mR

(VH.VHD.VRB.VGD.“C} - (V_HJ,KJ,E}
Tn Tpn TR  T¢ T¢ Th T

Where,

— (Y#p 4 Yrp | Yoo
K= (rh+rﬂ+r|,) (11)

p= (10)

By substituting dead vol. ratios;

— (Xup o Krp , Kop
K= (r,-.._ + Tg + T. )Vm (12)
Where, Ty = it

(By using the arithmetic mean the regenerator effective temperature)
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For Expansion process, The cold-space working fluid swept volume, V-, is 0 throughout this
process.
Pressure for expansion process is given by:

mRT,
=, (1 =0) (13)
Similarly, for Compression process;
The hot-space working fluid swept volume, ¥y is 0 throughout this process.
Pressure for compression process is given by:

mR T,
R=2, (=0) (14)

Where, m is the total working fluid mass contained in the engine (in kg) and R(k]J/kg K) is the
universal gas constant.

4.2 Constant Compression

Heat released, [12-14]
In the isothermal compression process, the cold-side working fluid is compressed from V4
to I, 2.

Using eq. (14)

dVi

v v
Q.= W,= [, P.dV, = mRT_[" e (15)
Ver=Vor 1p
Vez =5
V, =0
_ _ Vp+KT,
Qc = W, =mRT.In [VP +Vp +;~:r,:] (16)
Let, [M] =2 (17)
Vp +KT,
1
Q. = W, = mRT, ln[:‘,l_j (18)
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4.3 Constant Expansion
Heat added;

In the isothermal expansion process, the hot-side working fluid volume changes from
Vyg to Vya.

Using eq. (13)

= W, = ["* - VptVp+ETh
Qn= W, = [,* P.dVy = mRT, 1n[ e ]
Vas =Vp +1p
Vs =
Ve+Vp+ETy] _
Let, Vg +ET, ] 42

@ = W, =mRT,ln (4;)
4.4 Constant Volume heat transfer process
The constant volume regeneration process is taking place in the regenerator,

Ex— Ef fectiveness of regenerator

Heat transferred by regenerator;
Qr =mC, €5 (T, — T,)

Heat loss by regenerator;
AQg =mC,(1—€x)(T, —T.)

Now,

Net heat absorbed,

Qin = Qu = Qn T A0k
Net heat released,

Qﬂ-ur = QL- = Qc + &QR

(19)

(20)

(21)

(22)

(23)

(24)

(25)
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4.5 Net Work
Net Work Output,

Wyee = Qu — @ = — @,
For second law of TD,

T T, T,

C

Qh = Qr: {1;—_:)

By using eqn. (26)

By using eqn. (16), (17) and (18)

T; Vn +HT,
Wyee = — (2= 1) mRT, In [ 224 _|
! T, Vp +Vp +KT,

Wyee = (T — T JmRIn(4,)

In the case of zero dead volume and reversible cycle, the net work is

Wyee = mR(T, =) In [ ]

V. POWER LOSS BY FRICTION

(26)

(27)

(28)

(29)

Taking into account the friction losses of the piston as recommended by Angulo-Brown et al.[7-

8]

Friction force is a linear function of velocity.
Friction power,
ie, Friction force o v

F.F=—uv= —u(:—:)

(30)

48



iJCEM

International Journal of Core
Engineering & Management

International Journal Of Core Engineering & Management
Volume-5, Issue-3, June-2018, ISSN No: 2348-9510

Frictional power,

dw,
p.=——L
=)

Where,
Vi
x—x, X2 (F: - )
'1;] '1;] = =
mEAn Aty At

Let,
p=—2

Atyg

VI. POWER OUTPUT

The Power output is given by:

_ ""Net
Pout - £

Using above equations ,

we get Power output as:

Pour ={ L )

thttgtis

. P+Vp+KET,

(Typ=T.)mRln —]
t VFo+KT,

P — D C

out thitg e
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. P+PD+KTE]
P _ (T —T)mR ln[v Tp+ET,
out Uin Mout . e _

RTH-Tn, kTe-T =\ Th T

From eq. (1), (2), (5), (17), (18), (20) and (21),

We get,
(T3—TJmEnliy]
Pﬂuf = . . v mAT ]rl.L\| L1 HTh=Te)
“i‘!f"-Tﬁ]T-'-iZ:'+"-"5fu'-1—ER:'|:T.'1—T-_-_l Im e -,f11J+ prl—eplip—Icl ey
k(T ' KT—Tp) F2a(TyTe)
p _ (Ty —T I klnld,]
UL T Ty Inlig)e i a-eg)(Tp-Tc) Te I3+ ) (2-=RTh-Te) g
TE-Th, ; ToTD) HoR T T
If,eg =1
p _ (Tp —T )k 1nld,]
out ~

Tyln(gs Tel+
- F— o, (Th—Tz)
(TH-Tpy R(Te-TL) =R

Where,

2ak

&£y =

VII. ACTUAL POWER OUTPUT

The actual power output considering frictional power loss
Is given by:

Fr.zcr = Four - Ff
By using eq. (33) and (38)
We have the actual power output as:

(36)

(37)

(38)

(39)

(40)
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_ (Th— Tk 1nll,] Y L 2
Pact Ty In(ig)+( === )22} (Ty-Tc) Te lﬂ[_i:l”:}:%‘_:l[:‘_—ER} (Th-Tz) b ( 1) (41)

¥—1s
(TH-Th) ' T--T]

ey (T3 —To)

VIII. EFFICIENCY

And the thermal efficiency is given by:
W".l's E_ W’v’sr

Qu  Qn+AQ:

rl.:

from eq. (18), (20), (21), (27) and (28),
we get the thermal efficiency, which is given by:

. Vp+Vp+KT

B (Ty—T.)mR ln[%]
n= Vp+Vp+KETh J | (42)

thln[—vﬁm?‘ ]+mq,u1—ER}Lrh—rE}

— (Th T 1nld,]

a ' 43
AEYETRECEEESTT (@3)
Ifeg =1
Then,

_ _T_L’.' Ind,
= (1 I';.._)lnj.g (44)

Equation (41) and (43) are the main results of this analysis.

IX. RESULTS
From the above analysis we can see that,
The actual power output is depends upon dead volume, heat conductance between engine and
reservoir (k), effectiveness of regenerator (£g).
The efficiency is depends on Th, Tc, dead volume and (£g).
Plots of effect of total dead volume and imperfect regeneration are shown below.
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Fig.3.

Fig.3. shows the variation of Engine net Work with total dead volume ratio.
It is seen that engine net work decreases as total dead volume ratio increases.
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Fig.4 shows the effect of heater temperature on heat input consiering the effect of imperfect
regeneration and
Fig.5. shows the effect of total dead volume ratio on thermal efficiency with regenerative losses.
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