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The present study investigates the performance of the solar-driven Stirling engine
system to maximize the power output and thermal efficiency using the non-linea-
rized heat loss model of the solar dish collector and the irreversible cycle model
of the Stirling engine. Finite time thermodynamic analysis has been done for
combined system to calculate the finite-rate heat transfer, internal heat losses in
the regenerator, conductive thermal bridging losses, and finite regeneration
process time. The results indicate that exergy efficiency of dish system increases
as the effectiveness of regenerator increases but decreases with increase in rege-
nerative time coefficient. It is also found that optimal range of collector tempera-
ture and corresponding concentrating ratio are 1000 K~1400 K and 1100~1400,
respectively, in order to get maximum value of exergy efficiency. It is reported
that the exergy efficiency of this dish system can reach the maximum value when
operating temperature and concentrating ratio are 1150 K and 1300, respective-
ly.
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Introduction

Electricity generation by solar power plants has gained importance in recent years.
Solar thermal power systems utilize the heat generated by a collector concentrating and
absorbing the Sun’s energy to drive a heat engine/generator and produce electric power.
Currently, three concepts are well known and established: Parabolic trough power plants,
solar tower power plants, and dish-Stirling systems. Out of these three the dish-Stirling
system has demonstrated the highest efficiency [1, 2]. Over the last 20 years, eight different
dish-Stirling systems ranging in size from 2 to 50 kW have been built by companies in the
United States, Germany, Japan, and Russia [1]. The Stirling energy system (SES) dish has
held the world’s efficiency record for converting solar energy into grid-quality electricity, and
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in January 2008, it achieved a new record of 31.25% efficiency rate. Dish-Stirling systems are
flexible in terms of size and scale of deployment. Owing to their modular design, they are
capable of both small-scale distributed power output, and suitable for large, utility-scale
projects with thousands of dishes arranged in a solar park (two plants in the US totaling over
1.4 GW are slated to begin construction in 2010 using the SES technology). In principle, high
concentrating and low or non-concentrating solar collectors can all be used to power the
Stirling engine. Finite time thermodynamics/finite temperature difference thermodynamics
deals with the fact that there must be a finite temperature difference between the working
fluid/substance and the source/sink heat reservoirs (with which it is in contact) in order to
transfer a finite amount of heat in finite time.

The literature of finite time thermodynamics began with the novel work of Curzon et
al. [3], who established a theoretical model of a real Carnot heat engine at maximum power
output with a different efficiency expression than the well known Carnot efficiency . In recent
years finite-time thermodynamics has been used successfully to study the performance
analysis and optimization of low temperature differential Stirling heat engines [5, 6] powered
by low concentrating solar collectors [7-9]. In addition, finite-time thermodynamics analysis
of heat engines is usually restricted to systems having either linear heat transfer law
dependence to the temperature differential both the reservoirs and engine working fluids [10,
11]. However, for higher temperature solar-powered heat engines, radiation and convection
modes of heat transfer are often coupled and play a collective role in the processes of engines.
Sahin [2] investigated the optimum operating conditions of endoreversible heat engines with
radiation and convection heat transfer between the heat source and working fluid as well as
convection heat transfer between the heat sink and the working fluid based on simultaneous
processes. During the simultaneous processes, used as the steady-state operation in literature,
the heat addition and heat rejection processes are assumed to take place simultaneously and
are continuous in time as in a thermal power plant. The power output with simultaneous
processes is given by W =Q;, — Q. -

In this paper, a general analysis of finite time thermodynamics of a solar dish-
Stirling engine has been presented considering both convective and radiative heat transfer
phenomena between heat source/sink and working fluid. Optimization has been done by
varying the source temperature and concentration ratio. We have obtained the expression of
maximum power output and computed the corresponding thermal efficiency. The influence of
major parameters like heat leak coefficient, ratio of volume during regeneration processes,
regenerator losses etc on the maximum power output and the corresponding overall efficiency
is analyzed in detail. The aim of this article is to provide the basis for the design of a solar-
powered high temperature differential Stirling engine operated with a high concentrating
collector.

System description

As indicated in fig. 1, dish-engine systems use a mirror array to reflect and
concentrate incoming direct normal insolation to a receiver, in order to achieve the
temperatures required to efficiently convert heat to work. This requires that the dish track the
sun in two axes. The concentrated solar radiation is absorbed by the receiver (absorber) and
transferred to an engine.

" In 1977, Howel et al. analysed the Carnot cycle to determine the oprimum value of outlet temperature of solar collector
with respect to maximum cycle work output [4].
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An endoreversible Stirling heat engine
coupled with a heat source and a heat sink, ;Y o Tedenteoree
and with a regenerator and conductive VAR S AV
thermal bridging losses from absorber to ,f'/ v o _
heat sink is depicted in fig. 2 along with its F—7 7 Stifing heat engine
T-S diagram in fig. 3. The cycle approx- E o
imates the compression stroke of a real
Stirling heat engine as an isothermal heat
rejection process (1-2) to the low tempera-
ture sink. The heat addition to the working
fluid from the regenerator is modeled as the
constant volume process (2-3). The expan-
sion stroke producing work is modeled as
isothermal heat addition process (3-4) from
a high temperature heat source. Finally the
heat rejection to the regenerator is modeled Figure 1. Schematic diagram of the dish system
as the constant volume process (4-1). If the
regenerator is ideal, the heat absorbed during process 4-1 should be equal to the heat rejected
during process 2-3, however, the ideal regenerator requires an infinite area or infinite
regeneration time to transfer finite heat amount, and this is impractical. Therefore, it is
desirable to consider a real regenerator with heat losses AQg. In addition, we also consider
conductive thermal bridging losses Qp, from the absorber to the heat sink.
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Figure 2. Schematic diagram of the Stirling heat Figure 3. T-S diagram of solar dish-Stirling
engine cycle heat engine cycle

Finite time thermodynamics analysis

The analysis of the article includes the mathematical models for the dish solar
collector, the Stirling engine as well as the combination of the dish solar collector and the
Stirling engine.
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Thermal efficiency of the dish solar collector

Actual useful heat gain g, of the dish collector, considering conduction, convection,
and radiation losses is given by [12]:

0y = 1A — Aulh(Ty = T,) +eo (T ~ T, )

where | is the direct solar flux intensity, A; — the collector aperture area, 1o — the collector
optical efficiency, Ay — the absorber area, h — the conduction/convection coefficient, Ty — the
absorber temperature, T, — the ambient temperature, & — emissivity factor of the collector, and
o — the Stefan’s constant.

Thermal efficiency of the dish collector is defined by ng:

_ Qu _ h(TH _Ta) +80-(le _Ta4)
My =~ =T — IC

A, )

Finite-time thermodynamics analysis of the Stirling heat engine
Regenerative heat loss to the regenerator

It should be pointed out that also the regenerative branches are affected by internal
thermal resistances to and from the thermal regenerator. Thus, regenerative losses are
inevitable. One may quantify these regenerative losses by [4]:

AQr=nCy (1 -¢g) (T1—T2) 3)
where, C, is the heat capacity of the working substance, n — the number of mole partaking in
the regenerative branches, eg — the effectiveness of the regeneration and T, and T, are
temperatures of the working fluid in the high temperature isothermal process 3-4 and in the
low temperature isothermal process 1-2, respectively. When ¢ = 1 the Stirling cycle operators
with ideal (complete) regeneration.

To achieve a more realistic case, the time of the regenerative heat transfer processes
should also be considered in the thermodynamic analysis of a dish-Stirling heat engine [2].
For this purpose, it is assumed that the temperature of the engine working fluid/substance is
varying with time in the regenerative processes as given by [13]:

dT

— =

i (4)
where « is the proportionality constant which is independent of the temperature difference
and dependent only on the property of the regenerative material, called regenerative time
constant and the + sign belong to the heating and cooling processes, respectively. The time (t;)
of two constant volume regenerative processes is given by:

tr=t3+ 1, =2a(T1 - T)) )
Heat transfer across the Stirling cycle

Heat supplied to the working fluid at temperature T, (Q;) and the heat released by
the working fluid at temperature T, (Q,), during the two isothermal processes are:
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Vl
Q =Qy +AQR :nRTlan_+ncv(1—5R)(T1_Tz) (6)
2
and
V
Q, =Q; +AQg :nRTZInV—1+nCV(1—gR)(T1 -T,) @)

2

respectively, where n is the mole number of the working substance, R — the universal gas
constant, T; and T, are the temperatures of the working substance during the high and low
temperature isothermal branches, and V; and V, — the volumes of the working substance along
the constant-volume heating and cooling branches, as shown in fig. 3.

Invariably, there are thermal resistances between the working substance and the
external heat reservoirs in the dish-Stirling engine. In order to obtain a certain power output,
the temperatures of the working substance must therefore be different from those of the heat
reservoirs. When convective and radiative heat transfer mode is consider between absorber
(source/sink) and working fluid, heat transfer can be written as:

Q1 = [Mu(Th — To) + i (T =TI (8)
and

Q2 =he(T2 - Totz )

At sink side only convective mode is predominant. Here hy and hc are the thermal
conductances between the working substance and the heat reservoirs at temperatures Ty and
Te, hur is the high temperature side radiative heat transfer coefficient, and t; and t, are the
times spent on the two isothermal branches at temperatures T, and T, respectively.

The conductive thermal bridging losses from the absorber at temperature Ty to the
heat sink at temperature Tc is assumed to be proportional to the cycle time and given by [13,
14]:

Qa = ka(Th — Te)t (10)
where k, is the heat leak coefficient between the absorber and the heat sink and t — the cyclic
period.

Taking in account the major irreversibility mentioned above, the net heats released
from the absorber Qy and absorbed by the heat sink Q¢ are given as:

Qu=0Q1+Qa (11)
Qc=0Q2+Qa (12)

Thus the total cycle time is given by:
NRT,InA+nC, (1-&;)(T, - T,) N
hy Ty —Ty) +hye (T - T
+nRT2In/1+nCV(1—gR)(I'1—T2)+T1—T2 (13)
he (T =Ty) 2a

For the thermodynamic cycle 1-2-3-4-1, work, power output, and thermal efficiency
is given by [15, 16]:




Sharma, A., et al.: Finite Time Thermodynamic Analysis and Optimization of ...

1000 THERMAL SCIENCE, Year 2011, Vol. 15, No. 4, pp. 995-1009
W=0Qx-Qc (14)
W
t T

Using egs. (8)-(15), we have:

T-T,
T, +Y(T -T)) +T2 +Y, (T -T,)
hy (T —Ty) + by (le —T14) he (T, =Te)

Tl — T2

P:

+Y,(T, - T3) (16)

]7 =
’ T, +Y(T, -T))

4 T
hy (Ty =Ty) + by (T = T,7) (17)

T,+Y (T -T,)
2 131 27 Y (T, -T
’ he (T, = Te) (- T2)

T +Y (T -T,) +k, (T = Te)

where
— Cv (1_ gR)
RInA

2
anRIna

A and

Y2 =

where A = V4/V,.
For the sake of convenience, a new parameter x = T,/T; is introduced into egs. (16)
and (17), then we have:
T +Yi (T, — XTy) N XTy + Y, (T — XTy)
hy (T —T) + e (T - T1) he (XT, = T¢)

P
+Y, (T, - XT,) (18)

To maximize the power output, take the derivative of eq. (18) with respect to the
temperature T, and x and equate it to zero, namely 0P/0T; = 0 and 6P/ox = 0, the optimal
working fluid temperature Ty and Xop for this condition can be obtained from eg. (19) and
(20), respectively:

ﬂl 10pt T ﬂz topt T ﬂSTlopt + ﬂ4 10pt T ﬂSTl?)pt + ﬂﬁTlopt +5 = 0 (19)

EX* +E,x+E; =0 (20)

Where P = hHRB_LX B2 = hurX(2Bihuc — 3Bahicx), Bz = 2hurX(3B2hicTL — BiBg), /34—
=— 3BzhHRthT|_ , Bs = hucX(Bihne — BohieX), fs = 2hueX(BahicTL — B3By), ﬁ7 = Bix 332 -
— Bohuchie T2, By = x+ Al(l X), Bo=1+ Al(l X), Bz =hucTu +hur T, E1 = B(T -
—YlTchhc) E, = B(Yth-|;1 —Ylthch) + Tl hc, E; = —[thTl(TL + YlTl)] +Tl hc, B=
= hu(Tw —To) + hur(Ty = TF)
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Therefore, the maximum power output and the corresponding optimal thermal
efficiency of the Stirling engine are:

P 1-x
max. — _ _
1+Y,(A-x) — X+Y1-X) +Y,(1-x) (21)
hy (T _Tlopt) +hyr (T _Tlopt) hc(XTlopt -Te)
B 1-x
Tsopt = 1+Y,(1-x) .
My (Tt = Tiopt) + P (T = Tag
1+Y,1-x)+ k, (T - Te) (T y Tpt) e (o) @)
XNA=X L ya-x)

hC (XTlopt =T C)

Special cases:

(1) When hyg =0, i. e. only convection heat transfer is considered and radiation heat transfer
is neglected between the absorber and the working fluid, eq. (19) is simplified to:

ﬂSTlopth + ﬁGTlopt +D7=0

By solving eq. (19) we get:

where _
x4 +YxA-x)

b+ Y, 010

(2) When &g = 1, the Stirling engine achieves the condition of perfect/ideal regeneration,
although the time of regeneration process is still considered. Then maximum power
output and thermal efficiency is given by:

1-x
IDmax. =
! -t X +Y,(1-x)
hy (T = Taope) + Pr (T — Tigpe) he (XTyopt =T ¢)
1-X
Msopt = 1 N
1+k (Th —Te) +Y,(1-X)

+
hH (TH _Tlopt) + hHR (Tl—éi1 _Tlépt) hC(XTlopt =T C)
(3) When hyr =0, eg = 1, and considering x = (TH/TC)”Z, then maximum power and thermal

efficiency can be given as:
Fo (T —Tc)?

P =
T o
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Mot =1— T_H
sopt —
TC

However, physically for finite time regenerative time eg should be less than unity. This
shows that in the investigation of the Stirling heat engine, it would be impossible to ob-
tain new conclusions if the regenerative losses were not considered.
(4) When the time of regenerative processes is directly proportional to the mean time of two
isothermal processes, i. €.
tr=yt + 1)

where y is the proportionality constant then

1-x
.~ 14Y,@ Y, (@
1+ ) +1(_X)4 ; +X+ 1(1-X%)
i (Th = Taopt) + hr (T = Taopt) he(T =T¢)
Fog: = 1-x
o LY () £ k(T —T) 14Y,(L-x) LX)
' e hy Ty —T1) + g (le _Tl?)pt) he(T =T ¢)

(5) When the regenerative time is zero, i. e. t; = 0, the maximum power output is given by:

P _ 1-x
max. 1+Y,1-x) N X +Y,(1—x)

hy (T = Toope) + Mg (T: _Tlipt) he(T, =T¢)

The maximum power and the corresponding
thermal efficiency of the system

The maximum power and the corresponding thermal efficiency of the system is
product of the thermal efficiency of the collector and the optimal thermal efficiency of the
Stirling engine [13]. Namely:

Nov = NdMsopt (23)

Using egs. (2) and(22), we get:

h(Ty —To) +eo(Ti -T,) |
IC

1-x

Nov = |1 —

1Y, (1-%) (24)

hy (T = Thope) + Mg (T _Tlipt)
+ L(l_x)
hC (XTlopt - TC)

1+Y,1-x)+k, (Ty - Te)
+Y,(1-X)
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Numerical results and discussions

In order to evaluate the effect of the absorber temperature (Ty), the concentrating
ratio (C), the effectiveness of the regenerator (egr), the heat leak coefficient (ko), heat transfer
coefficients and volume ratio (1) on the solar-powered dish-Stirling heat engine system, all
the other parameters will be kept constant as n = 10 mol, R = 4.3 J/molK, C, = 15 J/molK, & =
= 0.92, Tp = 300 K, h = 20 W/m’K, & = 5.67-10 ° W/m?K*, & = 1000 KI/s, and | = 1000 W/m".
The results obtained are as follows.

Effect on thermal efficiency of solar dish 1
Mg + O-O~C=fgmhngeg
The effect of the absorber temperature Ty 0.8
and the concentrating ratio C on thermal effi-
ciency of the collector is shown in fig. 4.
From fig. 4, one can observe that the

06

0.4

—o~ C =1000

thermal efficiency of the collector decreases

—

C =1500

rapidly with increasing of the absorber o G=2000
temperature Ty, increases with the increasing 2 = 23000
——= C =3500

of concentration ratio C. This is predomi-
nantly due to increase in convective and
radiative heat losses at higher absorber
temperature. The maximum thermal efficiency
is limited by the optical efficiency of the
concentrator.

Effect on Stirling engine

Effect of absorber temperature (T})
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Figure 4. Variation of the thermal efficiency of
the collector for different receiver
temperature and the concentrating ratio

Figures 5-7 shows the variation on work output (W), maximum power output (Pmax)

and thermal efficiency of Sterling engine (#s) with respect to absorber temperature (Ty). Work
output and maximum power output both increase with increase in absorber temperature. Thus
it is desirable to have high temperature heat source to obtain higher power and work output.
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Figure 7. Variation on thermal efficiency of the
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Figure 8. Variation on work output of the Stirling
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Figure 9. Variation on maximum power output of
the Stirling engine with respect to heat sink
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Optical thermal efficiency of Stirling
engine increases rapidly at the beginning
and decrease slowly afterwards with the
increase of absorber temperature. The
optimum range of absorber temperature is
1150-1300 K where efficiency reaches at
its maximum value. The reason for the
decrease is conductive thermal bridging
losses from the absorber to the heat sink
whose effects are more pronounced at
higher absorber temperature.

Effect of heat sink temperature (T,)

It is seen from figs. 8-10 that as the heat
sink temperature increases, work output
decreases whereas maximum power output
and thermal efficiency of engine increases.
The decrease in work output is due to
increase in heat transfer at lower tempera-
ture of cycle. Power output increase due to
decrease in thermal bridging losses (Qb,).
The effect of Tc is more pronounced for
maximum power output and less pro-
nounced for heat input (Q;) to the heat
engine.

Effect of effectiveness of regenerator ()
As the regenerative effectiveness

increases, the heat transfers (Q; and Q)
decreases but the regenerative heat transfer

0.36 — e
Zoasor .
" oasgl ]
0.357 .
0.356 |
0.355r
0.354

0.353
0.352 b
0.351 b

380 To [K] 400

0.35 ! !
300 320 340 360

Figure 10. Variation on thermal efficiency of
the Stirling engine with respect to heat sink
temperature
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Figure 11. Variation on work output of Stirling
engine with respect to regenerator effectiveness

(Qr) increases. It can be seen from figs.
11-13 that work output decreases with
effectiveness  while maximum  power
output increases. The decrease in work out-
put is due to decrease in optimum tempera-
ture at heat addition (T1op) With increase in
effectiveness of regenerator. It is also
found that the optimal thermal efficiency
of the Stirling engine increases with the
increasing of the effectiveness of the rege-
nerator and is influenced greatly by it.

Effect on solar dish-Stirling system
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From fig. 14 it can be seen that for a given concentrating ratio, the maximum power

thermal efficiency of the system increases
with the increasing of the absorber tempera-
ture until the maximum thermal efficiency
is reached and then decreases with the
increasing of the absorber temperature; for
a given absorber temperature, the maximum
power thermal efficiency increases with the
increasing of the concentrating ratio. The
values of the optimum absorber temperature
and the concentrating ratio are about 1100
K and 1300, respectively, which makes the
thermal efficiency get up to its maximum
value about 33.16% which is close to
Carnot efficiency at about 50%, approx-
imately. It is also found that for a given
concentrating ratio, when the absorber tem-
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Figure 14. Variation on overall efficiency of system
with respect to absorber temperature and
concentration ratio



Sharma, A., et al.: Finite Time Thermodynamic Analysis and Optimization of ...
1006 THERMAL SCIENCE, Year 2011, Vol. 15, No. 4, pp. 995-1009

perature exceeds its optimum value, if keep increasing the absorber temperature, the
maximum power thermal efficiency of the system decreases rapidly. This shows that the
range of the operation absorber temperature cannot exceed its optimum temperature, which is
very important for the solar dish collector because the absorber temperature varies with direct
solar flux intensity and changes with time.

Effect of heat capacitance rate (h;)

Figure 15 shows the effect on heat capacitance rate of heat source side on overall
efficiency of the system at various absorber temperatures (Ty). Efficiency increases with
increase in Ty but its effect is not much pronounced. The effect of hy has more influence on
maximum power output as shown in fig. 16.
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Figure 15. Variation on overall efficiency of the Figure 16. Variation on maximum power output
system with respect to heat capacitance at sink of the system with respect to heat capacitance at
side at various absorber temperatures heat source side

Effect of heat capacitance rate at sink side

Effect of hc (fig. 17) is same as hy (fig. 18) on efficiency and maximum power
output of the system.
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Figure 17. Variation on overall thermal efficiency ~ Figure 18. Variation on maximum power output
of the system with respect to heat sink coefficient ~ of the system with respect to heat sink side
at various absorber temperatures capacitance at various absorber temperatures
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Effect of cycle temperature ratio (x) 035 1y e 1
im e I 09_P
The variation of the power output 03 . " g Mo
and thermal efficiency with respect to w "
. 0.25F / . " 07
the cycle temperature ratio (X = Ty/Ty) J . “a
for a typical set of operating parameters 02/ AN N 08
is shown in fig. 19. It is seen from fig.19 \'-\_ 05
that the power output first increase and 0.15¢ e 104
then decrease while the efficiency "o Jos
monotonically decreases as the cycle *Joz
temperature ratio (x) decreases. These Xopt

properties can be directly expounded by
egs. (21) and (24), because the power
output is not monotonic functions of x
while the efficiency is a monotonically
increasing function of x. The optimum
value of x ranges from 0.56-0.58.

Effect of heat leak coefficient (k,)

The effect of the heat leak coeffi-
cient on the maximum power thermal
efficiency of the system is shown in fig.
20. It is seen from the figure that the
heat leak coefficient reduces the effi-
ciency of system with increase and rate
of decrease is more at lower absorber
temperature.

Effect of effectiveness (&g)

The effect of the effectiveness of the
regenerator on the maximum power
thermal efficiency of the system is
shown in fig. 21. It is seen that the
maximum power efficiency increases
with the increasing of the effectiveness
of the regenerator. Therefore, the most
efficient and cost effective regenerator
should be used for the Stirling engine.

Conclusions

Finite-time  thermodynamics has
been applied to optimize the maximum
power output and the corresponding
thermal efficiency of the solar-powered
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Figure 19. Effect of temperature ratio on overall
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dish-Stirling heat engine with regenerative losses. It is found that regenerative effectiveness
and heat source/sink temperatures effects the optimum thermal efficiency and maximum
power output of the system. It is also desirable to have a high temperature heat source and low
temperature heat sink from the point of view of higher power output and the corresponding
thermal efficiency. Other factors like conductive thermal bridging losses, heat transfer
coefficients at source/sink side, temperature ratio of cycle and finite regenerative processes
time are also included in the analysis. The values of optimum absorber temperature (Tn),
collector concentrating ratio (C) and temperature ratio (x) are about 1100 K, 1300, and 0.57,
respectively. Thus the present analysis provides a new theoretical basis for the design,
performance evaluation and improvement of solar dish-Stirling heat engine.

Nomenclature
A — heat transfer area, [m?] &R — effectiveness of regenerator
C — collector concentration ratio A — ratio of volume during regenerative
C, - specific heat capacity, [JmolK™] processes
h — heat transfer coefficient, [WK ] or n — thermal efficiency
[WK™*]or [Wm2K™] o — Stefan’s constant, [Wm2K™]
| — direct solar flux intensity, [Wm™] Subscri
Ka — heat leak coefficient between the absorber ubscripts
and the heat sing, [WK™] a — ambient or optics
n — the mole number of working fluid, [mol] C — heat sink
P — power, [W] c — collector
Q — heat transfer, [J] H — absorber
R — the gas constant, [JmolK™] max. — maximum optimum condition
T — temperature, [K] R — regenerator
t — total cycle time, [s] 1,2 — initial, final
W — work, [J] 1,2, 3,4 — state points
Greeks symbols
€ — emissivity factor
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