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Cascade solar thermal systems provide a new direction for solar power generation. This paper focuses
on the configuration optimization of a cascade solar system in which a Stirling engine array is
applied. The array has multiple configurations. To find out the influence of the configuration on the
performance of the engine array, five basic connection types were proposed. A Stirling engine model
considering various losses and irreversibilities was developed. The model was evaluated by considering
the prototype GPU-3 Stirling engine as a case study. Stirling engine array models were developed based
on the Stirling engine model. Global efficiency and power of different connection types of Stirling
engine arrays with the same hot and cold flows were evaluated. The effects of different factors on
the performance of the Stirling engine arrays were considered. The result shows that flow order, the
co-current flow or the counter-current flow, has little influence on the engine array performance. The
maximum differences of thermal efficiency and output power of different flow orders are 0.39% and
0.70%, respectively. Serial flow connection type is the best for a Stirling engine array to obtain the best
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performance and adaptability for given heating and cooling fluids.
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1. Introduction

With the emphasis on energy and environmental impact, solar
energy, which has the advantages of wide distribution, a huge
amount, inexhaustible and no pollution, has received much atten-
tion from many countries and been regarded as the best potential
alternative for fossil energy. Concentrating solar thermal power
generation is another form of power generation technology ex-
cept for solar photovoltaic power generation. Compared to solar
photovoltaic, solar thermal power is gaining more attention for
its advantages as higher energy density, smooth power gener-
ation, good grid compatibility, easy to integrate with existing
fossil power plants. There are three types of concentrating solar
power (CSP) technologies being commercially applied: parabolic
trough, parabolic dish and power tower. Amongst the three solar
thermal power technologies, parabolic trough is the most mature
and commercially deployed technology. However, it has a low
concentration ratio, the receiver temperature is relatively low,
the solar-to-electric efficiency is relatively low. Parabolic dish
can obtain high-temperature thermal energy, its solar-to-electric
efficiency is higher than parabolic trough. Besides, one advantage
of parabolic dish is that it requires much less water for power
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generation. However, solar parabolic dish is not a large-scale ap-
plication. It is mainly applied for distributed power generation for
its compact structure and easy installation. Solar power tower has
a very high concentration ratio when more heliostats are used,
the receiver temperature can be very high and it can be applied
for large-scale applications. However, it has some disadvantages
such as high investment and high system complexity.

It is very important to find out a way to utilize the advantages
of existing solar thermal power technologies and overcome their
disadvantages. In other words, to find out a new technology with
higher efficiency and lower cost is the key.

Great attention has focused on the application using a parabolic
dish to collect heat. Some researchers investigated the impact of
various parameters on the optical and thermal performance of the
solar dish receivers using the Monte Carlo Ray Tracing Method
(MCRTM) and/or numerical modeling method. Some researchers
considered applications with different ways to use the collected
heat. Loni et al. (2016) considered a system using a parabolic
dish for an organic Rankine cycle. In the proposed system, the
thermal oil is used as the working fluid to transport the collected
heat for the organic Rankine cycle. Wang et al. (2014) proposed
an inverse design method for a cavity receiver used in a solar
dish Brayton system. Craig et al. (2016) evaluated a parabolic
dish tubular receiver used in a dish Brayton cycle. An approach
for incorporating a complex geometry like a tubular receiver
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Nomenclature

A Heat transfer area, m?

Cp Heat capacity of Stirling engine working gas
at constant pressure, J/(kg K)

Cy Heat capacity of Stirling engine working gas
at constant volume, J/(kg K)

e Regenerator effectiveness

f Friction factor

] Annular gap cylinder displacer, m

K Dead volume factor, m3/K

m Mass of working fluid in Stirling engine, kg

n Amount of gas, mol

Nse Number of Stirling engines in SEA

p Pressure, Pa

P Power, W

Q Absorbed heat, ]

qm Mass flow rate, kg/s

Rg Gas constant, J/(kg K)

Sse Speed of Stirling engine, s~!

Ty Highest temperature of expansion space, K

I Lowest temperature of compression space, K

Tr Regenerator temperature, K

Ty Wall temperature, K

U Overall heat transfer coefficient, W/(m? K)

Ve Compression volume, m>

Vb Total dead volume, m3

Vi Expansion volume, m3

Ve Cold space dead volume, m3

Vbu Hot space dead volume, m>

Vir Regenerator dead volume, m?

%% Output work, ]

V4 Displacer stroke, m

Abbreviations

SEA Stirling Engine Array

Greek Symbols

VH Space ratio in process 12

YL Space ratio in process 34

y Specific heat ratio (c,/c,)

0 Crank angle, rad

"w Dynamic viscosity, kg/(m s)

Subscripts

c Cooling fluid

w Cooler wall

h Heating fluid

hw Heater wall

i Inlet

0 Outlet

p Piston

r Regenerator

th Theoretical

generated using CFD software into SolTrace was developed. Aich-
mayer et al. (2015) presented a hybrid solar micro gas-turbine
system integrating volumetric solar dish receiver. Concerning the
solar dish receiver integration, both pressurized and atmospheric
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configurations have been considered. Lovegrove et al. (2004) pre-
sented an idea of using a parabolic dish array to provide heat for
ammonia-based thermochemical energy storage. Buscemi et al.
(2020) presented a comprehensive mathematical model for a new
type of solar air heater, and the experimental data show that the
presented model is reliable.

A large number of studies have been done on Stirling engine
analysis. To describe a Stirling engine behavior precisely is a
difficult task due to the various losses and irreversibilities in the
engine. Researchers have done a lot of work to build a precise
Stirling engine model. Different models of Stirling engines were
developed using empirical, analytical and numerical methods.

Among these methods, numerical methods provide the most
accurate models. Urieli and Berchowitz (1984) proposed an adi-
abatic model of Stirling engine considering some irreversible
effects such as non-ideal heat transfer processes and pressure
drop effect using numerical methods. The model is known as
the Simple model. Many researchers developed more accurate
models based on the Simple model by using alternative methods
or including more loss mechanisms. Ni et al. (2016) proposed an
improved Simple analytical model that considers the influence
mechanism of rotary speed, pressure and working gas in the view
of heat/power losses for Stirling engine performance. Jia et al.
(2016) developed a numerical model of a free-piston engine gen-
erator. The dynamic equations have been linearized to simplify
the model to a one-degree forced vibration system with various
damping. The solving time of the proposed fast response model
can be significantly reduced compared to previous numerical
models. Babaelahi and Sayyaadi (2014) proposed an alternative
method to calculate the regeneration heat loss and pumping
losses, which is more suitable for preliminary engine design and
optimization, known as the Simple II model. Abbas (2014) con-
sidered the effects of non-ideal regeneration, shuttle loss and
heat conduction losses based on the Simple model. Araoz et al.
(2015) developed a rigorous Stirling engine model with adiabatic
working spaces, isothermal heat exchangers. It considers dead
volumes, and imperfect regeneration, mechanical pumping losses
due to friction, limited heat transfer and thermal losses on the
heat exchangers. The model is suitable for different engine con-
figurations («, 8 and y engines). Babaelahi and Sayyaadi (2015)
proposed a new numerical thermal model based on polytropic
expansion/compression processes. Differential equations in the
expansion/compression processes were modified to polytropic
processes in the new model. The new model shows a better per-
formance prediction compared with previous models. Karabulut
et al. (2019) used a modified Schmidt formula which takes into
account the pressure differences between nodal volumes caused
by flow friction. The optimum thermal efficiency and torque of
the engine were determined under given conditions.

With the development of finite-time thermodynamics, many
researchers studied the finite-time thermodynamic performance
of the Stirling engine. This analysis can also be used in the case
of irreversible machines further considering the internal irre-
versibilities of a Stirling engine such as friction, pressure drop and
entropy generation (Barreto and Canhoto, 2017). Wu et al. (1998)
developed a numerical model considering the finite-time effect to
find out the relationship between the net power output and ther-
mal efficiency of the engine. Yaqi et al. (2011) developed a math-
ematical model of a high-temperature differential dish-Stirling
system with finite-time thermodynamics. Finite-rate heat trans-
fer, regenerative heat losses, conductive thermal bridging losses
and finite regeneration processes of the Stirling engine were con-
sidered in the model. Hosseinzade et al. (2015) presented a new
closed-form thermal model for the thermal simulation of Stirling
engines based on the combination of polytropic analysis of ex-
pansion/compression processes and the concept of finite speed
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thermodynamics. Instead of the finite-time method, Ahmadi et al.
(2016b) proposed a finite-speed thermodynamic analysis based
on the first law of thermodynamics for a closed system with
finite speed and the direct method. The effects of heat source
temperature, regenerating effectiveness, volumetric ratio, piston
stroke as well as rotational speed are included in the analysis.
Chen et al. (2007) developed a heat-engine cycle model using
finite-time thermodynamics. The model considered the losses due
to heat-resistance, heat leaks and internal irreversibility, which
is applicable for generalized irreversible universal steady-flow
heat-engine cycles.

On the other side of the researches, multi-objective optimiza-
tion algorithms were used considering multi-variables to obtain
a better performance were paid for attention by numbers of
researchers recently. Ahmadi et al. (2016a) performed the ther-
modynamic analysis of a solar dish Stirling engine based on
finite-time thermodynamics. Then the NSGA-II algorithm was ap-
plied. Three objectives, thermal efficiency, entransy loss rate, and
power output, were set as the objectives and three well-known
decision-making methods have been employed in the algorithm.
Li et al. (2016) developed a multi-objective optimization model
of a solar energy powered gamma type Stirling engine using
Finite Physical Dimensions Thermodynamics (FPDT) method by
multi-objective criteria. A genetic algorithm was used to get the
Pareto frontier, and optimum points were obtained using the
decision different making methods. Results show that total ther-
mal conductance, hot temperature, stroke and diameter ratios
can be improved. Patel and Savsani (2016) developed a strat-
egy for multi-objective optimization for Stirling engines using
TS-TLBO (tutorial training and self-learning inspired teaching-
learning-based optimization) algorithm. An application example
with eleven decision variables and three objectives are consid-
ered. Luo et al. (2016) proposed a multiple-objective optimiza-
tion method that combines multiple optimization algorithms in-
cluding differential evolution, genetic algorithm, and adaptive
simulated annealing. The optimization considers five decision
variables, including engine frequency, mean effective pressure,
the temperature of heating source, number of wires in the re-
generator matrix, and the wire diameter of the regenerator for
maximum efficiency and output power.

However, dish-Stirling system has not received wide commer-
cial deployment yet. It is a solar-only generation system, without
storage or simple hybridization. Compared with photovoltaics,
which is also a solar-only generation system, dish Stirling could
not compete in terms of reliability nor cost per unit of energy
produced. The Stirling engine capacity is mainly constrained by
two factors: dish collector size and Stirling engine size. The dish
size is limited for the cost and difficulty of production of large
mirrors. The Stirling engine size is limited for its low power-
to-weight ratio. The tracking feature of dish collector limits the
weight of the engine on the focal point. Besides, the size of the
engine is limited for it overlaps part of the collector.

This paper presents a new layout scheme of dish-Stirling sys-
tem demonstrated in Fig. 1. In the new scheme, Stirling engines
are put on the ground as a Stirling engine array (SEA). Heat
collected by multiple dish collectors is supplied to the SEA by
heating fluid. The new scheme has some advantages. Due to the
heat transfer fluid, a heat storage system becomes feasible. Heat
provided to the SEA may be provided by other types of collectors,
a combination of different types of collectors, or different kinds
of heat sources. On the other hand, since the engines are static
installations on the ground where space and weight are not at a
premium anymore, they can reach higher capacities.

In the proposed scheme, Stirling engines can be connected in
different connection types, and their performance is relative with
their connection types according to their arrangement. However,
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heating fluid
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Fig. 1. New layout scheme of a dish-Stirling system.

X

the literature review indicates that the analysis of arrangements
of Stirling engines, classification and performance of the SEA, has
not yet been reported. In this regard, this paper investigated the
connection types of SEA and its influence on SEA performance.
According to Organ’s theory (Organ, 1997), one equivalent analyt-
ical Stirling engine model always exists for different types (« type,
B type and y type) of engines. To find out the influence of the
connection type of SEA and to avoid falling into the problem of
developing a specific Stirling engine model, a 8 type Stirling en-
gine model based on some assumptions and simplifications was
developed. This model was evaluated using experimental data
of the General Motor GPU-3 Stirling engine prototype. Imperfect
regeneration and some irreversibilities were considered. Heat
transfer analysis of the Stirling engine with heating and cooling
fluids was also included. SEA models of different connection
types were built depending on the engine model. The impacts of
different parameters on the performance of these models were
analyzed.

2. Connection types of SEA

For a single Stirling engine, the heat transfer processes be-
tween fluids and engine are independent and irrelevant with the
direction of the flows, which means the efficiency and power
are not affected by the direction of fluids. However, for an SEA,
the connection type will affect the temperature profiles through
the array and the specific work production, both of which will
determine the efficiency and power of the SEA. It is practically
significant to investigate the influence of the connection type
of an SEA on its performance. Using parallel flow, on the one
hand, will reduce the flow rate of the fluid, which will reduce
the power of each engine; however, on the other hand, will
take the advantage of higher inlet heating fluid temperature (or
lower inlet cooling fluid temperature), which may increase the
power of each engine. Using serial flow, on the one hand, will
increase the flow rate of the fluid, which will increase the power
of each engine; however, on the other hand, the inlet heating fluid
temperature reduces with the flow direction (or the inlet cooling
fluid temperature increases with the flow direction), which leads
to lower engine power and efficiency because of reduced T,
of the cycle along the flow direction. Using the same order will
lead to largest fluid temperature difference (temperature differ-
ence of the heating and cooling fluids) at the upstream engines
and smallest fluid temperature difference at the downstream
engines. Using the reverse order will lead to higher averaged fluid
temperature differences in the engines. For a heat exchanger,
the reverse order (counterflow), which leads to a smaller fluid
temperature difference, has a better heat transfer effect for its
lower exergy loss. However, for a Stirling engine, the smaller
fluid temperature difference leads to lower performance due to
the lower temperature difference of the working gas in the hot
space and cold space. To find out the influence of the connection
types on the performance of an SEA, it is essential to classify the
connection types.

Five basic connection types of SEA were summarized accord-
ing to the direction-irrelevant feature of Stirling engine, as shown
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——> heating fluid
——> cooling fluid / N
(a) Type 1
(b) Type 2 (c) Type 3
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AN AN
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Fig. 2. Five basic connection types of SEA.

e Y

YY

:

Fig. 3. An instance of connection type of an SEA.

in Fig. 2. Type 1 is parallel flow, Type 2 is co-current serial flow,
Type 3 is counter-current serial flow, Type 4 is heating fluid
in serial flow and cooling fluid in parallel flow and Type 5 is
heating fluid in parallel flow and cooling fluid in serial flow. All
other connection types are the combination of these five basic
connection types. For instance, an SEA described in Fig. 3 is a
combination of Type 2 and Type 4.

3. Thermodynamic analysis of Stirling engine
3.1. Stirling engine model

3.1.1. Theoretical Stirling cycle

In a Stirling cycle, there are two isothermal processes that
exchange heat with heating and cooling fluids, two isochoric
processes that exchange heat with the regenerator. Fig. 4 shows
the schematic of a Stirling cycle, process 1-2 and process 3-4 are
the two isothermal processes, process 2-3 and process 4-1 are
the two isochoric processes. The heat absorbed by regenerator
in process 4-1 is reused in process 2-3, but only able to heat
the working gas from 2 to 3’ due to the imperfect regeneration.
e is defined as the regenerator effectiveness for the imperfect
regeneration (Formosa and Despesse, 2010):

_ Tk—TL

=TT (1)
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Fig. 4. T-s diagram of a Stirling cycle.

where Ty is the temperature in the hot space, T; is the tempera-
ture in the cold space, Ty is the effective working fluid tempera-
ture in the regenerator.

In order to obtain a simplified analytical model, several sim-
plifications were made:

e The working gas in Stirling engines is ideal gas.

e No heat leakage to the environment for Stirling engines.

e Overall heat transfer coefficients of the fluids are constant.

e The engine is working with adiabatic compression and ex-
pansion spaces.

e A linear temperature distribution regenerator behavior is
assumed (Formosa and Despesse, 2010) so that the effective
working fluid temperature can be obtained by

Ty — Ty

Tp= —0 L
R In(ry — 1)

(2)

To consider internal irreversibilities in the Stirling cycle made
by dead volumes, as described in Duan et al. (2014), total dead
volume Vp is divided into heater dead volume Vpy, regenerator
dead volume Vpg and cooler dead volume Vpc. There eXists a fac-
tor K to describe the dead volumes under different temperatures.
K is relevant to temperatures in the process and regenerator
effectiveness.

% % Vi
K= b1, YDR, 7DC (3)
Ty Tx T
For the isothermal compression process 1-2, the output work
Ve Vi + Ve + KT,
W12 = / plde = —mRTL In w (4)
VE+Ve VE + KTL

For the isothermal expansion process 3-4, the output work

Ve+Ve Ve + Ve + KT,
Wiy = / Ve + Ve + KT
VE

p34dV = —mRTH In (5)

Ve 4+ KTy

Defining YH = (VE + VC +KTH)/(VE +KTH) and YL = (VE + VC +
KT.)/(Ve + KTy), so in a cycle, the theoretical output work
Wi = Wi +Wsg =mR(TyInyy — Ty Inyy) (6)

For the isochoric heating process 3’-3, the absorbed heat

mRg

R
Qus = nc, (Ty —Tp) = ——— (Ty —Ty) = (1—e)(Ty — Ty)
y —1 1

(7)

1_emR(T T;)
]/_1 g\1H L
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For the isothermal expansion process 3-4, the absorbed heat

Q34 = W3y = mR; Ty Inpy (8)

In a cycle, the theoretical absorbed heat

1—e
Qi = Qy3+ Q34 = ﬁng (Ty — Tp) + mRg Ty In yy 9)

3.1.2. Irreversibilities and losses
a. Non-ideal heat transfer effect
Because of the non-ideal heater and cooler, the working
fluid temperature (Ty, T;) in these two heat exchangers is
less/higher than the wall temperature (Ty,, T, ), respec-
tively. Ty and T; can be corrected by the wall temperatures

as follows:
Qsse
Ty = Thy — 10
= The = 30— (10)
(Q — Wsse
T, =Ty — —— ¢ 11
L cu hcAcw ( )

The heat transfer coefficient can be obtained using the
following correlation (Babaelahi and Sayyaadi, 2015):

_ CpfRe
ZDh,CPTh_C

where f. is a Reynolds friction factor defined as (Babaelahi
and Sayyaadi, 2015):

fre = 0.0791Rep

hn.c (12)

(13)

Rep¢, Prpc and Dy . are Reynolds number, Prandtl number
and hydraulic diameter of the heater/cooler exchanger,
where Rey, . > 4000.

b. Effect of pressure drop
Pressure drops in the heat exchangers cause power losses
of the Stirling engine. The pressure drops can be obtained
by (Urieli and Berchowitz, 1984):
2fgepuV
Ay =2 14
P d2A (14)
where u is the working gas speed, V is volume, A is flow
cross-section area.
The net power loss of the Stirling engine due to pressure
drop of the heat exchangers can be evaluated by:
dav;
Wpa = % .Z(Apig)de (15)
i=E,C
c. Effect of finite speed of piston and mechanical friction

Due to the finite speed of piston, the pressure on the piston
surface is different from the pressure of expansion and
compression spaces. It has been demonstrated that the
pressure on the piston surface in the expansion process
is less than the mean pressure in the expansion space.
Similarly, the pressure on the piston surface in the com-
pression process is greater than the mean pressure in the
compression space. This means the output work is less
than the theoretical value. Besides, the output work also
reduces due to mechanical friction. The output work loss
due to finite speed of piston and mechanical friction can
be obtained as follows (Babaelahi and Sayyaadi, 2015):
au,  Ap

fp(
p

p is the mean pressure in the compression/expansion space,
u, is the velocity of the piston, ¢ is the average speed of

Wy )dv (16)

c
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molecules and Apy is the pressure loss due to mechanical
friction. Apy, a and ¢ can be obtained by (Heywood, 1988):

Apy = 0.97 + 0.0095; (17)
a=,/3y (18)
¢ = ./3R;T (19)

Where s, is the speed of the engine, Hz.

d. Energy losses due to internal conduction
The temperature differs from the heater and cooler, heat
losses from the heater to cooler exists due to internal
conduction through the walls of the regenerator (Babaelahi
and Sayyaadi, 2014). The internal conduction loss in a cycle
can be obtained by:
Qu = S 1y, — T,0) (20)

L;Sse

where, k;, A, and L, denote the regenerator matrix conduc-
tivity, regenerator conductive area, and regenerator length
respectively.

e. Energy losses due to shuttle conduction

The displacer shuttles between the expansion and com-
pression space. It absorbs heat during the hot end of its
stroke and releases it during the cold end of its stroke. This
heat loss can be estimated as (Timoumi et al., 2008):

(21)

where, Z, k,, Dp, ] and Ly denote the displacer stroke, piston
thermal conductivity, displacer diameter, gap between the
displacer and the cylinder, and length of the displacer
respectively.

So, in a Stirling engine, the total absorbed heat in a cycle

Q = Qun + Qu + Q (22)

the output work

W = Wy, — Wpg — W (23)
Power of the Stirling engine

P = Wsg, (24)
Efficiency of the Stirling engine

n=wj/Q (25)

3.2. Model validation

The evaluation of the thermal model developed was per-
formed by considering the GPU-3 Stirling engine as a case study.
The design specifications of the GPU-3 Stirling engine are indi-
cated in Table 1. The thermal efficiency and output power of the
proposed Stirling engine model were compared with previous
thermal models and experimental data as shown in Tables 2 and
3.

It can be found that the proposed model has much better
agreement with the experimental results than previous thermal
models at various rotation speeds and mean effective pressures.
It is required to mention that in all thermal models both power
W and input heat Q were determined by the thermal process of
heat transfer between the wall and working gas. In the proposed
model, W and Q are obtained by Eqgs. (10) and (11). There-
fore, all three parameters W, Q and n are determined by the
thermal model and input parameters to the model. These input
parameters include heater, cooler, mean effective pressure, type
of working gas and geometrical specification of the engine.
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Table 1
Design specifications of the GPU-3 Stirling engine (Babaelahi and Sayyaadi, 2015; Martini, 1983).
Parameter Value Parameter Value
working gas helium mass of the working gas 1136 g
heater
number of tubes 40
tube external diameter 4.83 mm tube internal diameter 3.02 mm
tube length (cylinder side) 0.1164 m tube length (regenerator side) 0.1289 m
cooler
number of tubes 312 tube external diameter 1.59 mm
tube internal diameter 1.09 mm average tube length 46.1 mm
regenerator
number of regenerators 8 regenerator internal diameter 22.6 mm
regenerator length 22.6 mm diameter of regenerator tube 0.04 mm
material stainless steel
volume

swept vol. (expansion/compression) 120.82/114.13 cm?®

dead vol. (heater/cooler/regenerator)

70.28/13.18/50.55 cm?

clearance vol. (expansion/compression) 30.52/28.68 cm?

Table 2
Thermal efficiency of previous thermal models, the proposed model and experimental data (at Ty, = 922 K and T,,, = 288 K).
Rotation Mean Thermal efficiency predicted by Thermal efficiency predicted by Thermal efficiency predicted by Experimen-
speed (Hz) effective the simple analysis (variable Pr the adiabatic analysis (simple the proposed Stirling engine tal efficiency
pressure (Urieli and Berchowitz, 1984)) II (Babaelahi and Sayyaadi, model (Babaelahi
(MPa) 2014)) and
Sayyaadi,
2015)
Value Error Average Value Error Average Value Error Average Actual value
(%) (%) error (%) (%) error (%) (%) error (%)
(%) (%) (%)

16.67 38.72 18.22 3248 11.98 28.16 7.66 20.50

25.00 36.16 15.46 31.21 10.51 27.75 7.05 20.70

33.33 33.79 15.79 29.45 11.45 27.43 9.43 18.00

41.67 2.76 31.48 16.28 17.90 2745 12.25 12.85 27.17 11.97 12.10 15.20

50.00 29.12 17.32 25.21 13.41 26.94 15.14 11.80

58.33 29.74 24.34 22.89 17.49 26.74 21.34 5.40

25.00 35.65 10.85 32.29 7.49 27.29 2.49 24.80

33.33 33.52 9.62 30.40 6.50 26.94 3.04 23.90

41.67 4.14 31.48 10.18 11.46 28.39 7.09 8.28 26.65 5.35 6.65 21.30

50.00 29.45 11.25 26.33 8.13 26.39 8.19 18.20

58.33 27.40 15.40 24.21 12.21 26.17 14.17 12.00

41.67 31.20 8.70 28.59 6.09 26.24 3.74 22.50

50.00 5.52 29.33 10.53 10.82 26.62 7.82 8.11 25.97 7.17 7.48 18.80

58.33 27.44 13.24 24.62 10.42 25.73 11.53 14.20

50.00 29.07 10.37 26.61 7.91 25.62 6.92 18.70

58.33 6.90 27.29 13.09 11.73 24.67 10.47 919 25.37 11.17 9.05 14.20

Tables 2 and 3 indicate that when the mean effective pressure
of the engine increases from 2.76 MPa to 6.90 MPa, the best
performance (efficiency and power) prediction of the proposed
model exists. When rotation speed increases from 16.67 Hz to
58.33 Hz, error in prediction of the performance of the proposed
model increases. The proposed model may have the best perfor-
mance prediction at a low rotation speed, with mean effective
pressure between 4.14 MPa and 5.52 MPa.

The proposed model improved errors (ss; = 25 Hz, p =
4.14 MPa) on the thermal efficiency and output power and re-
duced these errors from 7.49% and 110.11% (as difference) ob-
tained in simple Il model (Babaelahi and Sayyaadi, 2014) to 2.49%
and 1.56% (as difference), respectively. However, there is still
some discrepancy between the simulation results of the proposed
model and the experimental data. This may be due to some
existing experimental irreversibilities that are not considered in
the proposed model. In future researches, more accurate models
of the Stirling engine may be developed by considering those
existing irreversibilities such as heat leakage to the environ-
ment, gas spring hysteresis and non-adiabatic compression and
expansion spaces. It is worth pointing that there are more accu-
rate Stirling engine models. For example, polytropic simulation

models of the Stirling engine shows higher accuracy than our pro-
posed model (Babaelahi and Sayyaadi, 2015; Hosseinzade et al.,
2015). However, the model needs more costly calculations and
the polytropic indexes are engine-specific.

3.3. Heat transfer between the engine and the fluids
For a Stirling engine thermal process, the wall temperatures of

the heater and cooler are considered to be uniform and constant.
The heat transferred between the wall and the fluids is

(Ty — T) UdA = qmc,dT (26)
with T(0) =T;, T(A) = T,,

T, — Ty UA

—— =exp(———) (27)
Ti—Ty, qmCp

For a Stirling engine, Ty, or T, can be used to substitute T,
to get the relationships between T; , To  and Ty, or T, T, and
T, respectively.

To.n — Thu
Tin — Thw

UnAn

qm,hCp,h

= exp(— (28)

1803



C. Zhang, Q. Xu, Y. Zhang et al.

Table 3
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Output power of previous thermal models, the proposed model and experimental data (at Ty, = 922 K and T,,, = 288 K).

Rotation Mean Output power predicted by the Output power predicted by the Output power predicted by the Experimen-
speed (Hz) effective simple analysis (variable Pr adiabatic analysis (simple II proposed Stirling engine model tal output
pressure (Urieli and Berchowitz, 1984)) (Babaelahi and Sayyaadi, 2014)) power
(MPa) (Babaelahi
and
Sayyaadi,
2015)
Value Error Average Value Error Average Value Error Average Actual value
(kW) (%) error (kW) (%) error (kW) (%) error (kW)
(%) (%) (%)
16.67 1.796 119.02 1.772 116.10 0.861 4.98 0.82
25.00 2.555 128.13 2.500 123.12 1.253 11.88 1.12
33.33 3.215 165.70 3.117 157.60 1.632 34.88 1.21
41.67 276 3.769 211.49 272.03 3.615 198.76 25471 2.001 65.37 104.84 1.21
50.00 4.195 303.37 3.973 282.08 2.362 127.12 1.04
58.33 4.505 704.46 4.203 650.54 2.715 384.82 0.56
25.00 3.844 114.75 3.761 110.11 1.818 1.56 1.79
3333 4.856 120.73 4.708 114.00 2.362 7.36 2.20
41.67 4.14 5.734 136.94 259.70 5.501 127.31 158.41 2.890 19.42 39.83 242
50.00 6.462 174.98 6.126 160.68 3.405 44.89 2.35
58.33 7.030 306.36 6.573 279.94 3.908 125.90 1.73
41.67 7.645 133.08 7.334 123.60 3.742 14.09 3.28
50.00 5.52 8.655 163.87 180.02 8.206 150.18 164.91 4.401 34.18 43.68 3.28
58.33 9.470 243.12 8.858 220.94 5.045 82.79 2.76
50.00 10.79 140.50 10.22 160.13 5.362 36.44 3.93
58.33 6.90 11.84 399.58 287.04 11.07 367.13 263.63 6.140 159.07 9775 2.37
To,c — Tew —ex (_ UCAC ) (29) Table 4
Tic — Tew = &Xp Qim.cCp.c Parameters of SEA models.
) . i . L. Parameter Value Parameter Value Parameter Value
Heat transferred from heating fluid to Stirling engine in a cycle heating fluid  air cooling fluid  air
Nge 6 See 25 Hz Dse 5 x10° Pa
UrA 180 W/K  U.A 180 W/K
Co.n(Tin — To.n)/Sse = 30 heih cfle
GmiCpn(Tin = Ton)/sse = Q (30) Gmh 04 kgls Ty 1000 K pip 5%10° Pa
Heat transferred from Stirling engine to cooling fluid in a cycle Gm.c 04 kgls  Tic 300 K Dic 5x10° Pa
— N _ Table 5
m.cCp.c(Toc = Tic)/Sse =Q =W 31 Results of SEA models under specified parameters.
. Parameter Value Parameter Value
4. Modeling of the SEAs
m 0.2215 Py 8022 W
. . . ' . . 0.2273 P, 8483 W
As mentioned in Section 2, there are five basic connection Z; 02277 1{ 8512 W
types for an SEA. All other connection types are the combination N 0.2227 P, 8116 W
of these five basic connection types. This paper investigates the ns 0.2263 Ps 8399 W

five basic connection types.

To determine the performance of an SEA, models of all the
Stirling engines need to be built depending on their thermo-
dynamic characteristics. Stirling engines are chosen to have the
same parameters including the same speed sg. This is a reason-
able assumption when using SEA for power generation, where
the output power frequency should be constant. The speed of
the Stirling engine can be calibrated by a speed controller sys-
tem (Hooshang et al., 2016). To eliminate the interference of other
factors, heating and cooling fluids are chosen to have the same
parameters for different connection types of SEAs. To clearly find
out the performance differences of different SEAs, large tempera-
ture differences of the heating/cooling fluids after heat exchange
with the engines are preferred. Air was chosen as the cooling fluid
instead of commonly used water to avoid small temperature rise
and evaporation in the cooling process. The design parameters
of Stirling engines are the same as shown in Table 4. Other
parameters of Stirling engines and heating/cooling fluids in SEAs
are shown in Table 1. The rotation speeds of the engines and
mean effective pressures are chosen to be 25 Hz and 5 MPa
respectively to get the best Stirling engine model for performance
prediction, as pointed in Section 3.2.

In an SEA, there are 2 flows as shown in Fig. 2. In a serial flow,
each engine’s mass flow rate is qn,, and from the flow’s direction,

for 2 < x < ng, Tix = Tox—1.In a parallel flow, each engine’s mass
flow is gm/Nse, for 2 < x < ng, Tix = Tip-

MATLAB was used as the programming tool to build the model
of SEAs, and CoolProp was used to provide fluid properties for the
MATLAB program. Five basic SEA models composed of the afore-
mentioned Stirling engines and fluids were built. To compare SEA
connection types under various conditions, several parameters
are investigated to find out their effects on SEA performance.

5. Result analysis

SEA models with specified parameters in Table 4 were built
and calculated. Results of the performances of the SEAs are shown
in Table 5, it can be found that under specified parameters Type
3 has the highest efficiency and output power, while Type 1 has
the lowest efficiency and output power.

5.1. Effects of Tip

According to the Carnot cycle efficiency formula, the temper-
ature of the heating fluid determines the efficiency of the Stirling
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Fig. 5. Influence of T;}, on efficiency and power of SEA.

engine array. For a Stirling engine, lower temperature heating
fluid leads to lower efficiency. The efficiency and output power
may drop to 0 due to its insufficient heating fluid temperature to
drive the engine.

Curves of performance of SEAs and T;j are shown in Fig. 5.
As it is shown, with the increase of T;,, both 1 and P increase
for all SEAs. For some types of SEA, when T;; is lower than a
critical temperature, some of the engines in the SEA will not work
and there will be turning points on the n-T;, P-T;, curves. For
example, in SEA of Type 1, when T;j is lower than 820 K, all the
engines stop working, turning points at 820 K can be found on the
n-Tin, P-T;p curves in Fig. 5. By checking the calculation results,
it can be found that all the stopped engines have the same Ty
and T;. The temperature differences of heat and cold fluids for
the engines are not enough to drive the engines.

From curves in Fig. 5, it can be concluded that Type 2 and Type
3 have the best performance, and Type 2 has the best adaptability
for lower T;p. All engines in Type 2 work when T;j is 730 K. It
can be interpreted that, in order for all engines in a parallel flow
connection (Type 1, Type 4 and Type 5) to work, T;; must be
higher due to the lower g,.

The flow order, co-current flow or counter-current flow, has
little influence on the engine array performance. When all en-
gines work, the difference of thermal efficiency of the SEA with
Type 2 and Type 3 is from 0.15% to 0.33%; the difference of output
power of the SEA with Type 2 and Type 3 is from 0.31% to 0.51%.
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5.2. Effects of qmcp

According to Egs. (30), (31), qmCp (both gm nCpn and gm Cp.c)
will affect the heat transfer process, which is one of the vital
factors for the performance of SEA.

Curves of performance of SEAs and ¢y, xCp , are shown in Fig. 6.
For a large qm,nCp,n (> 800 W/K), Type 2, Type 3 and Type 5 have
similar performance, which can be interpreted as the cooling fluid
has the same properties for the two types of SEAs, and for a large
Gm,nCp,n, the heating fluid has similar effect after diverged. Similar
performance of Type 1 and Type 4 can be also interpreted for the
same reason.

The flow order, co-current flow or counter-current flow, has
little influence on the engine array performance. The difference
of thermal efficiency of the SEA with Type 2 and Type 3 is from
0.05% to 0.35%; the difference of output power of the SEA with
Type 2 and Type 3 is from 0.10% to 0.62%.

Curves of performance of SEAs and g, ¢, - are shown in Fig. 7.
For a connection type of SEA, the performance improves with the
increase of qm Cp.c. For a large qm cCp . (> 800 W/K), Type 2 and
Type 3 have similar performance, which means the flow order
does not affect the performance of SEA with a large qp Cp, . There
exists an intersection point (at 830 W/K) of curves of Type 4 and
Type 5. For a larger gm cCp,c, Type 4 has better performance and
vice versa. This can be interpreted that larger gy, ¢, . weaken the
drawback of larger temperature rise of parallel flow, while for the
heating fluid, a temperature drop in serial flow is smaller than in
parallel flow.
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The flow order, co-current flow or counter-current flow, has
little influence on the engine array performance. The difference
of thermal efficiency of the SEA with Type 2 and Type 3 is from
0.04% to 0.39%; the difference of output power of the SEA with
Type 2 and Type 3 is from 0.09% to 0.70%.

5.3. Effects of ns,

By varying the number of engines in SEA, the performance
levels changed accordingly. n,, may affects both the flow rates
and temperatures of fluids of each engine. Fig. 8 shows curves
of performance of SEAs with different ng. As it is shown, with
an increase of ng leads to a reduction of 7 for all SEAs due to the
decreasing of heating and cooling average temperature difference
with increasing the number of engines. For some types of SEA,
when ng, is larger than a critical value, some of the engines in the
SEA will not work and the curves will dive. E.g., for SEA of Type
1, when ng is larger than 9, all the engines stop working, turning
points at 9 can be found on the n-ng, P-ng curves in Fig. 8.

For Type 1, when ng > 9, all engines stop working for given
heating and cooling fluids due to small g,,,c,. For Type 2 and Type
3, every engine in the SEAs works, by increasing n., n reduces due
to a smaller temperature difference of the fluids, and P increases
due to more operating engines. For Type 4, by checking results,
it can be found that when n,, = 13, the last engine does not
work; when ng, = 14, only the first 10 engines will work; when
nge = 15, the working engine number drops to 9. For Type 5, by
checking results, it can be found that when ng, = 12, the last 2
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Fig. 8. Influence of ng on efficiency and power of SEA.

engines stop working; when ns, = 13, only the first 8 engines
will work; when ng,, = 14, the working engine number drops to
6; when ng, = 15, the working engine number drops to 4. This
may be interpreted by the fact that the fluid flow rate g, in a
parallel flow connection (Type 1, Type 4 and Type 5) is smaller
and the temperature difference between the hot and cold fluid of
the engine drops faster, resulting in a smaller number of engines
that can work.

The flow order, co-current flow or counter-current flow, has
little influence on the engine array performance. The difference
of thermal efficiency of the SEA with Type 2 and Type 3 is from
0.02% to 1.19%; the difference of output power of the SEA with
Type 2 and Type 3 is from 0.03% to 2.00%.

For a certain connection type, increase ns, will reduce the
efficiency of the SEA. For some connection types, increase ng
will reduce the output power P due to inoperative engines and
smaller output power engines. It is important to choose the
number of engines for some connection types of SEA.

6. Conclusions

A new layout scheme of the solar dish system by using SEA
was proposed in this paper. The connection type of the engines
may change the flow rates and temperatures of the fluids, as a
result, the performance of the SEA will be different depending on
the connection schemes. In order to compare the performance of
SEAs with different arrangements, five basic connection types of
SEA were summed up according to flow type and flow order.
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An analytical Stirling engine model was created to develop the
SEA models for the investigation of the influence of connection
types. Imperfect regeneration and cycle irreversibility of Stirling
engine cycle and heat exchange process between fluids and the
engine were considered in the model. An algorithm to numeri-
cally solve different connection types of SEA was developed. The
model was evaluated by considering the prototype GPU-3 Stirling
engine as a case study. The result shows that the proposed model
predicted the performance with higher accuracy than the Simple
model (Urieli and Berchowitz, 1984) and Simple Il model (Babae-
lahi and Sayyaadi, 2014). The proposed model improved errors
(sse = 25 Hz, p = 4.14 MPa) on the thermal efficiency and output
power and reduced these errors from 7.49% and 110.11% (as
difference) obtained in simple Il model (Babaelahi and Sayyaadi,
2014) to 2.49% and 1.56% (as difference), respectively.

Models of SEAs were developed to calculated the performance
under different parameters to find out the impacts of T; n, Gm nCp.n,
Gm,cCp,c and ng, on different connection types. It was found that, as
expected, decrease T;, and q,¢, will weaken the performance of
SEA of all connection types. However, for some connection types,
there exists a critical temperature below which some engines
stop working. This needs to be considered for SEA connection
type selection, especially when T;, is low. For given heating and
cooling fluids, Type 2 has the best performance and adaptability.
Type 2 and Type 3 have similar performance under different
parameters (Tis, Tic and gmCp), which means the flow order
has little influence (the maximum difference between thermal
efficiency and output power is 0.39% and 0.70% respectively) on
the performance of an SEA. SEA of serial flows (Type 3) has the
best performance and adaptability under different parameters.
Given heating and cooling fluids, using serial flow is the best
choice for the connection type of an SEA.

It is important to note that, in future researches, the experi-
ments of influence of connection type on SEA’s performance can
be carried out to verify the conclusions in this paper.
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