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The Stirling engine, in comparison to other classical engines, is an external enclosed 
heat engine cycle with extraordinary theoretical efficiency and minimal emissions. 
However, when combined with a minor heat source, the productivity of the Stirling 
engine suffers. Thus, this study emphasizes research on improving engine performance 
using heat transfer. A simulation was done using CFD analysis in ANSYS Fluent to 
enhance heat transfer using different types of fins, air blowers, and roughness. κ-ω SST 
model was used as the turbulence model to capture the heat transfer behavior near 
and away from the surface. All runs showed a higher heat transfer rate per unit area 
than the no finned case. Increasing the number of fins reduces the heat transfer by 10 
%, Applying this solution would cost more since more material is needed to decrease 
the gap between fins. When doubling the length of the fin, the heat transfer of the 
circular design was reduced by 1%, the pinned design by 5%, and the squared design 
by 30%. The addition of fins reduced the flow of heat to the cold end and kept the 
temperature near the cold end below 100°C. Increasing the roughness resulted in a 
small increase in heat flow. Comparing the laminar flow to the transitional flow, the 
transitional flow increases the heat transfer by 1000%. 
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1. Introduction 

 
If present energy consumption patterns continue, they may contribute to global warming. This 

occurrence is a severe environmental concern that emits enormous amounts of greenhouse gases 
[1,2]. The heat generated is heat that is rejected into the ambience although it may yet be reused for 
several meaningful and lucrative reasons. This includes excess heat discarded in the aviation sector. 
The strategy for recovering this heat is solely based on the temperature of the excess heat gases and 
the expenses implicated [3,4]. These increases in heat supplies created in our dwelling space may 
eventually boost the ambient temperature and might even contribute to global warming if not 
addressed appropriately. As a result, waste heat must be collected and repurposed as electric energy 
[5]. Present equipment captures and transforms this usually unusable waste heat to generate 
emission-free power, allowing industrial manufacturers to reinvest their squandered energy in the 
development that generated it. A considerable amount of research and development has gone into 
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these systems, which are capable of producing power from waste heat at minimal temperatures [6]. 
Because of the oscillating nature of the working fluid evolvement, studying the Stirling engine is 
extremely complicated [7]. Varied thermodynamic methods of the Stirling engine functioning with 
various assumptions have been proposed in the literature. The Stirling engine seems probable for 
harnessing the massive quantity of waste heat produced from manufacturing procedures and 
renewable thermal energy resources for producing electricity [8,9]. This engine is also projected to 
provide low-emission, noise-free power generation machines with exceptional fuel-saving and 
multifuel capacity [10, 11]. There are many limitations for the usage of Stirling engine. One of the main 
drawbacks of the Stirling engine is that it has a relatively low specific power (ratio of power to volume 
swept by the piston) when compared to I.C. engines. The Stirling engine's requirement for a specific 
amount of warming up time before it can begin to create power is another drawback. Moreover, a 
constant heat source It may be necessary to use special heat-resistant materials to construct the hot 
part of the engine due to its potentially hazardous temperature. The restricted space for heat transfer 
between the heat source and the working gas makes this engine more difficult to scale up. In fact, an 
excessively large engine will require too much space for an efficient heat transfer to the working gas 
[12]. As a result, scholars in energy-related disciplines have given the Stirling engine a lot of thought 
in recent years [13]. The main objective of this paper is to find the difference between the no finned 
Stirling engine and the different configurations using CFD analysis in ANSYS Fluent. The proposed 
configurations in this paper are the addition of extra surface area with a different geometric 
configuration, changing the material roughness and applying air flow over the Stirling engine using 
blowers. All the geometric enhancement on the fin design and other technique used to enhance the 
heat transfer rate can be applied on other stirling engins types.   

 
1.1 Beta Type Stirling Engine 

 
The configuration of the piston engine, heat exchangers, and displacer in a single cylinder of very 

robust glass was studied in a beta-type Stirling engine. A cyclical alternate motion with an angle of 
110 is performed by the two pistons. It can function like an engine through employing an electrical 
resistance at the peak of the cylinder as the cause of heat [14]. The displacer pushes the air to go from 
the base to the top of the cylinder and conversely. Figure 1 depicts the investigated hot air engine 
arrangement [15]. The working fluid is supposed to be air, which behaves as an ideal gas. It may 
operate as an engine and offer mechanical energy, or as refrigerating machinery (inverse cycle), 
making dismantling simple. Because the pressure load is one bar and should stay one bar, this engine 
produces very little mechanical power [16]. The working fluid occupies three regions in the engine: 
the hot region, the cold region, and the regenerator region. The hot volume is located over the 
displacer head. The cold volume is located between the piston upper and the displacer bottom. The 
beta design has both pistons in the same engine housing and the same axial direction. The beta design 
enables the piston strokes to overlap for a portion of the cycle. This minimizes total engine area while 
increasing pressure swing without reducing operating areas [17]. The gamma configuration partially 
solves the beta configuration's centring problem. The beta variant has been widely utilized with 
excellent performance outcomes, and it was also the earliest Free piston Stirling engine (FPSE) to be 
built. To reduce vibrations, two beta configuration engines may be readily joined to work horizontally 
faced [18]. 
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Fig. 1. Diagram of the β - 
type Stirling engine [15] 

 

1.2 Kinematic and Free Piston 
 
The kinematical relationships are used to compute hot and cold volumes. The kinematic 

relationships and schematic representation of the engine further with the rhombic-drive mechanism 
are shown in Figure 2. The regenerator area is the space between the displacer's outside and inside 
surfaces, and it has a constant amount [19]. For Stirling engines, the simultaneous motion of the piston 
and displacer, known as the phase, is critical for ensuring the position of the working fluid. If the piston 
and displacer are not in phase, the Stirling engine delivers no energy. The phase of a kinematic engine 
is determined by mechanically connecting the piston and displacer to a rotary motion and flywheel. 
The free-piston sterling engine does this by substituting the crank mechanism with a linear storing 
tool connected to both the piston and the displacer. As a result, the piston and displacer get decoupled 
[20]. 

 

Fig. 2. Schematic view of the 
engine [21] 
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A linear storage device functions exclusively in the path of the piston or displacer movement, with 
no surface forces. A linear storage machine can be a compression spring, a gas spring, or a flexure 
bearing. Figure 3 depicts a schematic comparison. Cheng and Yang (2012) further demonstrated that 
the performance of a kinematic Stirling engine is greatly reliant on mechanism effectiveness [21]. For 
example, as the mechanism effectiveness was enhanced from 0.7% to 0.8%, the highest dimensionless 
shaft load practically doubled. The mechanism effectiveness in a free-piston design is essentially 1 
[22]. 
 

 

Fig. 3. Stirling engine comparison. (a) 
Free-piston Stirling engine, (b) Kinematic 
Stirling engine [18] 

 

1.3 Cycle Study 
 
Cycle analysis is a perfect representation of what happens in a Stirling engine and is therefore 

never utilized alone. It serves as the foundation for other approaches, particularly second-order 
approaches. The ideal Stirling cycle, ideal isothermal model, and ideal adiabatic model are the three 
cycles employed. 
 
1.3.1 Ideal stirling cycle 
 

Ideal Stirling cycle was developed for internal combustion engines to represent the mathematical 
thermodynamic cycle that the working fluid goes through. It is assumed that all working fluids follow 
an identical set of procedures. Figure 4 depicts the ideal Stirling cycle, which consists of four processes 
[23]. However, the cycle of the Stirling engine is not the sole cycle with an efficiency equivalent to the 
efficiency of the Carnot cycle. The Stirling cycle and the Carnot cycle are both parts of the Reitlinger 
cycle, which is made up of two isothermal and two polytropic procedures of the same type. 
Nevertheless, it will be more complicated to have heat into bigger Stirling engines. The volume of 
working fluid rises quadratically as the radius of the Stirling engine rises, whereas the heat transfer 
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space to the working fluid only grows linearly. The Stirling cycle is therefore reduced to the Otto cycle, 
often known as the adiabatic Stirling cycle [24]. 
 

1.3.2 Schmidt model 
 

Because the Stirling engine contains multiple temperature zones, not all the working fluid goes 
through the identical thermodynamic cycle. The Schmidt model was developed by considering that 
each of the five primary engine areas, including the compression zone, cooler, heater, regenerator, 
and expansion area, is isothermal. The compression and cooler are at heat sink temperature Tcold, 
whereas the heater and expansion area are at heat source temperature Thot. The design then carries 
on to account for volume variations in the compression and expansion areas by presuming sinusoidal 
movement with a phase difference among both. Because all of the sectors are isothermal, the Schmidt 
model is also known as the isothermal model. The Schmidt model's statements are summarized in this 
way: a) known temperatures for the engine's various compartments, b) sinusoidal movement of 
components, c) working fluid is an ideal gas, d) constant mass of working fluid, e) pressure is constant 
throughout the engine [25]. A significant finding is the generation of a pressure formula that is 
specified for the whole cycle. The pressure formula yields the following results: 

 

𝑃 =
𝑀.𝑅

(
𝑉ℎ
𝑇ℎ

)+(
𝑉𝑟
𝑇𝑟

)+(
𝑉𝑐
𝑇𝑐

)
                      (1) 

 
Just the effective regenerator temperature (Tr) should be expressed in Thot and Tcold forms. The 
regenerator's length (Lr) is presumed to have a linear temperature distribution, which is integrated 
with relation to mass along its length and then contrasted to the ideal gas formula as follows: 
 

𝑇𝑟(𝑥) =
𝑇ℎ−𝑇𝑐

𝐿𝑟
𝑥 + 𝑇𝑐                      (2) 

 

𝑚𝑟 =
𝑃𝑉

𝑅𝑇𝑒𝑓𝑓
                                       (3) 

 

𝑇𝑒𝑓𝑓 =
𝑇ℎ−𝑇𝑐

ln(
𝑇ℎ
𝑇𝑐

)
                                       (4) 

 

While there is no theoretical approach for determining the work done each cycle, a Fourier series 
extension of the pressure phrase can resolve the problem. 

1.4 Governing Equations 
 

The turbulence model was adopted since the flow in a combustion engine is often turbulent. 
Furthermore, if the design is in 3D, a turbulent flow method is preferable. Furthermore, in our 
situation, the cylinder design we created has a limited capacity between the boundary and the 
displacer, hence the flow is essentially turbulent in this region. The surface roughness of the cylinder 
and displacer could also contribute to the flow becoming turbulent. Navier Stokes models were 
utilized to resolve the formulas of transports including heat transfer and flow field within the cylinder 
[26]. These equations can be written as Eq. (5) to (10): 
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Continuity equation: 
 
𝜕𝜌𝑓

𝜕𝑡
+

𝜕

𝜕𝑥
(𝜌𝑓 . 𝑢̃) +

1

𝑟
.

𝜕

𝜕𝑟
(𝜌𝑓 . 𝑟𝑣̃) = 0                   (5) 

 

x-momentum equation: 
 
𝜕

𝜕𝑡
(𝜌𝑓 . 𝑢) +

𝜕

𝜕𝑥
(𝜌𝑓 . 𝑢̃𝑢) +

1

𝑟
.

𝜕

𝜕𝑟
(𝜌𝑓 . 𝑟𝑣̃𝑢) = 𝜌𝑓𝑔 −

𝜕𝑃

𝜕𝑥
+ 𝜇.

𝜕

𝜕𝑥
(

𝜕𝑢

𝜕𝑥
) +

𝑢

𝑟
.

𝜕

𝜕𝑟
(𝑟.

𝜕𝑢

𝜕𝑥
) +

𝜇

3
.

𝜕

𝜕𝑥
(𝛻. 𝑉)    (6) 

 

y-momentum equation 
 
𝜕

𝜕𝑡
(𝜌𝑓 . 𝑣) +

𝜕

𝜕𝑥
(𝜌𝑓 . 𝑢̃𝑣) +

1

𝑟
.

𝜕

𝜕𝑟
(𝜌𝑓 . 𝑟𝑣̃𝑣) = −

𝜕𝑃

𝜕𝑥
+ 𝜇.

𝜕

𝜕𝑥
(

𝜕𝑣

𝜕𝑥
) +

𝑢

𝑟
.

𝜕

𝜕𝑟
(𝑟.

𝜕𝑣

𝜕𝑥
) +

𝜇

3
.

𝜕

𝜕𝑟
(𝛻. 𝑉) −

𝜇𝑣

𝑟2     (7) 

 
Fluid energy equation: 
 
𝜕

𝜕𝑡
(𝜌𝑓 . 𝑇𝑓) +

𝜕

𝜕𝑥
(𝜌𝑓 . 𝑢̃𝑇𝑓) +

1

𝑟
.

𝜕

𝜕𝑟
(𝜌𝑓 . 𝑟𝑣̃𝑇𝑓) =

1

𝑐𝑝𝑓
[

𝜕𝑃

𝜕𝑡
+ 𝛻. 𝑝𝑉 − 𝑝(𝛻. 𝑉)] +

𝑘𝑓

𝐶𝑃𝑓
[

𝜕

𝜕𝑥
(

𝜕𝑇𝑓

𝜕𝑥
) +

1

𝑟
.

𝜕

𝜕𝑟
(𝑟.

𝜕𝑇𝑓

𝜕𝑟
)] +

2𝜇

𝐶𝑝𝑓
[(

𝜕𝑢

𝜕𝑥
)

2
+ (

𝜕𝑟

𝜕𝑟
)

2
+ (

𝑣

𝑟
)

2
] + (

𝜕𝑣

𝜕𝑥
+

𝜕𝑢

𝜕𝑟
)

2
(

2

3
(𝛻. 𝑉))

2

                                                                                                                                     (8) 

 

Solid energy equation: 
 
𝜕

𝜕𝑡
(𝜌𝑠. 𝑇𝑠) = (𝑘𝑠/𝐶𝑝𝑠) [

𝜕

𝜕𝑥
(

𝜕𝑇𝑠

𝜕𝑥
) +

1

𝑟
.

𝜕

𝜕𝑟
(𝑟.

𝜕𝑇𝑠

𝜕𝑟
)]                                                                                    (9) 

 

Ideal gas Equation: 
 
𝑃𝑉 = 𝜌𝑓𝑅𝑇𝑓                                                (10) 

 
Ts denotes the solid temperature and Tf is the fluid temperature. u ̃ and v ̃ are the relative velocity 
elements among both fluid and mobile frames. The k - ɛ realizable turbulence model, Eq. (11) and 
(12), with typical wall functions are utilized to construct this set of equations [27]. In the examined 
fluid flow and heat transfer analysis, the selected model fulfils the accuracy and reliability 
requirements. 
 
k-equation (Turbulent kinetic energy): 
 
𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑣) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑤) =

𝜕

𝜕𝑥𝑗
(

𝜇𝑡

𝜎𝑘
.

𝜕𝑘

𝜕𝑥𝑗
) − 𝜌𝜀 + 2𝜇𝑡𝐸𝑖𝑗 . 𝐸𝑖𝑗                                    (11) 

 
ɛ-equation (dissipation of the turbulent kinetic energy): 
 
𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢) +

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑣) +

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑤) =

𝜕

𝜕𝑥𝑗
(

𝜇𝑡

𝜎𝜀
.

𝜕𝜀

𝜕𝑥𝑗
) + 𝐶1𝜀(2𝜇𝑡𝐸𝑖𝑗 . 𝐸𝑖𝑗).

𝜀

𝑘
− 𝐶2𝜀𝜌.

𝜀2

𝑘
             (12) 

 
The ideal gas model was utilized to compute density, while the kinetic theory was applied to 

estimate heat capacity and viscosity. Consequently, neither viscous heating nor gravity factors were 
considered in this study. The ideal gas formula is employed to establish the value of pressure since 



CFD Letters 

Volume 14, Issue 10 (2022) 16-31 

22 

the pressure difference produced by gas flow within the engine is only a minor proportion of the total 
amount of pressure [28]. 

 
2 Methodology  

 
The solution methodology between both cases is almost the same. except in turning the gravity 

effect on for cases where air flow is present. The energy model is turned on followed by using the κ −
𝜔  SST model. The SST κ − 𝜔 model was created to syndicate the κ − ε  model's robust and precise 
formulation in the near-wall region with the k model's freestream independence in the distant field. 
The κ − ε model is transformed into a κ − 𝜔 formulation to achieve this. A blending function is applied 
to multiply the standard κ − 𝜔 model with the altered κ − ε model, and then both models are added 
together. The blending function is established to one in the near-wall region, triggering the regular 
κ − 𝜔 model, and zero away from the surface, triggering the transformed κ − ε model [29]. 

The continuity, energy, and momentum equations in this case were solved using Ansys Fluent. To 
discretize the differentials, the program uses the finite volume method. Because it promotes 
precision, the second order upwind finite scheme was adopted [30]. Coupled solver was used because 
it provides an accurate result compared to others. 
 
2.1 Geometry Description 

 
Fusion 360 was used to create a three-dimensional domain. The domain is split into five sections: 

the hot end, cold end, displacer, cover, and environment. For both the finned and the no finned cases, 
the domain was designed to be modelled quarterly to lower the overall number of elements and 
computer resources required. Figure 4 shows the schematic drawing of the Stirling engine and the 
dimensions in Table 1. The heated end was first drawn, based on the dimensions obtained from many 
resources, by sketching a cylinder and vertically dividing it into four equal halves: then, eliminating 
three of the four parts. The hot end was then duplicated to represent the cool end. After that, the 
displacer, which joins the hot end and the cold end, is drawn. Finally, the cover and the surrounding 
environment were drawn. Additionally, for the finned design, the fins were placed to cover the whole 
area from the cold end to the displacer, to maximize the difference in temperature between the cold 
end and the hot end as shown in Figure 5a. The regenerator was not consider in the design since the 
study is on the effect of fins on the Stirling engine. After drawing the model on fusion 360, the model 
was imported into Design Modeler to make the hot end, cold end, and displacer as one part to 
eliminate the interfaces between them. Figure 5 shows different fins types; squared fins, pinned fins, 
and circular fins.  

 

 
Fig. 4. Drawing Scheme 

 

He,L 

Ce,L 

D
,H
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e,H
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Table 1  
Stirling engine design parameters 
Part Name Dimension (in mm) 

He, L 19 

He, H 16 
D, H 78 

D, L 1 

Ce, H 16 

Ce, L 19 

 

 
Fig. 5. a) Geometry Design b) squared fins design c) pinned fins design d) circular 
fins design 

 

2.2 Mesh 
 

Creating the mesh is the next critical step as it has a significant impact on the correctness of the 
outcomes. The mesh should be refined and aligned at the interfaces between the fluid and the solid 
bodies to have a reasonable heat flow. There are many components to be considered when 
determining the mesh for this situation. y+ is one of the most critical components in increasing or 
decreasing the accuracy of the results, since high y+ values near the wall boundaries will not have the 
ability to capture the behaviors near the wall. Moreover, the aspect ratio, skewness and orthogonal 
quality was used to determine the mesh quality [31]. After conducting the y+ calculations using the 
following: 

a) b) 

c) d) 
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𝑦+ =
𝑌𝜌𝑢𝑇

𝜇
                                        (13) 

 
where Y is the first layer height, 𝜇 is the fluid viscosity, 𝜌 is the fluid density and 𝑢𝑇  is the friction 
velocity that can be calculated using the following: 
 

𝑢𝑇 = ට
𝜏𝑊

𝜌
                         (14) 

 
Where 𝜏𝑊 is the wall shear stress calculated by: 
 

𝜏𝑊 = 𝜇 
𝑑𝑢

𝑑𝑦𝑦=0
                         (15) 

 
After conducting these calculations, the first layer height is 4e-5 m for a speed of 2 m/s and the 3e-

6 for the 100 m/s. It was not possible to apply inflation layers in the finned cases, thus the mesh was 
refined near the wall to capture the behavior near the wall. Several mesh trails were conducted, and 
the simulation’s results were judged based on the heat flux. The trials were made at 100000 elements, 
400000 elements and 600000 elements as shown in Figure 6, the results showed the heat flux values 
were 0.7 kWm-2, 0.585 kWm-2 and 0.58 kWm-2. 

 

 
Fig. 6. Mesh 

 

2.3 Boundary Conditions  
 

All the parts are set to a fluid and selected material was air, except for the cover it was set solid 
and selected material is steel. Using the fixed value feature, the temperature of the hot end and the 
cold end are fixed at 800°C and 25°C correspondingly as shown in Figure 7. Afterwards, the interfaces 
between bodies are set to couple to allow the heat transfer through boundaries and a convection 
boundary condition is set at the outer surface of the cover with a heat transfer coefficient of 20 
Wm−2K−1 . 
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Fig. 7. Boundary Conditions 

 

3. Results  
 

In this section, the findings of the project will be discussed. Several simulations have been run to 
determine the impact of alternative fin attachments on the Stirling engine's power output and, 
ultimately, efficiency. The heat transfer rate attained by the Stirling engine model with no fins, circular 
fins, pin fins, and rectangular fins is displayed. In the case, while the Stirling engine is static, all possible 
cases were simulated to find how each change in the geometry and other features affected the rate 
of heat transfer in the model. 

 
3.1 Natural Convection Case 

 
All runs showed a higher heat transfer rate per unite area than the no finned case which had a 

value of 0.58 kWm-2. According to Table 2, the results show that increasing the number of fins didn’t 
enhance the heat transfer, but it reduced it by 10 %, Applying this solution would cost more since 
more material is needed to decrease the gap between fins. Moreover, doubling the length of the fin, 
compared to the default design, decreased by 1% in the circular design, 5% for the pinned design and 
30% for the squared design. This can be due to reaching the ambient temperature at the fin tip which 
makes it hard to maintain the fin surface temperature at the base temperature. However, increasing 
the thickness of the fin showed an increase in the heat transfer rate due to the increase in the surface 
area of the fin, but using this solution would increase the cost compared to the default case. 

 
Table 2  
Heat Flux Results 

Pinned Design Circular Design Squared Design 

Case Heat flux in 

KWm-2 

Case Heat flux in 
KWm-2 

Case Heat flux in 
KWm-2 

5 mm spacing 
(default) 

1.1 5 mm spacing 
(default) 

0.751 5 mm spacing 
(default) 

.983 

2.5 mm spacing 1 2.5 mm spacing 0.671 2.5 mm spacing 0.925 
Double Length 1.039 Double Length 0.742 Double Length 0.756 
Double thickness 1.12 Double 

thickness 
0.851 Double 

thickness 
1.141 
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According to Table 3, It is clearly shown how the change in geometry affected the efficiency and 
the effectiveness of the fins. These results show how each case performs. It can be concluded that the 
double thickness design had the largest efficiency followed by the 5 mm spacing, then the 2.5 mm 
case and lastly the double-length case. 

 
Table 3 
Effectiveness Results 
Pinned Design Circular Design Squared Design 

Case Effectiveness Case Effectiveness Case Effectiveness 

5 mm spacing (default) 1.9 
5 mm spacing 
(default) 

1.29 
5 mm spacing 
(default) 

1.69 

2.5 mm spacing 1.72 2.5 mm spacing 1.16 2.5 mm spacing 1.59 
Double Length 1.79 Double Length 1.28 Double Length 1.3 
Double thickness 1.93 Double thickness 1.47 Double thickness 1.97 

 

According to Figure 8, the no finned case had the highest temperature around the cold, which with 
time it will affect the performance of the Stirling engine by reducing the temperature difference 
between the hot end and the cold end. Adding fins decreased the flow of heat to the cold end and 
kept the area around the cold end below 100°C. This addition will help to keep the difference between 
the hot end and the cold end, and it will require more time to heat the area around the cold end. 

 

 
Fig. 8. Temperature Distribution 

 

3.1.1 Theoretical calculations 
 

The theoretical calculations done for the efficiencies of the fins, there are 3 types of the geometry, 
and each type has 4 different configurations, for the pinned fins we use these equations: 
Pinned fins 
 

𝜂 =
𝑡𝑎𝑛ℎ(𝑚𝐿)

𝑚𝐿
                                                (16) 
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𝑚 = ට
4ℎ

𝑘𝐷
                                                               (17) 

 

𝐿𝑐 = 𝐿 +
𝐷

2
                                                (18) 

 
Squared fins 
 

𝜂 =
𝑡𝑎𝑛ℎ(𝑚𝐿)

𝑚𝐿
                                                (19) 

 

𝑚 = ට
2ℎ

𝑘𝑡
                                                               (20) 

 

𝐿𝑐 = 𝐿 +
𝑡

2
                                                (21) 

 
Circular fins 
 

𝜁 = 𝐿𝑐

3

2 (
ℎ

𝑘𝐴𝑝
)

1

2
                                                (22) 

 

𝐴𝑝 = 𝐿𝑐𝑡                                                               (23) 
 

𝐿𝑐 = 𝐿 +
𝑡

2
                                                (24) 

 
Table 4 shows the results for the calculated efficiencies, it is noticed that the pinned fins have in 

general a higher efficiency among other fins, however, the highest efficiency value came up to be the 
double thickness squared fins. 
 

Table 4 
Fins Efficiencies Results 
Pinned Design Circular Design Squared Design 

Case Efficiency Case Efficiency Case Efficiency 

5 mm spacing (default) 96 % 5 mm spacing 
(default) 

91 % 5 mm spacing 
(default) 

91.7 % 

2.5 mm spacing 96 % 2.5 mm spacing 91 % 2.5 mm spacing 91.7% 
Double Length 87.2 % Double Length 68 % Double Length 75.3% 
Double thickness 97 % Double thickness 96 % Double thickness 97.5% 

 
3.2 Forced Convection Case 
 

In the case of static forced convection, the flow of air was applied at two different temperatures 
and velocities, also the material roughness was changed to see how the heat transfer rate will be 
affected. For the laminar case, a velocity of 2 m/s was applied at the inlet. By fitting in number into 
the Reynolds number equation and assuming the case as external flow, the result is 14000 which is 
less than 5e5. For the transition case, the velocity was set to 100 m/s, the result is 7e5 which is greater 
than 5e5 and less than 10e7. According to the below table 5. The simulations showed that changing 
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the surface roughness and applying airflow increased the heat flux by approximately 2800% and more. 
This phenomenon can be explained by using the Newton's law of cooling: 

 

 𝑄̇ = ℎ(𝑇𝑠 − 𝑇∞) (25) 

 
Heat transfer is assisted by fluid motion, the higher the velocity, the faster the heat transfer rate 

[32]. The convective heat transfer coefficient h is greatly influenced by fluid characteristics, solid 
surface roughness, and fluid flow type (laminar or turbulent). The circular fins were chosen to be 
simulated under a flow of air as shown in Table 5, increasing the roughness showed a slight increase 
in the heat flux compared to the case with a smooth surface and increasing the temperature of the 
air blew reduced the heat flux compared to cases where the air was blown at a low temperature. This 
is because the change in 𝑇𝑠  and 𝑇∞  became smaller. Comparing the laminar flow cases to the 
turbulent flow cases, the turbulent flow cases showed an increase by approximately 10 times, since 
the turbulence is higher in the transitional flow compared to the laminar. In a turbulent flow, in 
addition to Molecular diffusion, fluctuations provide a second mechanism for heat transmission. 
These variations cause the eddies. These eddies quickly transmit mass, momentum, and energy across 
the flow [33]. Molecular diffusion is a slow process compared to eddies, and it is sometimes ignored 
when evaluating the heat transfer rate in turbulent flows. As a result, turbulent flows have a larger 
heat transfer coefficient than laminar flows [34].  

 
Table 5 
Air Flow and Roughness Results 
Laminar flow Transitional flow 

Case Heat flux in KWm-2 Case Heat flux in KWm-2 

Smooth, 2 m/s 426 C air flow 29 Smooth, 100 m/s 426 C air flow 318.2 
Smooth 2m/s 25c air flow 60.1 Smooth 100 m/s 25c air flow 663.2 
rough, 2 m/s 426 C air flow 29.8 rough, 100 m/s 426 C air flow 319.8 
rough, 2 m/s 25 C air flow 61.8 rough, 100 m/s 25 C air flow 664.3 

 
In Figure 9, the difference in temperature distribution can be seen and how the laminar and the 

transitional flow cases differ from each other. In the laminar case, the air has more time to get in 
contact with the hot body, thus, we can see that the temperature of the air below the fins is almost 
700 °C and above. In the turbulent case, the air has less time to get in contact with the body as a result 
the temperature under the fins is almost 300 °C. 

 
Fig. 9. Laminar and Transitional temperature Contours 

 

Laminar flow  Transitional flow   
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3.3 Fan Calculation 

 

This section shows the power consumption and the total cost needed to set a flow on the engine 
to increase the heat flux. We will start by determining the size of the fan needed. According to the 
dimensions, the fan dimension should be more than 19 mm in diameter. 

 
For the 2 m/s case: 
 
Thus, the dimension of the fan used is 25 mm by 25 mm by 10 mm. The next step is finding the power 
usage of the fan, which is calculated using the following: 
 
𝑃 = 𝑉𝐼              (26) 
 
Where P is the Power in W; V is the fan’s voltage, and I is the current in A. In our case: 
 
𝑃 = 12(𝑉) ∗ 0.2(𝐴)            (27) 
 
𝑃 = 2.4 𝑊 ≅ 0.0024 𝐾𝑊           (28) 
 
The fan is assumed to work for 30 minutes to get the same results and try to enhance the heat transfer 
rate. 
 
𝑃 ∗ 𝑡 = 0.0024(𝐾𝑊) ∗ 0.5(ℎ) ≅ 0.0012 𝐾𝑊ℎ        (29) 
 
For the 100 m/s air speed, it will require much bigger fan with nozzle and that will cost more than the 
2 m/s case. 
 
4. Conclusions 
 

In this paper, a three-dimensional cylinder model of a Stirling engine with beta-type is simulated 
to improve the heat transfer rate and, as a result, the engine efficiency. The model is altered by adding 
various fins to the engine wall. Circular fins, pinned fins, and squared fins are used in CFD simulations 
and various geometry changes were applied to the fins such as changing the length, thickness and 
spacing. In most cases, the pinned fins had the highest heat transfer rate, except in increasing the 
thickness. Comparing the addition of the fins to the no finned Stirling engine, the heat flux value 
increased when the fin was added thus the efficiency increased. Also, Airflow and increasing the 
surface roughness were set as another addition. The findings demonstrated that using both ways 
improved heat flux values compared to the no-finned engine. The efficiency of the Stirling engine 
increased by 2800% when these additions were applied to the engine. 
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