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Abstract

:

The technique of solar dish and Stirling engine combination is the most challenging and promising one. For the efficient conversion of the externally concentrated heat to the usable power, we studied the influences of the wall temperature, inclination angle, and open area ratio of the receiver on the Stirling engine power and efficiency. The theoretical analysis of the heat exchange element of the solar Stirling engine was performed, and the simulation model of the cavity absorber was built and analyzed. The temperature cloud and heat loss trends of the receiver under different wall temperatures, inclination angles, and opening ratios were illustrated. When the wall temperature of the absorber changes from 700 to 1000 K, the efficiency of the engine has increased by 8.8% from 21.34% to 30.11%. The higher the temperature, the higher the efficiency. As the inclination angle of the absorber increases from 0° to 60°, the efficiency of the engine is increased by 7.7% from 21.1% to 28.8%. With the increases of the aperture ratio, the engine output and efficiency reduced. The engine efficiency at the aperture ratio of 0.5 is 4% larger than that at the aperture ratio of 1.
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1. Introduction


Energy is the cornerstone of human society and the driving force for its development. Facing the challenge of depletion of fossil fuel energy, countries in the world have been paying close attention to the new energy source development in recent years [1,2,3,4,5]. The green power, such as the solar power, its generation development has become a great interest in its significant potential for several countries [6]. Until now, solar thermal technology has already made good progress in technology, research and development, commercialization application, and so on. Solar thermal power technique is attractive for its clean, efficient, and flexible advantages [7]. Currently, there are mainly three solar power generation system types: tower type, trough type, and dish type [8,9,10]. Dish solar power generation systems have relatively simple structures, flexibility, and high conversion efficiency. Its tropic photoelectric conversion can reach up to 30%, but tower type is about 10% only [11,12,13]. Overall, it is commercially prospective for its cost effectiveness.



Generally, a plate solar power generation system has four parts: a solar concentrator, an absorber, a Stirling engine, and a generator [14]. The solar concentrator is a rotating parabolic-shaped device. The paraboloid is made of highly reflective material and is used for sunlight reflection and concentration, and equipped with a solar tracking system. It can always aim at the sun, and most of the sunlight reflection on its surface is shown at the parabolic focus position. It is used to place the absorber in the focus position of the solar concentrator and to absorb solar heat collected at the focus. The Stirling engine heater is installed inside the absorber, where the solar heat enters into and whose heat is absorbed by the fluid in the heater of the Stirling engine. The receiver is a device that concentrates solar radiations into heat in the solar Stirling engine thermal power generation system. It is the most important part of the system. By connecting one generator to a Stirling engine, the power output from the engine can be converted to electrical energy [15].



The cavity receiver of solar Stirling engine plays an important role in heat conversion. It should be noted that all of its heat loss will reduce the energy efficiency of concentrated solar energy. The literature shows that numerous works have been conducted to design and analyze a cavity receiver of the parabolic dish Stirling module since 1980s. Thermal performance and heat losses of the solar receiver cavity have been studied by Natarajan et al. [16]. Wu et al. [5] have analyzed a receiver model for heat loss analysis. Wu et al. [17] studied the parabolic solar dish-Stirling system performance. The study showed that the power output and total efficiency of the Stirling engine were 18.54 kW and 20.6%, respectively. A global thermal model of 10 kW Euro dish/Stirling energy conversion was presented by Nepveu et al. [18]. A mathematical model was presented showing the influence of absorber temperature and the concentrating ratio on the thermal efficiency [19]. A simulation study has been conducted to check the wind impact on combined free-forced convection loss of solar cavity receiver. The results showed that under some wind conditions, the combined convective heat loss may be reduced below the natural convection value, and there was a critical wind speed to minimize the combined convective heat loss [20]. Neber et al. [21] have studied and analyzed the feasibility of cylindrical cavity receiver technology. Wang et al. [22] studied two new cylindrical cavity receivers with convex bottom surfaces to improve the optical efficiency. Results showed that the cavity receiver with bottom surface interior convex (BSIC) improved optical efficiency. A three-dimensional simulation analysis was carried out by Wu et al. [23], who reported the influence of some key parameters on the Nusselt number of convective heat loss and radiant heat loss. The rim angle study on the cavity flux distribution was made by Sup et al. [24]. Results showed that the optimum parabolic dish angle was important to achieve high focus point intensity. Ahmadi et al. [25] have been focusing on the solar dish-Stirling engine in respect to the thermal efficiency, output power, entropy generation’s rate, and entrance loss rate, with finite-time thermodynamics and multiobjective optimization employed. Gholamalizadeh et al. [26] analyzed the performance of the cavity receiver under various inclinations. Results showed that a pilot was installed with collector designed with a 45° rim angle. A mathematical model of a Scheffler-type solar concentrator with a Stirling engine was developed by Ruelas et al. [27]. In order to achieve higher heat efficiency, Li et al. [28] proposed a new geometrical receiver. For heat loss analysis, different types of cavities, including semispherical, cylindrical, and rectangular receivers, were used and a number of correlations were developed. A lot of research on the reduction of heat transfer loss has been carried out on the cavity receiver, the purpose was to maximize the Stirling engine to obtain more energy [29,30,31,32]. An analytical model to predict the receiver input energy, thermal losses, and thermal efficiency was developed by Gholamalizadeh et al. [33]. The results illustrated that the conduction losses were small, while the convection and the radiation losses played an important role in the total heat loss through the receiver. The convection losses dominated in special period of time, i.e., early morning and later evening, while the radiation losses reached their highest values around noon.



However, all these studies were based on the cavity receiver geometry and therefore, lacked the universal applicability for cavity receiver heat loss analysis, and there were a few studies on the Stirling engine output power and efficiency combined with the heat loss analysis of the cavity receiver.



The present study has two main highlights based on previous work review. One is the estimation of heat loss within the cavity receiver using a CFD model including modified standard k-ω turbulence. We simulated the effects of different wall temperatures, different angles, and different opening ratios on the heat losses of conduction, convection, and radiation. Another, the Stirling engine output energy and thermal efficiency were calculated combining the Stirling engine output power calculation method with the simulated heat losses results.




2. A Heat-Pipe Receiver


The cavity receiver device concentrates solar radiations into heat in the solar Stirling engine thermal power generation system. There are generally three heat transfer methods for the cavity receiver: direct illumination type, reflux type, and heat transfer method with heat storage system. Compared with the other two types, the direct-illuminated receiver has clear design ideas, simple structure, relatively mature technology, and easy implementation, so it is widely used. However, this type of receiver has some shortcomings. The uneven distribution of solar energy after focusing may make a large temperature difference between the absorber cavity and the heater surface, resulting in higher temperatures in certain locations. It is essential to simulate and analyze the temperature characteristics of the Stirling engine absorber cavity. Receiver’s parabolic dish energy balance, as shown Figure 1.



The heaters of the dish solar Stirling engine are generally placed in the absorber cavity, and the cavity generally uses a heat-resistant ceramic material. The high and low absorber efficiencies directly affect the Stirling engine’s photoelectric conversion efficiency, and due to the sun light’s nonuniformity and the time-dependent nature, relatively large temperature gradients and thermal stresses occur in the absorber cavity and wall. If the temperature gradient or thermal stress is too great, the absorber will deform or rupture, affecting the operational efficiency and stability of the Stirling engine [35].



The cavity receiver heat loss, including that of radiation, convection, and conduction, plays a major role in light-heat conversion. The radiation heat loss quantity depends on the cavity receiver wall temperature, shape factors, and emissivity/absorption rate, while the conduction heat loss depends on the cavity receiver wall temperature and the insulating material.



The cavity receiver heat loss is the combination heat losses of the conduction, the convection, and radiation [36].


   Q  l o s s   =  Q  r a d   +  Q  c o n v   +  Q  c o n d   .  



(1)








	(1)

	
Radiation loss









The receiver’s radiation loss occupies a significant fraction of the receiver total heat loss.


   ε f  =    ε w    1 −  (  1 −  ε w   )  / ( 1 −  A  J C   /  A  J W   )    



(2)






   Q  r a d   =  ε f   δ b   (   T  w a l l     4  −  T  a m b     4   )   A  J C   ,  



(3)




where    ε f   ,    ε w   ,    δ b   ,    T  w a l l    , and    T  a m b     are the solar receiver emissivity, the cavity wall material heat emissivity, Stefan–Boltzmann constant, cavity wall temperature, and the ambient temperature, respectively.




	(2)

	
Convection thermal loss









The natural convection heat transfer coefficient inside the receiver cavity is given by:


  N  u J  = 0.088 G  r L      1 3       (     T  r e c      T  a m b      )    0.18      (  c o s  θ q   )    2.47      (     d  a q      L q     )   s   



(4)






  s = 1.12 − 0.98    d  a p      L q     



(5)






   Q  c o n v   =  h  c o v    (   T  r e c   −  T  a m b    )   A  J C   = N  u J   λ j   (   T  r e c   −  T  a m b    )     d  a p      d  r e c     ,  



(6)




where   N  u J   ,   G  r L   ,    θ q  ,    d  r e c   ,    d  a p   ,    h  c o v    , and    λ j    are the Nusselt number, the Grashof number, the angle of inclination of the cavity axis, the absorber cavity diameter, the opening surface diameter, natural convection heat exchange coefficient, and air heat conduction coefficient, respectively.




	(3)

	
Conduction heat loss









The conduction heat loss represents a small total receiver thermal loss proportion. The conduction heat transfer depends on the receiver material thermal conductivity    λ  r e c     and its wall thickness    Δ z   , as following:


   Q  c o n d   =    λ  r e c      Δ z     A  J C    (   T  r e c   −  T  a m b    )   



(7)






   Q u  =  Q a  −  Q  r a d   −  Q  c o n v   −  Q  c o n d   ,  



(8)




where    Q u    and    Q a    are solar thermal energy received by the absorber and heat energy received by the heater of Stirling engine, respectively [37].




3. The Absorber Cavity Model’s Thermal Performance


The effects of different operating and geometric parameters on convective and radiant heat loss are discussed in this chapter, and the temperature and flow field distributions of the common heat sink are obtained.



3.1. Cavity Absorbing Model


The cavity receiver geometry used for simulation is illustrated in Figure 2. The geometry is divided into two areas: a fluid-filled area and a solid area. The geometric model of the heat sink is divided into three different grid sizes (a: 639,860 cells, b: 803,190 cells, and c: 1,412,580 cells), using a combination of structured and unstructured grids. By comparing and analyzing the calculation results, it is determined to adopt (b) grid structure, thus it can not only meet the requirements of computing resources but also accurately display the flow field.




3.2. Simulation Method


In this study, a solver based on 3D pressure was applied to the numerical simulation for the compressed hydrogen gas cycling. PISO algorithm for numerical calculation.



The user-defined function expanded and improved the simulation calculation model; this model used pressure and velocity coupling algorithms. Discrete calculation methods were standard pressure dispersion, momentum equation, turbulence energy and its dissipation rate calculation equation and the energy equation that used first-level upwind dispersion, and first-level implicit instantaneous equation.



Thermal performance of absorber cavity model requires a static solution. The step is set to be 0.01 s to ensure grid convergence.




3.3. Model Validation


In order to determine the feasibility of the Fluent software to simulate the cavity receiver, the reference uses common cavity receivers (the semiempirical model) as the object to compare with the results of the literature.



It can be seen from Figure 3 that the isotherm of the semicircular closed cavity is symmetrical along the central axis. The isotherms inside the cavity are sparse and the temperature difference is small; the isotherms near the cavity wall and the central axis are dense, and the temperature difference is large. Simulation result is in good agreement with the results of the literature [38].




3.4. Cavity Wall Temperature’s Effect on Thermal Performance


The cavity wall temperature is a very critical parameter, which directly affects the heat absorbed by the Stirling engine, which in turn affects the solar Stirling system output power and the generator efficiency.



Figure 4 is a diagram showing the temperature distribution in cavity receiver when the absorber installation wall temperature is 700, 800, 900, and 1000 K under 0° inclination angle. The cavity heat sink temperature distribution at different wall temperatures is similar.



There is a large temperature gradient between the wall and the environment, as the cavity wall temperature is high and ambient temperature is low. The cold air in the low temperature enters the heat absorber, flows along the inner wall at high speed, and receives most of the heat through the wall to be heated. After the cold air flows into the upper cavity part, due to the existence of the high-temperature gas stagnation area in the upper part of the cavity, the temperature rises and forms natural convection with the outside air, and the internal heat of the cavity heat sink is continuously taken out.



Figure 5 shows the cavity receiver heat loss at 0° inclination angle. With the temperature increasing, the natural convective heat loss and radiant heat loss increase, the ratio of the latter is more than that of the former, and the gap natural convective heat loss value increases significantly as well. The radiation heat loss is more than twice the natural convection heat loss in value. Therefore, the inner wall radiant heat loss should be reduced as much as possible, so as to reduce the cavity heat sink heat loss at high operating temperature.




3.5. Heat Absorbing Inclination Angle’s Effect on Thermal Performance


It can be seen from Figure 6 that with the inclination angle increasing, the high temperature stagnation zone in the heat absorber cavity increases and the heat exchange with the outside decreases. When the inclination angle is 0°, the fluid enters from the cavity bottom, gets heat from the cavity wall, and flows out from the top of the cavity under the action of buoyancy. When the inclination angle is 30°, the cavity receiver has a large temperature gradient on the opening plane, and the existence of this temperature gradient appropriately prevents the outside cold air from entering the cavity receiver. At 60° inclination angle, the high temperature stagnation area inside the heat sink is larger. The greater the inclination angle, the sparser the isothermal lines in the cavity, and the smaller the temperature gradient near the wall, the weaker the natural convection effect. At 90° inclination angle, most of the cavity is a high temperature area, and the temperature distribution inside the cavity is relatively uniform, but there is still a small exchanging area at the opening and in external environment. The simulation calculation results are in good agreement with the literature results [40].



Figure 7 shows heat loss of cavity wall temperature of 900 K for inclination angles 0°, 30°, 60°, and 90°. As the inclination angle increases, the natural convective heat loss gradually decreases because the increase in inclination decreases the outlet of the heat sink relatively, weakening the natural convection and improving the heat absorber internal temperature distribution. At 90° inclination, the natural convection heat loss value is not 0. Radiation heat loss according to the trend of change did not change. The angle of inclination only affects the cavity heat sink natural convective heat loss, and it constantly changes during the operation of the system. Result show that, a larger inclination angle is beneficial to suppress the cavity receiver natural convection and to improve its thermal performance.




3.6. Effect of Open Area Ratio on Thermal Performance


In practical applications, the opening area of the cavity receiver must be large enough to receive as much solar energy as possible; on the other hand, it must be small enough to minimize the external cavity receiver heat loss. The receiver opening ratio will determine the receiver opening area size and is also a key factor affecting the cavity receiver’s thermal performance.



According to Figure 8, as the opening ratio of the cavity type heat exchanger is decreased, the opening area of the heat absorber is gradually decreased, so that hot air does not overflow inside the heat absorber while preventing hot air from entering the heat absorber. To some extent, it reduces cavity heat sink and its external heat transfer. In a heat exchanger that dissipates heat simultaneously with the outside, the temperature distribution of the internal heat absorber becomes more uniform, and the non-uniformity of the temperature distribution due to heat loss decreases, thereby gradually improving the heat sink performance. However, the smaller the opening ratio of the cavity heat sink, the higher the requirements for light concentration, the more complex the structure, and the higher the cost. Therefore, the opening ratio should be controlled within a certain range. The 900 K cavity wall temperature contours for different open area ratio 0.25, 0.5, 0.75, and 1, as shown Figure 9. Result shows that, as the opening ratio decreased, the cavity receiver natural convection heat loss and radiant heat loss were reduced, and the opening ratio had a greater impact on the radiation heat loss, as well as on the total heat loss.




	
As the absorber wall surface temperature increased, both cavity natural convection heat loss and radiation heat loss increased. The wall temperature was 700, 800, 900, and 1000 K at 0° inclination angle, and the radiation heat loss to the total heat loss ratio was 74.16%, 76.64%, 78.78%, and 80.72%, respectively. The ratio of natural heat loss was small.



	
With the angle increased, the overall heat loss of the convection was reduced. At 900 K wall temperature, the inclination angle was 0°, 30°, 60°, and 90°, and the convection heat loss to the total heat loss ratio was 21.22%, 14.19%, 13.25%, and 9.29%, respectively. If the inclination angle was large, the natural convection heat sink can be suppressed.



	
As the opening ratio decreased, the cavity receiver natural convection heat loss and radiant heat loss were reduced, and the opening ratio had a greater impact on the radiation heat loss, as well as on the total heat loss. The optimized setting of the opening ratio parameter is meaningful to reduce the heat absorber heat loss and improve the thermal performance. Based on the findings of the cavity receiver internal temperature distribution characteristics and its heat loss characteristics, structure optimization was an effective way to improve the dish solar Stirling thermal power and efficiency.










4. Stirling Engine’s Output and Efficiency


Dish Stirling engine simulation block diagram, as shown Figure 10. In general, a plate solar power generation system consists mainly of a solar collector, an absorber, a Stirling engine, and a generator. The absorber is placed at the focal point of the solar collector, and it absorbs the solar heat collected in the focus. The solar heat entering the absorber is absorbed by the fluid of the heater installed inside the Stirling engine. The fluid converts solar heat into thermal energy and provides a heat source for the Stirling engine. By connecting one generator to Stirling engine, the engine power output can be converted into electrical energy.


   Q a  =  η  o p t    I  D N   Γ  A  c o n   ,  



(9)




where    η  o p t     is the collector optical efficiency (   η  o p t   = 0.94 )  .    I  D N     is the direct normal irradiation,    I  D N   = 950   W /  m 2   .    A  c o n     is area of the concentrator,    D  c o n     = 3 m.  Γ  is the day angle radians,   Γ = 2 π  (    N − 1   365    )  .   N in this model is the day number of in 1 year, ranging from 1 (on 1 January) to 365 (on 31 December). The average value of Γ is 3.14.


   Q u  = m  c p    d  T  r e c     d t   =  A  r e c    [   P  o p t   −  U  g l o b    (   T  r e c   −  T  a m b    )   ]   



(10)






   U  g l o b   =  h  c o n d   +  h  c o n v   +  h  r a d    



(11)






   P  o p t   =  η  o p t    I  D N    C g   



(12)






   T  r e c    ( t )  =  T  a m b   +  (     P  o p t      U  g l o b     − T  (   t 0   )  +  T  a m b    )  ×  e   [    −  U  g l o b     m  c p    ×  A  r e c   ×  (  t −  t 0   )   ]     



(13)






  t → ∞    T  r e c    (   t ∞   )  =  T  a m b   +    P  o p t      U  g l o b      



(14)






    h  r a d   =  ε f   δ b   (   T  r e c     2  +  T  a m b     2   )   (   T  r e c   +  T  a m b    )       h  c o n d   =  k l       h  c o n v   =    λ j     d  r e c     N  u J  ,   



(15)




where    U  g l o b     is the global coefficient of heat loss (W/m2 K).    C g    is the geometric concentration ratio.   l   = 70 mm. Theoretical calculated the average cavity temperature and wall temperature, as shown in Table 1.



4.1. Wall Temperature Effect on Stirling Engine’s Power and Efficiency


The Stirling engine output and efficiency are predicted while changing the temperature of the cavity wall. Table 2 shows the results.


   Q a  =    T  w a l l   −  T  r e c      R  c o n d      



(16)






   R  c o n d   =   ln  (   r 2  /  r 1   )    2 π l k   ,  



(17)




where    r 2    is cavity receiver inner radius (mm),    r 1    is aperture radius (mm), and  l  is cavity receiver height (mm).



Figure 11 shows Stirling engine output power and efficiency during the useful power for different wall temperatures [40]. As the absorber wall temperature increases, both the engine’s power and efficiency values increase. When the absorber wall temperature changes from 700 to 1000 K, the engine efficiency increases by 8.8% from 21.34% to 30.11%. The higher the temperature, the higher the efficiency.




4.2. Incline Angle Effect on Stirling Engine’s Output and Efficiency


In Figure 12, as the absorber inclination angle increases, the engine’s output power and efficiency increases. When the inclination angle of the absorber is changed from 0° to 60°, the engine efficiency increases by 7.7% from 21.1% to 28.8%.




4.3. Open Area Ratio Effect on Stirling Engine’s Output and Efficiency


Table 3 shows Stirling engine’s output power and efficiency for different open area ratio. With the increase in the aperture ratio, the engine power and efficiency are decreased, and the engine efficiency at the aperture ratio of 0.5 was 4% higher than that at the aperture ratio of 1.





5. Results


In this paper, the Stirling engine solar thermal power generation technology is taken as the background, and the cavity receiver, an important component of the system, as the research object. Through the related convection heat and radiation heat transfer theories, the cavity receiver model is rationalized and simplified and assumed, and then related thermal performance simulation is analyzed. Finally, the Stirling engine isotherm calculation method is used to obtain the engine output power and efficiency.




	
Cavity receiver thermal performance




	(1)

	
The cavity receiver temperature field distribution under different wall conditions is similar. Cold air enters from the bottom of the receiver. After being heated by the wall, it flows upward along the inner wall and finally flows out from the upper area of the heat absorber opening.




	(2)

	
The higher the wall temperature, the greater the proportion of radiant heat loss, and the radiant heat loss increasing rate is significantly greater than the natural convection heat loss. The greater the wall emissivity, the more obvious the effect of radiant heat transfer and the greater the value of radiant heat loss, but the wall emissivity has no influence on natural convection heat transfer.




	(3)

	
The cavity receiver heat loss decreases as the tilt angle increases. Simultaneously, the high temperature stagnation zone in the receiver cavity increases, and the convective heat transfer with the outside decreases. The greater the inclination angle, the lower the natural convection heat loss, and the value of radiant heat loss has nothing to do with the inclination angle.









	
Stirling engine’s power and efficiency



Results show that as the absorber wall temperature increases, both the engine output power and efficiency increase.




	(1)

	
When the absorber wall temperature changes from 700 to 1000 K, the efficiency of the engine has increased by 8.8% from 21.34% to 30.11%. The higher the temperature, the higher the efficiency.




	(2)

	
As the absorber inclination angle increases, the engine output and efficiency increase. The engine efficiency increased by 7.7% from 21.1% to 28.8% when the tilt angle of the absorber changed from 0° to 60°.




	(3)

	
With the increase in the aperture ratio, the engine output and efficiency reduced, and the engine efficiency at the aperture ratio of 0.5 was 4% larger than that at the aperture ratio of 1.
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Nomenclature




	
    A  JC     

	
internal cavity area    m 2   




	
    A  JW     

	
solar receiver area    m 2   




	
    A  con     

	
area of the concentrator,    m 2    (   D  con   = 3   m )  




	
    d  rec     

	
cavity receiver inner diameter, (cm)




	
    d  ap     

	
aperture diameter, cm




	
    Q a    

	
absorbed solar radiation (W)




	
    Q  loss     

	
total heat loss (W)




	
    Q u    

	
total input thermal power of Stirling engine




	
    Q  cond     

	
heat loss from the conduction (W)




	
    Q  conv     

	
heat loss from the convection (W)




	
    Q  rad     

	
heat loss from the radiation (W)




	
    T  wall     

	
cavity receiver wall temperature (K)




	
    T  amb     

	
ambient temperature (K)




	
      T    rec     

	
temperature of the cavity receiver (K)




	
Re

	
Reynolds number




	
     Nu  J    

	
the Nusselt number




	
     Gr  L    

	
the Grashof number




	
  k  

	
thermal conductivity (  W / m · K )  




	
    h  conv     

	
convective heat transfer coefficient of the cavity receiver (  W /  m 2  · K )  




	
    h  rad     

	
radiation heat transfer coefficient of the cavity receiver (  W /  m 2  · K )  




	
    h  cond     

	
conduction heat transfer coefficient from the cavity receiver to ambient (  W /  m 2  · K )  




	
    I  DN     

	
Incident solar flux intensity    (  W /  m 2   )   




	
    c p    

	
specific heat at constant pressure (  J / kg · K )  




	
t

	
time (s)




	
    U  glob     

	
the global coefficient of heat loss (  W /  m 2  · K )  ,      U    glob   =  h  cond   +  h  conv   +  h  rad    




	
     C   g     

	
the geometric concentration ratio.




	
    P  opt     

	
Power output (W)




	
    L q    

	
length of the cavity (m)




	
    d  aq     

	
diameter of interior cavity




	
Greek symbols




	
    δ b    

	
the Stefan–Boltzmann constant.   5.627 ×   10   − 8     W /  m 2  ·  K 4   




	
    ε f    

	
the emissivity of solar receiver




	
    ε w    

	
the heat emissivity of receiver wall material (   ε w    = 0.8).




	
    η  opt     

	
the collector optical efficiency (   η  opt   = 0.94 )  




	
  Γ  

	
the day angle  Γ  (radians), the average value of  Γ  is 3.14.




	
    θ q    

	
the cavity inclination ranging between 0 and   π / 2  




	
    λ j    

	
air heat conduction coefficient (  W /  m 2  · K )  
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Figure 1. Receiver’s parabolic dish energy balance [34]. 
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Figure 2. Cavity receiver grid. 
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Figure 3. Simulation model verification. (a) The semiempirical model of cavity receiver. (b) Temperature contours of the semiempirical model. (c) Temperature contours of the literature [39]. 
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Figure 4. Temperature contours different cavity wall temperatures of (a) 700 K, (b) 800 K, (c) 900 K, and (d) 1000 K of inclination angle 0°. 
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Figure 5. The 0° inclination angle cavity receiver heat loss. 
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Figure 6. The 900 K temperature contours of cavity wall for inclination angle (a) 0°, (b) 30°, (c) 60°, and (d) 90°. 
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Figure 7. Heat loss of cavity wall temperature of 900 K for inclination angles 0°, 30°, 60°, and 90°. 
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Figure 8. The 900 K cavity wall temperature contours for different open area ratios of 0.5 and 1. 
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Figure 9. The 900 K cavity wall temperature contours for different open area ratio 0.25, 0.5, 0.75, and 1.3.7. Discussion. 
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Figure 10. Dish Stirling engine simulation block diagram. 
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Figure 11. Stirling engine output power and efficiency during the useful power for different wall temperature. 
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Figure 12. Stirling engine output power and efficiency during the s useful power for different angle. 
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Table 1. Theoretically calculated the average cavity temperature and wall temperature.
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	    I  DN      (  W /  m 2   )    
	650
	750
	850
	950



	    Q a   ( W )    
	135,454.4851
	15,639.7905
	17,725.0959
	19,810.4013



	    P  opt    ( W )    
	611
	705
	799
	893



	    T  rec    ( K )    
	378
	401
	470
	524



	    T  wall    ( K )    
	589
	645
	746
	833
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Table 2. The average temperature and the wall temperature in the experiment.
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	Wall temperature      T    wall     (K)
	700
	800
	900
	1000



	Average temperature    T  r e c     (K)
	470
	536
	598
	654



	  Δ T   (K)
	230
	264
	302
	346



	    Q a   ( W )    
	14,744.156
	16,923.727
	19,359.718
	22,180.340



	    Q  loss    ( W )    
	1412.6106
	2409.2582
	3844.3599
	5831.0192



	    Q u   ( W )    
	13,331.546
	14,514.469
	15,515.359
	16,349.321
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Table 3. Stirling engine’s output power and efficiency for different open area ratio.
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	Open Area Ratio
	0.25
	0.5
	0.75
	1





	Temperature (K)
	715
	675
	638
	598



	Input power (W)
	18,494.378
	18,240.010
	17,985.639
	17,731.269



	Output of engine (W)
	5587.13
	5152.52
	4745.24
	4299.62



	Efficiency
	0.302
	0.282
	0.264
	0.242



	Ideal efficiency
	0.597
	0.573
	0.549
	0.518
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