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Abstract:



The Stirling engine is an external combustion engine that uses heat exchangers to enhance the addition and removal of energy. This makes the engine power-dense but expensive, less efficient and complicated. In this contribution, the Stirling engine based on the Franchot engine has novel cylindrical fins working as isothermalizers to improve heat transfer without the complications of heat exchangers. Enhancing the power density by isothermalizing work spaces is compared to the bare cylinder optimized by varying the phase angle. The theoretical analysis shows that both the adiabatic and isothermal fins increase the power and efficiency, achieving the Curzon and Ahlborn efficiency at the maximum power point. In comparison to the phase angle method, the finned engine resulted in much lower gas mass flow rate, which leads to a reduction in the regenerator pumping and enthalpy losses. Thus, the Stirling engine has the potential to be simple, cheap, efficient and power-dense, and thus can be used effectively for different applications.
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1. Introduction


In internal combustion engines, air and fuel are mixed and burned inside the working cylinders and thus, the temperature of the mixture rises very fast. The exhausted gas is discharged to the atmosphere requiring no heat exchanger. In contrast, Stirling engines exchange the heat with the working gas through finite surfaces, which limits the heat transfer. Many techniques have been used to increase the heat transfer and are classified as follows.



1.1. Plain Cylinder


In plain cylinder Stirling engines, heat is exchanged through displacer cylinder end plates [1,2,3]. A light displacer that has low thermal conductivity shuttles the gases between the hot and cold sides. However, the cold side has a larger surface area because the power cylinder wall is located on the cold side. The heat transfer can be enhanced by increasing the end plate areas of the displacer-containing cylinder. This will increase the size of the engine, limiting its applications to low-power applications. Enhancing the power by increasing the temperature difference is possible but requires an increase of the displacer length. Accordingly, high-temperature high-power engines have the large wall area of the displacer-containing cylinder, which is not participating in heat addition or rejection. Moreover, a long displacer increases the volume and weight of the Stirling engine. Low-temperature difference (LTD) engines reported by Kongtragool et al. [4] effectively reduce the wall area by using a short displacer with relatively large diameter. Hence the plain cylinder method is suitable for low-temperature low-power engines, which are characterised by small displacer stroke, low operating speed, simplicity and low-cost technologies and materials [5]. However, the advantages of LTD Stirling engines are balanced by lower efficiencies and power densities. The moderate temperature difference (MTD) Stirling engine reported by [6] has low heat transfer area and a long displacer. It needs concentrated heating and cooling in small areas, which reduces the in-cylinder heat transfer. Figure 1 shows the geometry differences between a gamma type LTD and MTD with plain cylinders.


Figure 1. Heat transfer area in the low-temperature difference (LTD) and moderate temperature difference (MTD) gamma type Stirling engine.
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Daoud and Friedrich [7] reported a novel Franchot engine design in which the heat transfer area was extended to the whole cylinder wall area, which allows the use of high temperatures. In addition, they increased the phase angle to allow faster speeds and hence increased the heat transfer. Unfortunately, the increase in the heat transfer is not in the same order as the increase in the speed.




1.2. Heat Exchanger


In general, the Stirling machine with bare cylinders has poor heat transfer [8,9,10]. To increase the heat transfer, additional heat exchangers that are connected in series to the gas circuit are needed [11]. The heat exchangers increase the heat transfer area and make it possible to operate at high power densities. In reality, they are responsible for increasing gas friction losses and dead volume, which should ideally be zero [12]. The heat exchangers are particularly responsible for increasing the Stirling engine complexity and cost [8]. The most commonly used heat exchangers with Stirling engines are reported in [13,14,15]. However, additional heat exchangers do not lead to an increase in the maximum power efficiency [16].



A Stirling engine with heat exchangers has a thermodynamic cycle that differs from the ideal one. As the speed increases, the isothermal expansion and compression processes become more adiabatic [8,13,17], which produces lower cycle work and efficiency than the isothermal processes [9,18,19]. The efficiency is even worse than the ideal adiabatic efficiency due to the non-adiabatic cylinders and non-isothermal heat exchangers that increase the irreversibilities [20,21,22]. Hence the thermodynamic processes are better described by polytropic processes. Figure 2 clearly shows the differences between the isothermal and adiabatic processes on the cycle work.


Figure 2. Pressure volume (PV) diagram of the Stirling engine ideal adiabatic cycle 1-2`-3-4` and the ideal isothermal cycle 1-2-3-4.
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1.3. Isothermalizer


Enhancing the in-cylinder heat transfer will increase the power and efficiency by modifying the machine internal heat transfer area without adding to the dead volume [8,23]. The improvement in heat delivery without increasing the dead volume is called isothermalization [11]. Bergman et al. [11] claimed there will be a geometrical limitation for increasing the heat transfer by an isothermalizer. Carlson et al. [10] numerically showed that increasing the in-cylinder heat transfer towards isothermal in the Stirling cycle machines with heat exchangers will increase their efficiency to 100% of Carnot efficiency. However, at the maximum power point, the engine efficiency cannot exceed the Curzon and Ahlborn limit [24] where the working gas temperature does not equal the cylinder wall temperature. The temperature difference helps by increasing the heat transfer, which reduces the thermal load on the isothermalizer and hence the gas friction losses in comparison to the heat exchangers. The isothermalizers differ from the external heat exchangers in that the heater and cooler are within the expansion and compression spaces and not in series with them. Accordingly, the expansion and compression processes are neither isothermal nor adiabatic; they are polytropic. Figure 3 shows the differences between the isothermal and polytropic process on the cycle work.


Figure 3. PV diagram of the actual Stirling cycle 1`-2`-3`-4` and ideal isothermal cycle 1-2-3-4 [12].
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One of the known methods to isothermalize the working space is using interleaving fins. The fins increase the heat transfer area by creating augmentations in the plain cylinder end plates. However, the heat transfer changes with the piston position [25]. When a finned displacer or piston compresses, the conjugate fins get closer to each other allowing the heat transfer to be the largest. However, when a finned piston or displacer expands the distance between the fins gets larger decreasing the heat transfer. Hauser et al. [26] designed an apparatus to calculate the heat transfer in an engine with layer type interleaving fins. He found an improvement in the heat transfer in comparison to the bare cylinder. W. Martini [25] argued the best interleaving fins are the nesting cones. However, using long cones will increase gas friction. Benson [27] patented multiple concentric cylinders for isothermalizing the working spaces in external combustion heat engines including the Stirling engine. However, this will increase the dead volume due to the clearance between the opposite concentric plates at full compression state.



Others suggested heat injection in both the cold and hot chambers, which is analogous to the internal combustion engines. Siegel et al. [28] patented heat injectors for the Stirling engine, which requires external heat exchangers, thermal fluid, injectors and thermal liquid pumps. This complicates the Stirling machines and increases the number of moving parts. Smith et al. [29] suggested a mechanism to separate the thermal fluid from the working gas in the double acting Franchot-Stirling machines. Their design required the use of 4 pumps and 4 external heat exchangers. In a liquid piston Franchot engine [30], the hot and cold liquid pistons are reheated and re-cooled and then injected into the hot and cold spaces respectively. So far, the Stirling engine isothermalizers have not been deployed with solid pistons because of the geometry limitation and complex fin design.



In this contribution, a simple and novel isothermalizer for the Franchot engine will be presented. The engine is directly heated and cooled with a phase angle set to 90°. A parametric study comparing the new design to the bare engine shows the potential improvements. The study aims to present a Franchot engine that has the potential to achieve higher power density with reduced losses compared to previous designs.





2. Materials and Methods


2.1. Isothermalizing the Franchot Engine


The Franchot engine is a double acting Stirling engine that uses only two pistons. The phase angle can be freely controlled and each cylinder is either hot or cold, which eliminates the shuttle and axial conduction losses [31].



The connecting rods that link the engine pistons to the crank must be designed to withstand the forces acting on them to avoid buckling. However, for a double acting Franchot engine (see, for example, Figure 1 in [7]) the connecting rods will be inside the swept volume of one half of the engine and will thus influence the engine behavior. An increase in the connecting rod diameter will reduce the hydraulic diameter, which increases the heat transfer per volume, thus acting like an internal fin although it has unheated and uncooled surfaces (see Figure 4).


Figure 4. The proposed adiabatic fins inside the Franchot engine cylinders.
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According to the definition, the adiabatic fin, which is externally insulated, has a total heat flow equal to zero:


[image: ]



(1)




hence
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(2)




where h, Af, Tf and Tg are the coefficient of heat transfer, fin area, fin temperature and gas temperature, respectively.



The fluctuation in the connecting rod temperature is ignored because of the higher cp × m of the stainless steel rod in comparison to air. Hence the fin temperature is supposed to be constant during a cycle. So the average temperature of the adiabatic fin can be calculated as:


[image: ]



(3)







The disadvantages of this configuration are the heavy and long connecting rod, the need for sealing each rod from both sides and the thermal insulation of at least the hot piston connecting rod from the air. However, the double-ended rod configuration results in symmetrical swept volumes, unlike the traditional single-ended double-acting engines.



Using heated and cooled internal fins will increase the heat transfer area in addition to the reduction in hydraulic diameter. While it is possible to cool the cold connecting rod as it can be directly exposed to the ambient air, heating the reciprocating rod in the expansion spaces requires a complex configuration. Figure 5 shows another way for heating and cooling the internal fins.


Figure 5. The proposed cylindrical internal fin that can be heated or cooled with connecting rods in the gap between the Franchot engine cylinder and the internal fin.
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In this single-ended configuration, the connecting rods are linked to the piston from one side and have small diameters that are assumed to not affect the heat transfer or the swept volume. The connecting rod guides can then be sealed from one side and the total engine length is shortened.



Both the adiabatic and isothermal fins have fixed hydraulic diameter and varying heat transfer area over a cycle based on piston locations that are included in the model.




2.2. Mathematical Modelling


The study is based on a second order model derived in a previous contribution for the Franchot engine [7]. The model assumes an ideal Franchot engine with polytrophic expansion and compression processes and ideal regenerator. The current study uses the second order model to consider the gas friction losses in the expansion and compression spaces. With the isothermalizers, the gas contact area is becoming larger and the gas friction loss can affect the power generation and efficiency.



The Franchot engine consists of two alpha engines with 2 separate gas circuits. The pressure variation in each gas circuit is:
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(4)




where [image: ], [image: ] and [image: ] denote the volume, temperature and heat flow rate in the working spaces respectively and subscript [image: ] indicates the expansion, regeneration and compression space, respectively.



The engine power is calculated for the Franchot engine as
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(5)




where f is the frequency.



External irreversibility is considered through the heat addition and removal, which are calculated from the Newton’s law of cooling [32]:
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(6)




where h is calculated using Toda et al.’s [33] heat convection correlation, which was experimentally obtained for the swept volume of an air charged Stirling engine with stroke to bore ratio of 1.75 and for a wide range of Reynolds numbers (1500–40,000). In comparison to the heat transfer correlations that can be used with the heat exchangers of the Stirling engine [34], Toda et al. correlation is tailored for heat transfer inside the swept volume of Stirling engines where variable volume, variable pressure and oscillatory flow with wide range of Reynolds’ numbers can exist. The correlation, which holds for Reynolds numbers between 1000 and 100,000 is:
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(7)




where ΔT, Dh, he and hc are the temperature differences between the working gas and cylinder wall, hydraulic diameter, convective heat transfer during the expansion and convective heat transfer during the compression.



The pressure loss in the expansion and compression cylinders is calculated separately from the Zhao correlation for oscillatory turbulent pipe flow [35]. This correlation is valid for a range of stroke to bore ratios of 53.4–113.5 and kinetic Reynolds number of 81–540, which is equivalent to a maximum Reynolds number of 2162–30,645 or an average Reynolds number of 1376–19,509:
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(8)







The power loss in each cylinder is calculated from:
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(9)




where [image: ] is the volumetric flow rate of the working gas.



The model is implemented in Matlab/Simulink and solved using the Runga-Kutta method with a time step of 10−4 s. Figure 6, Figure 7, Figure 8 and Figure 9 have Reynolds numbers within the range 1465–15,500 and Figure 10 has a minimum of 734 for the adiabatic finned engine and a maximum of 24,530 for the bare cylinder engine in which the friction losses are ignored.


Figure 6. Influence of increasing the adiabatic fins diameter on the Franchot engine performance.
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Figure 7. Influence of increasing the isothermal fins diameter on the Franchot engine performance.
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Figure 8. Influence of increasing the isothermal fins diameter on the Franchot engine performance for doubled Franchot engine cylinder diameter De = Dc = 10 cm.
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Figure 9. Influence of increasing the isothermal fins diameter on the Franchot engine performance for doubled Franchot engine cylinder length Le = Lc = 100 cm.
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Figure 10. Optimized response based on the maximum power for the Franchot engine using adiabatic and isothermal fins and the bare Franchot engine controlled by the phase angle. The response of the ideal engine with isothermal expansion and with adiabatic expansion is shown for comparison.



[image: Inventions 02 00035 g010]








3. Results and Discussion


All results use the reference engine parameters listed in Table 1 unless otherwise stated. Both the gas friction loss in the working cylinders and modified heat transfer coefficient with Dh are considered.



Table 1. Parameters of the reference engine.







	
Name

	
Symbol

	
Value/Unit






	
Stroke length

	
Le, Lc

	
50 cm




	
Bore diameter

	
De, Dc

	
5 cm




	
Charge gas density

	
ρ

	
1.225 kg/m3




	
Clearance length

	
re, rc

	
0.1 mm




	
Regenerator volume

	
Vr

	
0 cm3




	
Out of Phase angle

	
θ

	
90 degree




	
Hot, cold temperatures

	
Th, Tk

	
450 K, 300 K




	
Working gas

	
Air

	




	
Gas constant

	
R

	
287 J/kg·K










3.1. Influence of the Adiabatic Fin


Figure 6 shows the power increasing with the speed increases until it reaches a maximum. Although no change has been made to the outer cylinder, the power increased as a function of the connecting rod diameter, which means more energy has been exchanged to the working gas. This can be explained by the increase in heat transfer rate per volume due to the decrease in the hydraulic diameter. The power dropped with the speed after the maximum because of the inadequate heat transfer at high speeds and the increase in friction.



Increasing the fin diameter causes the hydraulic diameter to decrease allowing more energy to be exchanged per volume of gas. This increases the efficiency at the given speed and moves the maximum power point to larger speeds.



The gas friction losses increase faster than the power. However, they can be ignored up to the maximum power point.




3.2. Influence of the Isothermal Fins


The influence of changing the internal cylinder diameter on the performance of the Franchot engine with isothermal fins is shown in Figure 7.



The power increases with increasing speed until reaching a maximum before dropping to zero. In comparison to the adiabatic rod method, the power is increased by a factor more than 2 at the maximum. The increase can be attributed to the increase in the heat transfer rate due to the participation of the internal cylinder area and the increase in the engine speed.



Due to the same shear area, the gas friction losses for both the adiabatic and isothermal internal cylinders at each single speed was found unaffected by the configuration. However, the power loss due to gas friction is larger in the isothermal configuration due to the higher working speed but it is still negligible up to the maximum power point.



Figure 8 shows the influence of doubling the working cylinder diameter for different internal cylinders on the performance of the Franchot engine with speed.



It shows an increase in the power without affecting the efficiency or the speed compared to the results in Figure 7. The power is enhanced linearly with total heat transfer surfaces for the same speed range. The gas friction loss increased linearly with the rubbing area. However, the 10 cm diameter engine represents dual 5 cm engines but with slightly larger surface due to the internal cylinder surface. This increases both the power and friction losses by a factor slightly larger than 2 with doubling the external diameter and keeping the hydraulic diameter unchanged.



A further increase in the diameter will increase the power, which requires increasing the connecting rods diameters. Hence, it might not be possible if the connecting rod diameter is on order of the hydraulic diameter. However, the number of connected rods can be increased according to the Euler equation for determining the critical buckling load on struts, which is written as:
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(10)




where, E, I, k and L are the modulus of elasticity, second moment of area, effective length factor and unsupported length of the connecting rod, respectively.



The effect of doubling the stroke on the performance of the Franchot engine is shown in Figure 9.



Although the area is doubled, the generated power of the 100 cm stroke is more than twice of the 50 cm stroke. This is because of the higher heat transfer rates due to doubling of the linear velocity. The power improvement for an internal diameter of 4cm is better than the power for 4.2 cm and 4.4 cm in comparison to the 50 cm stroke. It is also noticeable that the maximum power point shifted to higher speeds for the 4 cm and 4.2 cm, while the maximum power speed for the 4.4 cm is nearly unaffected. This can be attributed to the gas friction loss that resists the motion. Interestingly, it is important to consider gas friction loss in long strokes even at the maximum power point. For d = 4.4 cm the gas friction loss is 152 W, which is comparable to the indicated power of 483 W. Therefore, using multiple cylinders or enlarging the diameter instead of elongating the cylinder can be a suitable alternative to increase the power and reduce the pumping losses. In addition to that, long engine cylinders and cranks are hard to implement.




3.3. Optimised Response


Figure 10 shows the optimised response of the system at the maximum power point for three different design parameters: phase angle for plain cylinder and diameter for both adiabatic and isothermal fin. The response of the ideal isothermalizer that has ideal expansion and compression processes and the ideal adiabatic engine in which the heaters and coolers are isothermal and the expansion and compression are adiabatic are shown for comparison. Both the ideal isothermal and adiabatic engines have the same swept volume as the isothermal finned engine. The optimisation was performed manually until the maximum power is reached for the speed range 100–500 rpm. Each single speed, phase angle and connecting rod diameter were changed manually with a step size of 50 rpm, 1 degree and 1 mm respectively. The adiabatic engine was optimized for the maximum power by increasing its regenerator dead volume with a step size of 10−5 m3. The step sizes are believed to be responsible for the roughness in the generated figures.



It is shown that adding fins is superior to the phase angle control method [7] in terms of power and efficiency. The engine with fins works closer to the Curzon efficiency at the maximum power than the phase angle method. In addition the power obtained is higher for the isothermal fin than the bare engine controlled by the phase angle. That is expected since the fins increase the heat transfer and heat transfer area. While the phase angle matches the heat transfer to the power.



It is also shown that cylindrical fin size increases with speed. This is due to the nonlinear increase of the heat transfer in comparison to the swept volume. The fin diameter increases to compensate the increase in the heat required at higher speed by decreasing the hydraulic diameter. It is interesting that the hydraulic diameter of the isothermal rod is larger than that of the adiabatic rod, which eases adding the connecting rods.



In comparison to the ideal isothermalizers, the engine with isothermal fins has an average 43% lower power, which is close to the ratio of Curzon and Carnot efficiencies. This means the engine with the isothermal fines has the maximum possible power density at the maximum power point given that the isothermal engine is impossible to achieve. In the same regard, the ideal adiabatic engine has lower power and efficiency than both the isothermal and adiabatic finned engine. On average the isothermal finned engine produces 2.75 times the power of the ideal adiabatic engine, even though the difference between the efficiencies is small. Thus, the engine would have the potential for power generation and efficiency improvement.



In comparison to the isothermalizer method, the phase angle method resulted in a much lower power to mass flow rate, which increases regenerator losses. However, using an isothermalizer fixes the power to mass flow rate to a constant value by decreasing the swept volume, which allows higher power capabilities at higher speeds.



Technically, the bare cylinder design has larger hydraulic diameter and simple disk shape pistons that ease the sealing of the connecting rods and pistons. Thus, it has the potential to use different working gases due to the small gas leakage through the small rod seals. The adiabatic finned engines have larger and twice the number of connecting rod seals. This increases gas leakage, which makes it harder to trap different working gases so that the engine might only be possible with air as working fluid. The isothermal finned engine has annulus shaped pistons, which requires the sealing of both internal and external surfaces between the fin and the external cylinder and increases the internal gas leakage between the engine chambers. Sealing the connecting rods of the isothermal finned engine might be difficult due to the small hydraulic diameter and the number of connecting rods. In addition to that, in the finned engine higher heat transfer rates compared to the bare cylinder will increase the thermal loads on the cylinders thus requiring a better external heat exchanging mechanisms.





4. Conclusions


Performance investigations are done for both the bare and finned Franchot engine taking into account the gas friction in the compression and expansion cylinders. The power and efficiency were improved for using fins and the Curzon and Ahlborn efficiency is achieved regardless of the friction losses once it is optimized at each single speed. It is shown that the gas friction losses in the compression and expansion spaces can be ignored for short strokes at the maximum power point.



Changing the diameter cannot be done for each speed once the engine is manufactured. This can be considered a disadvantage in comparison to the phase angle control technique. Adjusting the phase angle improves the power density and efficiency without the complexity of the isothermalizers but without reaching the Curzon efficiency in most cases. A phase angle slightly larger than 90° can be used with some attention to the regenerator losses as it increases the mass flow rate. However, the finned engine is superior to the adiabatic engine in terms of the power density and hence the regenerator losses. Large phase angles are highly recommended if large hydraulic diameters are needed. This eases the addition of the connecting rods and reduces the number of required, duplicated engines to achieve a certain power.
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