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Ahmed Abdelnaby * Abstract

Saleh Abo-Elfadl 2

O. Hassan" The heat transfer area of the heater tubes is a significant factor
Ibrahim, A. M. that deeply affects output power and thermal efficiency in Stirling

engines. Alpha-type Stirling engine is concerned in this study.
Circular section, elliptical section, twisted elliptical section tubes
having twist ratios of 2, 3 and 4 are used as heater designs. 3D

K?Y‘_’VO"dS _ simulation model using SST K-w turbulent model is used for
Stirling engine, Heater simulating airflow through the hot cylinder, heater tubes,
tubes, Elliptical, Twist regenerator, cooler, and cold cylinder of the Stirling engine,
ratio, Thermal efficiency during a complete engine cycle. The results showed that the

elliptical section tubes are better than the circular section tubes.
The maximum input energy rate, output work and thermal
efficiency are achieved by using elliptical section with twist ratio
of 2. These values are 4245.87 W, 1225.34 W and 29.55%,
respectively with percentage increments of 5.2%, 7.47% and
3.76%, respectively relative to the circular section heater tubes.

1. Introduction

Stirling engine is a heat engine operating by cyclic compression and expansion of air or
other gases (hydrogen or helium) as a working fluid at different temperature levels that
converts the thermal energy to mechanical work. Robert Stirling in Scotland invented it in
1816, 80 years before the invention of the diesel engine. It is light weight and reasonably
compact. It is also significantly safer and more efficient than fuel engines such as Gasoline
and Diesel engines at the same temperature levels of added and rejected thermal energy (TH
and TL).
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Stirling engine components are 40% less than that of the internal combustion engine.
Besides conventional energy sources, it can operate with renewable energy fuels such as
Biogas and Biomass fuels. Moreover, recent designs of Stirling engines can operate with
solar energy as a green renewable energy source. Stirling engine efficiency is still low;
therefore, more research work is still needed. Many researchers attempted to increase
engine efficiency through the using of different working fluids types and different filling
pressures, different porous media types and porosity ratios, different heater tubes design
parameters (number, diameter and length).

Lloyd [1] developed a low-temperature differential Stirling engine that generated electric
power from heat sources such as wasted hot water. The engine was simulated numerically
using SAGE™ code. The results showed that the wasted hot water of industrial processes
can be used as a heat source with this engine type. Coal-bed methane (CBM) fuel can be
used as an energy source for Stirling engine. Bao-sheng et al [2] constructed CBM burner
and fastened the heater tubes of the Stirling engine in the burner. They found that, despite
the fuel flame instability, the porous burner achieves reasonable stability, enabling the
Stirling engine to run satisfactorily. Cheng and Yu [3] developed a numerical model for a
beta-type Stirling engine driven with a rhombic mechanism considering the non-isothermal
effects. The results showed that by adjusting the regenerative gap, the distance between the
two rhombic mechanism gears, and the heat source temperature, the engine performance
could be improved. A thermodynamic model through the compression and expansion
volumes of Stirling engine is carried out by Tarawneh et al [4]. The obtained results showed
that the lowered performance of the real Stirling engine was associated with some
deficiencies such as the non-ideal regeneration, the gas leakage, and the significant friction
related to the flowing agent through the heat exchangers. With the aid of experimental data,
Ahmadi et al [5] modelled the distribution of output torque and power of the Stirling engine
using method of data handling (GMDH) approach. The results showed that the method has a
high level of robustness and integrity for determining output power and torque. It can help,
reliability, energy experts and designers for improving Stirling engine performance.
Chmielewski et al [6] developed a thermodynamic analysis for a micro-cogeneration system
consisting of the internal combustion engine with a single-action alpha-type Stirling engine
and electrical thermo-generators. They found that the increase of gas pressure, the heat
source temperature, and the regenerator’s heat efficiency increases the efficiency of the
micro-cogeneration system. Different thermodynamic simulation models are investigated by
Hoegel [7] for examining Stirling engine performance. The results showed that the non-
isothermal approach is reasonably accurate for the simulation. In addition, that the phase
angle, regenerator porosity, and temperature levels are the most sensitive parameters for
power and efficiency. The temperature distribution and temperature gradient over Stirling
engine components are visualized through the using of Schlieren technique by Alvarez-
Herrera et al [8]. The obtained results gave important information about the heat transfer
mechanism, energy dissipation from the real engine. For improving the heat transfer process
through the outer surfaces of heater tubes, Ke Li et al [9] studied the use of liquid metal of
Sodium—potassium alloy (NaK) flowing through a passage surrounding the heater tubes.
They found that the temperature difference between the Nak and the working flued is
significantly reduced due to the increase in heat transfer coefficient. Another attempt for
increasing the heat transfer rate in the heater tubes is studied numerically by Karabulut et al
[10]. They suggested a heater design of parallel circular section tubes included in square
section ducts. The hot gases pass through the four gaps between the square and the included
circle sections and the working fluid passes through the circular tubes. They found that the
suggested design increases Nusselt number of the working fluid and hence the heat transfer
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coefficient. The influence of the heater tube diameter on the engine performance is studied
by Thom bare et al [11] numerically. They constructed a CFD simulation model for the
Stirling engine heater with tube of 3 mm, 4 mm, and 5 mm diameters. The results showed
that the heat transferred through the heater decreased with the increase of tube inner
diameter. A heater made of ceramic material is designed by Akazawa et al [12] for
improving the heat transfer rate in Stirling engine. They examined the design
experimentally and the results showed that the ceramic material increases the heat transfer
rate and the thermal efficiency.

The regenerator design has a significant effect on Stirling engine performance. Therefore,
many researchers focused their work on the regenerator materials dimensions and porosity
ratio. Kumar and Kuzhiveli [13] investigated the regenerator performance numerically
under steady and unsteady flow conditions. They used different sizes of stainless-steel wire
meshes. They found that small size wire meshes achieved better performance than large size
wire meshes. Regenerator composed of different sizes of wire meshes is examined by
Andersen et al [14] numerically. The suggested regenerator design had three matrix sections
which were different in wires’ thickness. The results showed that this design improved the
engine efficiency from 32.9 % to 33.2 %, with a 3 % decrease in output power relative to
thin wire meshes regenerator. The effect of the regenerator wires material is investigated
experimentally by Gheith et al [15] in gamma-type Stirling engine. They used different
materials such as stainless steel, copper, aluminium, and Monel 400. Experimental results
showed that Monel 400 and stainless-steel regenerators presented an acceptable thermal
efficiency and did not oxidize.

In spite of the above studies on the heat transfer characteristics development inside Stirling
engine, more attempts and modifications are still required for increasing the output power
and thermal efficiency of the engine.

In this study, new design of elliptical section heater tubes is suggested to increase the heat
transfer area between the heater walls and working fluid. Straight and twisted elliptical
section tubes are examined. Three elliptical twisted tubes with twist ratios of two, three, and
four are used. The twisted tubes designs increase the path length of the working fluid and
tube surface area which enhances the heat transfer process, output power, and thermal
efficiency. The output results are compared to circular section heater tubes.

2. Engine simulation model

For examining the heater tubes designs, an alpha-type Stirling engine is constructed using
Gambit program. Firstly, conventional circular section heater tubes are constructed on the
engine (reference case). Secondly, straight and three twisted ratios elliptical tubes are
constructed also. Each of the previous five designs of heater tubes is merged with the engine
separately forming five engine designs. The following subtitles will describe the engine
geometry, heater geometry, numerical model, boundary and operating conditions besides
the model validation.

2.1. Engine geometry and specifications

Figure 1 illustrates a schematic and 3D view of the engine and table 1 illustrates the engine
specifications. The engine dimensions are considered according to gamma-type Stirling
engine STO5G-CNC [16] and [17] with changing the hot cylinder displacer to power piston
to convert it from gamma to alpha type. The connecting duct (circular tube in the original
design in [16] and [17]) is replaced by rectangular duct having cross of 53 mm*10 mm (Part
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4 in Fig. 1). The dimensions of the duct are selected to achieve the same cooling effect of
the original design at cooling temperature of 300 K. Therefore, the connecting duct will be
called “the cooler” in this work. In addition, the regenerator porous media consists of a
stacked wired array. Each wire diameter equals 55 pum and is made from a stainless-steel
material with a porosity ratio of 90 %. The heater consists of 20 tubes.

1-Heater
\ﬁl?-:. 2- Hot Cylinder

3- Regenerator

4- cooler
5- Cold Cylinder

i S X

Fig. 1 Schematic and 3D view of the engine

Table 1. The engine specifications

1 Hot cylinder bore 92 mm

2 Cold cylinder bore 85 mm

3 Heater tube cross-section area 28.26 mm?
4 Cooler 53*10 mm?
5 Regenerator (porous media) porosity 90%

6 Crank radius 37.5mm
7 Connecting rod length 150 mm
8 Engine speed 500 rpm
9 Initial filling gage pressure 10 bars
10 The shift Phase angle between the two cylinders 90 deg.
11 Compression ratio 1.0267
12 Working fluid air

2.2. Heater’s geometries

Five designs of the heater tubes are considered in this work. The different designs of the
tubes have the same cross section area and volume to avoid their variation effects on the
engine performance. The first design is convectional circular section tubes. The second is
elliptical section tubes. The third, fourth and fifth are elliptical section tubes with twist
ratios (TR) of two (2TR), three (3TR) and four (4TR), respectively. Figure 2 and table 2
illustrate 3D view and the dimensions of the circular section heater tubes.
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Fig. 2. 3D view of the circular section heater tubes

Table 1. The dimensions of each tube

Parameter Total length L1 R L2 diameter
dimensions in (mm) 332 98 16.2 183 6
Point Point b
Point b Point a Point b

Point 3

3D view of twist ratio definition Lift and right cross sections

of the 3D view

Twist ratio =2 [ >

12 mm

Twist ratio =3 ———

18 mm I

Twist ratio =4 |:>

1
I 2amm J

— 1

Fig. 3. Twist ratio definition and the three selected ratios

The twist ratio (TR) is defined as “the ratio of the linear distance of the tube for 180°
rotation angle about its axis to the diameter of the tube”. Figure 3 illustrates twist ratio
definition and table 3 illustrates 3D views of the five heater tubes, their cross sections, total
surface area and hydraulic diameter. The five designs have cross section area of 28.28 mm?.
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Twisting the elliptical tubes increases the surface area. The total surface areas of the heater
tubes are 0.125, 0.144, 0.16, 0.165 and 0.179 m? for circular section, elliptical, elliptical
ATR, elliptical 3TR and elliptical 4TR respectively.

Table 3. 3D view of the heater tubes and their sections.

Circular Elliptical Elliptical 4TR Elliptical 3TR Elliptical 2TR
)
As=0.125 m? As=0.144 m? As=0.16 m? As=0.165 m? As=0.179 m?
Dr=6 mm Dn=4.88 mm Dn=4.88 mm Dnh=4.88 mm Dnh=4.88 mm

2.3. Simulation Model

The three-dimensional flow characteristics in the cylinder are investigated by solving the
continuity, momentum, and energy equations in conjunction with the equations of the
turbulence model. In the present work, the shear stress transport turbulence model (SST k-
o) is used to simulate the turbulent flow in the engine as it achieved good results in many

studies in Stirling engines [18], [19] and [20].

2.3.1. Governing equations
Continuity equation:

d
Xy . 1)
Momentum equation:
d d dp d du, du; 2 _ du;\ 2
E(p:ti)+£[p1¢ixtj-)= _5_3'-’5+_lﬂsﬁ (—+—} ) —)—gﬁi}-pkl 2

dx; dx; dx, BERRET?

Energy equation:
d i d aT
E(Jﬂeoj + a_xi[u‘i(peo + pj] - a_%(kaffa_x}—l_ u’i[ri_;l')gff) (3)
Where kgff Is the effective thermal conductivity, and (r!- j) o is the derivative stress
e
tensor, which is defined as:
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[ ) _ ﬂu,}-_'_ o, 2 du,, 5
Tf}- of - Hgff axi ax}. 3 stf axk i (4)
Bogy = My T 1y (5)
- u®,
g, — g 5 (6)

The two equations of the SST k- model are described as follows:
1- Turbulent Kinetic energy equation:

O (ok) + 2 (pku,) = a[rak)w v,
a1 P T g, PR T g Mgy, ) T O T T (7)

2- Specific dissipation rate equation:

d dx dx,

i i

d d d dw -
—(pw) + —(powu,) =—(FN—)+EN -Y, +D, (8)
dt x;

where I}, and I, represent the effective diffusivities of turbulence kinetic energy k, and the
specific dissipation rate of energy w, respectively. G"k and gm represent the generation of k
and w, respectively. ¥, and Y, represent the dissipation of k and w, respectively. D,
represents the cross-diffusion term. These terms are illustrated in ANSYS FLUENT-16 user
guide. The effective thermal conductivity of the porous media, Ketr is computed by Eqgn. (9)
from ANSYS FLUENT User’s Guide [21]:

Kett = yKi+(1-p) Ks ©)

The following equations compute the Viscous and Inertial resistance coefficients in the
regenerator porous media [21]:
1-Viscous resistance coefficients = 1/ a

dz, 43
G=—r——0 (10)
150 (1—y)
2-Inertial resistance coefficients = C ,
, 3.5 (1—y)
=222 11
dw }’3 ( )
The Interfacial area density of porous media zone can be calculated from:
Area heat transfer 4
A= fer 27 (12)
volume of porous media zone Dy

Where: Hydraulic diameter (D;) of porous media zone can be calculated from the
following equation:
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D; = fyd ” (13)

The inter-phase Nusselt Number Nui correlation for wired mesh porous media is calculated
as [22]:

Nu;=1.91+0.17 = Re!-u'g (14)
Where Re; is the interspatial Reynolds number and expressed by equation (7):
Re. — Pr*%max*Dy (15)
L I-'l_f

And p, is working fluid density computed by ideal gas equation

P
R+Ty

Pr= (16)

The governing equations are solved through all engine components as transient state by
ANSYS FLUENT-16.

2.3.2. Boundary conditions

The wall temperatures of heater tubes and the hot cylinder are assumed to be a constant
having value of 900 K. Also, the wall temperatures of the cold cylinder and the cooler are
assumed to be a constant with a value of 300 K. The walls of other components are assumed
to be adiabatic. During the engine cycle, the hot and cold pistons are considered movable
boundaries. Their motions are programmed by C++ and imported in ANSYS FLUENT-16
as a UDF file. The initial position of the hot cylinder piston is at its BDC as shown in Fig. 4.
At this position, the cold cylinder piston position is away from its BDC by a 31 mm
distance.

Fig. 4. The first position of the engine pistons
The engine is operated at 500 rpm with initial filling pressure of 10 bar. The time step of
calculation is 0.0003333 seconds which corresponds to one-degree crank angle at the
mentioned rotational speed.
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2.3.3. Mesh size and validation

To select the best grid size for heater tubes’ zone, which is the major concern in this study,
three different mesh sizes of 1.6, 1.2, and 0.8 mm are used for meshing the computational
fluid domain. In each case of them, the other zones of the engine have the same mesh sizes.
The engine geometry, dimensions, the initial filling pressure, the working fluid, the
boundary and operating conditions are set according to the Stirling engine in [17] for
comparison with the published experimental measurements. Properties of the working fluid
(pressure, temperature and density) have periodic steady variations (steady cyclic
variations). The model is executed till the variations in these properties between the first and
last steps of the cycle are less than 1%. Error! Reference source not found. shows a
comparison of the experimental [17] and the simulation of the p-v diagram at these different
mesh sizes. It is clear that, mesh size of 0.8 mm achieves a reasonable agreement with the
experimental measurements. At this mesh size, the engine produces work of 94 J/cycle
while the experimental produces 90 J/cycle. Therefore, the error percentage is 4.5% which
can be reasonably accepted.

e experimental — Simulation-Mesh size (0.8)
14 = Simulation-Mesh-size (1.2) = Simulation-Mesh size (1.6)
1.3 *0ay \
1.2 . ~
< %
a8 L)
s 11 N
= |
€ 1 N : e, —~
7 %
€ 09 \k e, o
o \\
0.8 \\\ 3
\
0.6
1400 1500 1600 1700 1800 1900
Volume( cn™3)

Fig. 4. p-v diagram at different mesh sizes verses experimental measurements

Figures 6 and 7 illustrates the meshing of all engine components and cross-sectional view of
the meshed heater tubes.

3. Results and discussions

After constructing the fives engine designs by gambit, each one of them is imported by
ANSYS FLUENT-16 separately. The initial conditions, boundary conditions and working
fluid properties are set and the pistons motion file is imported in ANSYS also. The SST k-
is chosen. The time step of calculation is 0.0003333 seconds and solution convergence of
each step is considered satisfied when the residuals of the velocity components, continuity,
k and omega are 0.001 and the residual of energy equation is 1E-05. The model is executed
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many engine cycles till the variations in the working fluid properties between the first and
last steps of the cycle are less than 1%.

Fig. 6. 3D views the computational domain meshes

Circular section Elliptical section

Fig. 7. Cross-sections of the meshed tubes

3.1.P-V diagram

The p-v diagram is important parameter of the engine as the integration of its area represents
the output work. The p-v diagrams of the five heater designs are shown in Fig. 8. The
circular section heater case produces the minimum area of the p-v diagram and the engine
work is139.48 J/cycle, while the elliptical section 2TR case produces the maximum area with
output work of 149.91 J/cycle. Moreover, the elliptical sections with 4TR and 3TR produce
p-v nearly conicoid under the 2TR case. By integration, their output works are 145.41 J/cycle
and 147.04 Jicycle, respectively. The increments in the elliptical cases are due to the large
surface of the heater tubes relative to the circular tube. But, twisting the elliptical tubes
achieves little increments from 4TR to 2TR. However, theses increments can be referred to
the elongation of the gas path through the heater and the increase of tube surface area due to
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twisting. The percentages of increments in output work are 4.3%, 5.4% and 7.4% for
elliptical heater with 4TR, 3TR and 2TR, respectively, relative to the circular section heater.

circular - - = Elliptical —— Elliptical 4 TR
——Elliptical 3 TR - = = Elliptical 2 TR
20
19
18
17

14

Pressure (bar)
o
th

12
11
10

900 1000 1100 1200 1300 1400 1500 1600 1700
Engine volume (cm3)

Fig. 8 p-v diagrams of the engine with the heater cases

3.2. Heat transfer through the heater

For understanding the heat transfer process through the heater tubes, the air motion through
it will be explained through the engine cycle with the aid of Fig. 4. From 0° to 180°, the hot
cylinder piston moves up blowing the air through the heater tubes, the regenerator, the
cooler to the cold cylinder. Therefore, the air velocity (average velocity of the heater tube
volume) is positive in this period as shown in Fig. 9. From 180° to 315° the hot piston
reverses its motion direction and moves down and the cold piston moves right which
reverses the air motion through the heater tube. From 315° to 360°, the hot piston still moves
down but the cold piston moves lift resulting in volume expansion of the two cylinders, but
the volume rate change of the cold cylinder is much bigger than that of the hot cylinder.
Therefore, the air flows from the hot cylinder through to the heater the regenerator, the
cooler then the cold cylinder. The average velocity values of the five designs are mainly the
same as the five heater designs have the same cross section area, length and volume.
Reynolds number variations in Fig. 10 takes the same trend of the air velocity in Fig. 9 but
Re of the circular section tube is bigger than that of the elliptical sections as the circular
tube diameter is 6 mm but the elliptical tube hydraulic diameter is 4.9 mm,

Nusselt number in Fig. 11 is a function of the Re and the air velocity of the adjacent layer to
the tube wall as the Prandtl number is taken constant, in this work, at average temperature
value of ((900+300)/2=600 K) to reduce the simulation run time. Therefore, it decreases
rapidly in the period of 135° to 180° due to the decrement of air velocity. It has very low
values in the period of 180° to about 210° although the air reverses its direction and starts to
increase its velocity as shown in Fig. 9. This is because the adjacent layer velocity is very
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low due to the opposite effects of the wall friction and its inertia from one side and the
reversed air flow from the other side. Nusselt number of the circular section tube is bigger
than that of the elliptical section tubes in Fig. 11 following the same behavior Re numbers
in Fig 10.

—Circular ——Elliptical —Elliptical 4 TR
’s ——Elliptical 3 TR ——Elliptical 2 TR
20
15
= 10
g
T 5
2 0
2 -5
¥
%I’ -10
Z-15
-20
-25
-3
0 45 90 135 180 225 270 315 360
Crank angle (degree)
Fig. 9 Air velocity variations through one heater tube
— Circular ——Elliptical —Elliptical 4 TR
—Elliptical 3 TR —Elliptical 2 TR
40000

20000 /
0

)
=
g
= Renolds number of\the air through th¢ heater tulpes
2 -20000
E
' -40000
-60000
-80000
0 45 90 135 180 225 270 315 360

Crank angle (degree)

Fig. 10 Reynolds number vitiations through one heater tube
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Fig. 11 Nusselt number variations through one heater tube

—Circular ——Elliptical ——Elliptical 4 TR
——Elliptical 3 TR ——Elliptical 2 TR

45 90 135 180 225 270 315 360
Crank angle (degree)

Fig. 12 Heat transfer coefficient in the heater tubes

Heat transfer coefficient is a function of Nu and the hydraulic diameter as the thermal
conductivity of air is taken constant at average temperature value of 600 K. Heat transfer
coefficient in Fig. 12 follows the same trend of Nusselt number in Fig. 11 but the heat
transfer coefficient of the circular section tube is lower than that of the elliptical section
tubes due to the decrement of the hydraulic diameter from 6 mm to 4.9 mm.

Twisting the elliptical tubes cases a spiral motion of the air which increases the turbulence
effect and hence the heat transfer coefficient. Increasing the twisting from 4TR to 2TR
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results in considerable increment in heat transfer coefficient which enhance the heat transfer
process through the heater tubes. The heater transfer rate in Fig. 13 follows the same trend
of the heat transfer coefficient where it increases with using of elliptical tubes. Moreover, it
increases with increasing the tube twisting from 4TR to 2TR due to the increase of tube
surface area as shown in table 3.

—Circular ——Elliptical ——Elliptical 4 TR

——Elliptical 3 TR —Elliptical 2 TR
10000

9000
8000
7000
6000
5000
4000 |
3000
2000
1000

Hteat transfer rate (W)

0 45 90 135 180 225 270 315 360
Crank angle (degree)

Fig. 13 Heat transfer rate through the heater walls

—Circular ——Elliptical ——Elliptical 4 TR
—Elliptical 3 TR —Elliptical 2 TR

0 45 90 135 180 225 270 315 360
Crank angle (degree)

Fig. 5 Average air temperature in the heater tubes

The effect of heat transfer coefficient and heat transfer rates in Figs. 12 and 13 appears on
the average air temperature through the heater tubes in Fig. 14. The air temperature

24



JES, Vol. 50, No. 6, Pp. 11-30, Nov 2022 DOI: 10.21608/JESAUN.2022.150787.1155 Part C: Mechanical Engineering

increases in the period from 0° to 180° as the air passes from the hot cylinder to the
regenerator through the heater. At this period the circular cross section achieves the lowest
level of temperature and the elliptical section 2TR achieves the highest.

3.3. Temperature contours

To illustrate the five heater designs effect on the temperature contours, section (A) in Fig. 4
which is 83 mm upper the hot cylinder is selected. The distance (83 mm) is long enough to
reveal the design effect on the temperature distribution. The contours are illustrated at
different crank angles to explain the designs effect through complete cycle. These angles are
60°, 120°, 180°, 240°, and 360°. Figure 15 illustrates these temperature contours. It can be
noticed that the average temperature at any crank angle increases from circular section to
elliptical 2RT. using ANSYS capabilities, the average temperatures trough theses sections
are calculated. It is found that the maximum average temperature is achieved at 180° crank
angle for the elliptical section, 2TR with a value of 882.29 K while the corresponding value
of the circular section is 848.14 K. Therefore, an increment of 34.15 K is achieved.

Crank

angle circular Elliptical section Elliptical 4TR Elliptical 3TR Elliptical 2TR

60°

120°

180°

240°

Temperattire (K} 730 736 740 748 750 765 760 765 770 775 780 785 790 795 800 805 B10 §15 820 825 830 835 840 545 850 55 960 855 870 875 830 B85 B30 395 900

Fig. 65 Temperature contours at section A
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3.4. Engine efficiency
Table 4. 4, illustrates the input, rejected energy rates and output power of the engine for the
five designs. The input energy rates increase with using elliptical section tubes. Moreover, it
increases with the increment of twisting from 4TR to 2TR. The input energy rate increases
from 4018.74 W for circular section to 4227.84 W for elliptical 2TR section with a
percentage increment of 5.2%. Also, the rejected energy rate increases from 2919.77 W to
2977.93 W for the same sections with a percentage increment of 1.4% due to the increment
of the temperature level through the engine. The output power which is the difference
between the input and rejected energy rates increases from 1162.36 W to 1249.26 for the
same previous section with a percentage increment of 7.47%.

Table 4. Input and outputs energy rates

Heater tubes Input energy rate (W) Rejected energy rate (W) Output power (W)
Circular 4081.74 -2919.77 1162.36
Elliptical 4176.82 -2959.69 1211.77

Elliptical 4TR 4227.84 -2977.93 1249.26
Elliptical 3TR 4214.60 -2982.95 1233.54
Elliptical 2TR 4245.87 -3020.41 1225.34

Figure 16 illustrates the engine thermal efficiency

of the five designs. The engine with

circular section heater tubes achieves thermal efficiency of 28.48%. It increases with using
elliptical section tubes to 29.55% for the Elliptical 2TR case. The corresponding percentage

increment of the thermal efficiency is 3.76%.

29.5

b2
O

28.5

27.5

Thermal efficiency
]
[o2s]

[R]
~]

26.5

26

Heater cases

Fig. 16 Thermal efficiencies of the five cases

Table 5 illustrates the thermal efficiencies of the five studied cases besides the percentage

increments relative to the circular heater tube.
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Table 5. Thermal efficiency and percentage increment

Heater tubes Thermal efficiency (%) Percentage increment (%)
Circular 28.47 0.0
Elliptical 28.72 0.87
Elliptical 4TR 28.86 1.34
Elliptical 3TR 29.27 2.78
Elliptical 2TR 29.55 3.76

4. Conclusions

This work examined the influence of different heater tube designs on the alpha Stirling
engine performance. Circular section, elliptical section besides elliptical section with 4TR,
3TR, and 2TR are used. These different sections of the heater tube designs have the same
cross-section area but they have different heat transfer areas. 3D engine model is
constructed by Gambit program and the working fluid motion is solved by SST k-o in
ANSYS FLUENT-16. The main results can be concluded:

1. Using of heater tubes having elliptical twisted section increases the input energy rate
and the output power.

2. The circular section heater tubes achieve the minimum input energy rate, output power
and thermal efficiency with values of 4018.74 W, 1162.36 W and 28.47%,
respectively.

3. The elliptical 2TR heater tubes achieve the maximum input energy rate, output power
and thermal efficiency with values of 4245.87 W, 122534 W and 29.55%,
respectively.

4.  The percentage increments of input energy rate, output power and thermal efficiency
are 5.2%, 7.47% and 3.76%, respectively for elliptical 2TR case.

Nomenclature

Symbols

A Interfacial area density, 1/m

G, Inertial resistance coefficient, 1/m

d, Wire diameter, m

Dy Hydraulic diameter, m

hi Interspatial heat transfer coefficient, W/m2.K
I Turbulent intensity

Ki Fluid phase thermal conductivity, W/m.k
Ks Solid medium thermal conductivity, W/m.k
Kesf Effective fluid thermal conductivity, W/m.k
L Length of heater tube part, m

m Mass flow rate, kg/s

Nui; Inter-phase Nusselt number

Pi Initial filling pressure, Pa

P Atmospheric pressure, Pa

R Radius of curvature for heater tube part, m
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Re; Inter-phase Reynolds number
T,, Mean temperature in Regenerator, K
U s Maximum inlet flow velocity to porous media zone, m/s

(v, .v,,v;)  Velocity component in Cartesian coordinates, m/s
(x;, ¥i20) The coordinates of cylinder centre, m

(%5, ¥.,2,)  The coordinates of the air element centre, m
Greek symbols

& Permeability resistance coefficient, m?
Y Volumetric Porosity, %
We Flow dynamic viscosity, Pa. S
Po Density of air at atmospheric condition, kg/m?
P Density of air at cylinder pressure. kg/m?
Pg Flow density, kg/m3
w, The engine angular speed, rpm
w, The in-cylinder charge angular speed, rpm
abbreviations
BDC Bottom dead centre
CFD Computational fluid dynamics
rpm Revolution per Minute
TDC Top dead centre
TR Twist ratio
UDF User Defined Function
3D Three dimensions
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