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ABSTRACT

Full Name : Ahmed Salih Hamza Abuelyamen

Thesis Title : Computational Fluid Dynamic and Heat Transfer Modeling of Stirling
Engine

Major Field : Mechanical Engineering

Date of Degree : December 2016

High demand for energy along with the sustainable rise in air pollution lead the
efforts of looking for a new reliable technology for power generation. Stirling engine
technology is a promising solution for energy production because it can use any source of
heat to generate power. For instance, Stirling engine can be combined with a solar dish so

it is useful for countries which are rich with solar energy.

In this work, a numerical modeling for Stirling engine was performed using
computational fluid dynamics (CFD) to help in understanding its characteristics by
combining flow field and heat transfer field. The study included radiative heat transfer, which
has been ignored in CFD works on Stirling engine. The engine consists of three main heat
exchangers: heater, cooler and regenerator. Because most of the work done in the literature
focus on investigating and optimizing of the regenerator, this study concerns with an
optimization of the heater and the cooler. The investigation was carried out for different
operation conditions such as operating pressure and heater temperature. In addition, a
comparison between the performance of the three main types of Stirling engine (alpha, beta
and gamma) were studied. Moreover, different piston motion mechanisms (rhombic,

crankshaft, and scotch) were examined also.

XV



It turns out that the optimum operational condition depends on the type of the working
fluid. For instance, for the beta-type Stirling engine under temperature limits of 300-800 K the
optimum charge pressures are 1.75, 2.5 and 10 bar for air, He and H: respectively. Additionally,
among the three Stirling engine types with the proposed geometry and boundary conditions,
the Stirling engine of alpha-type with annular connecting pipe reflects the best performance in
term of power output (9.96 W) and thermal efficiency (10.08%). Furthermore, for beta-type
Stirling engine running with atmospheric air charge pressure and temperature limits of 300-
800 K, rhombic motion mechanism has the highest power output (9.61 W) and thermal
efficiency (8.3%) compared to the crankshaft and scotch mechanisms. Moreover, it was shown
that neglecting radiative heat transfer leads to 13% error in the estimation of heat transfer values
and 18% error in the generated power output, which emphasize the importance of
implementing the radiation model in the Stirling engine analysis. In order to attach a fin to the
main engine body, it should have a shape that allows gasses to be circulated and well mixed

with each other. Otherwise, the fin results in a negative impact due to its dead volume.
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CHAPTER 1

INTRODUCTION

The global energy consumption increasing tremendously while there is gradually
depletion of non-renewable energy resources. Figure 1.1 represents the global energy
consumption for different energy sources [1]. For instance, a huge amount of coal and
liquids fuels are burnt in order to generate electricity. The combustion of these fossil fuels
produces a tremendous amount of pollutions like nitrous oxides (NOx), sulfurous oxides
(SOx) and particulate matter (PM). Accordingly, the needed for green energy is highly

important.

Stirling engine is one of the most promising innovations that will help in solving the
energy crisis. It attracts researchers in industry and academic fields, due to its interesting
characteristics. It is classified as an external combustion engine. It can utilize various types
of heat resources like Sun energy or waste heat energy. In addition, it has a quiet operation
with a low level of noise. More important future of Stirling engine is its possibility of

operating in absence of oxygen.



History 2012 Projections
250

200 /
Liquids
m
150 =
0; ewable 1t >

-
-
-
.....
-

quadrillion Btu

100

50

T T
1990 2000 2012 2020 20‘30 20‘40
year

Figure 1.1 Global consumption of energy [1]

1.1 Operating Principle of Stirling Engine

The operation principle of Stirling engine is based on the fact that when a gas is heated

at closed system its pressure will increase, therefore it pushes a piston producing work.

The engine composed of hot space, cold space, regenerator and connected pipes as
show in Figure 1.2. It is operating at a close cycle so there is no gas enters or exits from
the cylinders. The Figure also demonstrates the four processes of operation. The first
process is an expansion (Figure 1.2a) in which most of the fluid in the system exists in the
hot chamber. Due to the heat supply, the gas expands driving the two pistons towards the
bottom dead center (BDC). The power produced stores in the flywheel to complete the
cycle. After that the piston of hot space starts to move toward the top dead center (TDC)
pushing the gas from the hot space to the cold space through the regenerator which absorbs
heat from gas so it reaches cold space with relatively low temperature (Figure 1.2b). This
process called regeneration process. The third process is compression. In which both
pistons move toward TDC compressing the working fluid (Figure 1.2c). It can be noticed,
in the compression process, most of the fluid exists in cold space resulting in less power

2



consumed during compression. In the final process (Figure 1.2d), gas in cold side is pushed
through the regenerator, hence its temperature rises again when it reach the hot zone and

starts a new cycle.

T D)

hot space

(a) (b) (c) d

Figure 1.2 Stirling engine operation cycle: (a) expansion, (b) regeneration cooling fluid, (c) compression, and (d)
regeneration heating fluid [2].

1.2 Applications of Stirling Engine

One of the characters that make Stirling engine differ from others, its ability to employ a
various type of heat sources for instance solar energy, geothermal heat, industrial waste
heat and even heat from fossil fuel combustion. When solar energy is utilized the system
will be environmentally friendly so no more carbon dioxide would produce. The most
common application is utilizing solar parabolic mirror focused on the hot chamber in
Stirling engine (Figure 1.3). In general Stirling engine used to produce electricity. In
addition, due to the sensitivity of Stirling engine to low temperature differences it can be
used for cooling PC chips [2] (Figure 1.4). Motherboard maker MSI (Taiwan) used Stirling
engine for the processor. They claimed it converts 70% of heat energy to power to drive
the fan. In the 1970s, Ford develops a vehicle running in Stirling engine, but unfortunately,
it required about 20 seconds after ignition to start moving. Furthermore, when Stirling cycle
is reversed it can be used as refrigeration cycle to produce Stirling cryocoolers. The first

3



Stirling cycle cryocooler was developed in the 1950s at Philip and commercialized for

liquid nitrogen productions [2].

Figure 1.4 Stirling engine for PC cooling [2].

1.3  Stirling Engine Configurations and Driving Mechanisms

Stirling engines are commonly found in three basic configurations: alpha, beta,
and gamma. Each of the main configurations has unique advantages and disadvantages

due to their variation in geometry and arrangement.



Alpha configuration consists of two separate cylinders (Figure 1.5a). They connected to
each other by a connecting pipe, usually filled by regenerator. Each cylinder has a sealed
piston. One of these cylinders is heated, while the other is subjected to cooling. The second
type of Stirling engine is Beta-type. It has only one cylinder contains the two pistons
(Figure 1.5b). One of them is sealed (it called the power piston) while the other piston is
utilized to displace the working fluid between cold and hot chamber (and it called displacer
piston). The two pistons are mounted concentrically within the same cylinder, as a result,
it required a driver rod from displacer extending through power piston. Moreover, beta-
type may have some problem with cooling since it occurs at the same cylinder just beneath
heating section. On the other hand, y-type is much the same to the B-type except that

cooling chamber is extended to a new cylinder (Figure 1.5c).

Heating

Regenerator Heat Source

Heat Source

displacer
iston

power
piston

Power Piston Cooling

(a) Alpha-type (b) Beta-type (c) Gamma-type

Figure 1.5 Stirling engine configurations [3].

All the Stirling engine types can utilize a crankshaft driver mechanism, however, there are
various mechanisms can be used for instance Youk-driver, Rhombic driver, Ross driver,

lever controller, Scotch-crank and free-piston motion. These mechanisms controlling how



does the engine volume vary during the cycle so they arrange the existence of the gas to be

in cold zone during the compression stroke and in the hot zone during the expansion stroke.

1.4 Design Methods of Stirling Engine

There are four methods that used to design and predict the performance of Stirling
engine: zero-order analysis, first-order analysis, second-order analysis, third-order analysis
(or nodal design method) and fourth order analysis (or CFD simulation)[4], [5]. The term
order here has no things to do with the mathematical error, but it is kind of classification

according to complexity as the order increase.

1.4.1 Zero-order Analysis

This model is the simplest such as generalized Beale number derived by William
Beale. It assumes that most of the engines work under similar conditions. It allows for
quick estimation of the power output depending on the engine size, but it is not very useful

for detailed design and optimization of Stirling engine.

1.4.2 First-order Analysis

This analysis is established firstly by Schmidt in which the power output is obtained
by considering isothermal hot and cold spaces. The volume is assumed to have a sinusoidal
function. All heat enter the cycle takes place in the expansion space, while all heat rejected
from the cycle takes place in the compression space. In addition, a perfect regenerator is
utilized and there is no axial heat conduction. There are no losses taking into account, so

usually a correction factor is applied.



1.4.3 Second-order Analysis

In these model, a set of simplified system is solved by balancing the equations to
identify the output power and thermal efficiency. It assumes adiabatic compression and
expansion in cold and hot regions respectively. In the second-order analysis, the power
losses such as friction and gas leakage are taken into account. Also, it considers heat losses
which include wall conduction, imperfect heat transfer in regenerator and displacer shuttle

losses. However, all these losses are decoupled (i.e. do not depend on each other).

1.4.4 Third-order analysis

The third-order analysis is also known as nodal analysis. It divides Stirling engine into
a network of nodes. Then, one-dimensional differential equations for conservation of mass,
energy and momentum are solved in addition to the equation of state. These differential

equations are solved numerically.

1.4.5 Multi-dimension Analysis (CFD analysis)

In computational fluid dynamics (CFD) the heat transfer and fluid mechanics are
solved simultaneously. It explains properties distributions inside the engine, for instance,
a value of heat transfer coefficient is varied wildly across the engine the things that do not
take into account in the third-order analysis. It provides more details inside the engine, so
it results in better understanding of the actual heat transfer and flow features within the

engine.

1.5 Motivation and Significance of the study

Recently, renewable energy and energy efficiency have become more critical areas

of research. Stirling engine is one of the most promising innovation that is expecting to



help in solving the energy problems. It is classified as an external combustion engine, so it
can utilize any source of heating such as Sun energy or waste heat energy. Theoretically,
the thermal efficiency of Stirling engine is same as Carnot cycle efficiency. However,
practically the thermal efficiency is small. Hence, this research is aiming to improve the
performance of Stirling engine through different methods. Thus, Stirling engine can be
commercialized for thermal energy generation applications by combined it with solar

energy and waste heat energy.

1.6 ResearchObjectives

The overall objective of this study is to investigate numerically the performance of
the Stirling engine taking into account all modes of heat transfer including radiation heat
transfer which has not been accounted for in most of the published studies. Accordingly,

the specific objectives of this study are:

e To develop a dynamic model that incorporates the flow and heat transfer in
Stirling engine.

e Carry out a parametric study to optimize the various heater and cooler shapes.

e Study the effects of different piston motion mechanisms.

e Make a comparison of the performance of the three common configurations of

Stirling engine (Alpha, Beta, and Gamma).



CHAPTER 2

LITERATURE REVIEW

An experimental study of crankshaft mechanism of y-type Stirling engine was carried
out by Cinar and Karabulut [6]. The engine has a 276 cc swept volume with two expansion
cylinders and one displacer. | was heated at the top part of the cylinder and cooled by water
at the bottom. They tested two types of working fluid which are air and helium. The
experiment was performed for a different range of temperature between 700 and 1000 °C
via an electrical furnace. In addition, various charge pressure was conducted to optimize
the engine performance. The maximum power obtained was about 128 W. They concluded
that the power output when helium gas was utilized almost double that obtained from the
air at same operation conditions. Also, they presented that the optimum pressure depends

on the source temperature and the engine start to vibrate after this optimum value.

Yucesu et al. [7] built and examine a B-type Stirling engine. They studied the
performance of the engine at different source temperature experimentally by utilizing an
electrical heater. They used atmospheric air as working fluid. The engine was driven by a
crank shaft mechanism and used cooling water system. Only 5.98 W was obtained as
maximum power from the engine testing at 208 rpm and a hot source temperature of 1000
°C. They concluded that the performance of engine (speed, power, and torque) was

improved by increasing the heat source temperature.

Karabulut et al. [8] conducted a nodal analysis for a Stirling engine had a power

cylinder situated inside the displacer cylinder. The cylinder had a slotted groove that
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increases the surface area. They used FORTRAN program to run the analysis for 103 cells
constitute the engine volume. In order to calculate the temperature variation, they used first
law of thermodynamics while the change in engine volume was computed from the
dynamic of the crankshaft mechanism. Furthermore, they obtained convective heat transfer
coefficient by assuming the flow on the slot surfaces were fully laminar and developed.
They studied the effect of different working fluid mass and different regenerator areas and
came to the conclusion, the rate of heat exchange in the heater is proportional to the
regenerator area and it keeps improving with regenerator surface until a value where a
further increase of the surface wouldn’t be useful. In addition, they showed that there was

an optimum working fluid mass after it the work per cycle tends to decrease.

Furthermore, An experimental investigation on flow and heat transfer in the heater head
region of free-piston Stirling engine was presented by Jiang and Simon[9]. The engine used
helium as working fluid with an operation temperature of 888 K. In order to characterize
the flow, they measured the velocity and temperature profiles at seven locations in the head
of the heater. Their results show a remarkably low value of average heat transfer coefficient

due to the thick boundary layer and separation zones on the head inner wall.

A numerical simulation of Gamma-type Stirling Engine was performed by K.
Mahkamov[10] to prior manufactured prototype. The engine was already designed using
first-order model and the power expected was far less than actually obtained power.
Mahkamov employed both second-order model and 3D CFD model to identify factors
restricting the power output. The CFD model used k-e turbulent model for a compressible
flow. The investigation showed that there are two major factors limiting the power output

which are the hydraulic losses in the regenerator and the large value of the dead volume.
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Consequently, he modified the prototype by eliminating some of the dead volumes through
converting Stirling engine configuration from y-type to a-type. Furthermore, he calibrated
his models against experimental data obtained on 0.5 kW Stirling engine and found that
the second-order predicts the indicated power output with nearly 30% accuracy while this

value decrease to 12-18% for CFD model.

Wongwises and Kongtragool [11] investigated the performance of y-type Stirling
engine experimentally. The engine worked at ambient pressure and it used air as working
fluid. They tested the engine with four different solar intensities. The power generated from

the engine was small (maximum 1.69 W) and it is proportional to solar intensity.

Iskander TIili et al. studied a solar power system based on the Stirling dish
technology[12]. They applied their model which included energy losses and pressure loss
in the heater, cooler and regenerator of a-type Stirling engine worked with a Hydrogen. On
the design process, they optimize values of various temperature, rotational speed and dead
volume for the best performance. Their engine was driven by Yoke Ross mechanism. They
came to the result that there was an optimal swept volume before and after this optimum
volume the power decreases. In addition, they showed that a dead volume has a great
impact on limiting the power output. Furthermore, they concluded that the small porosity
results in high pressure drop due to increases of friction factor, however, their results

indicated that small porosity will produce high thermal efficiency.

In addition, they showed in a developed work [13], due to optimal design parameters

the efficiency could be improved by 20%.
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Moreover, they conducted a numerical simulation model to explore physical
parameters and geometrical shapes that influent the performance of Stirling engine[14].
They tested their model to an experimental data for a prototype of GPU-3 Stirling engine
manufactured by General Motor. It used a rhombic mechanism for motion and utilized
helium as working fluid. It had a power of about 4 kW and thermal efficiency of 35% under
the conditions of operation temperature between 288K and 977 K, mean pressure of 4.13
MPa, and 41.72 Hz. The power and the thermal efficiency got from the modeling were
4.27kW and 39.5%, respectively. Their model is an adiabatic second-order that taking into
account the thermal losses while mechanical frictional losses didn’t considered. To validate
their model, they compared it with those achieved by Urieli and Berchowitz for GPU-3 at
similar conditions. They pointed out that the energy losses result from conduction in the
cooler and the heater could be neglected, while it was considerably in the regenerator (35%
of total losses). Furthermore, they showed that losses coming from shuttle effect, external
conduction in the regeneration, and dissipation by the pressure drops in the regeneration
were also significant. Moreover, they made an optimization for the engine performance
included the volume, thermal conductivity, and porosity of the regenerator as well as the

influence of the fluid mass, expansion volume, and piston conductivity.

Scollo et al. [15] designed and constructed a prototype of a-type Stirling engine that
using Helium as working fluid. To perform the preliminary design they used the code from
Urieli which utilized Schmidt analysis. They found that the temperature stabilized after

about half an hour.

Batmaz and Ustiin [16] designed and manufactured a a-type Stirling engine that used

a Helium for its operation. It had two cylinder heaters and it was driven by a crankshaft
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mechanism. They used a simulation software developed by Karabulut for the design of the
engine. They assumed that the hot cylinder and cold cylinder were at their sources
temperature and the working fluid was ideal gas without any leakage of the Helium. They
tested the engine within temperature range 650-1000 °C using an electrical heater and
pressure from atmospheric pressure up to 2 MPa. One of the main results was that the
engine speed increases linearly with the heater temperature. Furthermore, the gap distance
between the displacer and its cylinder played a great role in effective heat transfer. As it
narrow, it enhances the heat transfer however the pumping work would increase. They

designed the engine to had 500 W, nevertheless, only 118 W was obtained.

Parlak et al. [17] modified Urieli and Berchowitz's model for the gamma-type Stirling
engine. To make the model more reasonable they added several losses so they considered
the pressure drop due to friction and heat losses. They divided the engine to five volumes
and applied the conservation law of mass and energy. Then they developed a FORTRAN

code in order to get the solution of governing equations.

Karabulut et al. [18] studied the performance of B-type Stirling engine from
thermodynamics and kinematic point of view. They analyzed a different range of
convective heat transfer coefficient and various values of clearance for several piston
lengths using isothermal analysis. Also, they examined three type of mechanisms which
are crank mechanism, rhombic mechanism, and lever controller drive mechanism. Lever
controller mechanism produced the highest dead volume, nevertheless, its work was greater
than crank mechanism due to better cooling and heating at constant volume. They found
that the work output increases proportionally with the heat transfer coefficient. They

validated their work against an experimental work and it showed good accuracy at low
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speed, but at high speed the accuracy decrease due to the viscous losses, mechanical friction
losses and a small amount of heat transfer between solid and fluid zones which were not

accounted in the theoretical analysis.

Karabulut et al. [19] designed and built a B-configuration Stirling engine with lever
controller to arrange the movement of the displacer piston. They designed the Stirling
engine to work at low heat temperature (200 °C). In order to enhance the heat transfer, they
made slots in the inner surface of the cylinder which increases the surface area. They tested
their Stirling engine with air as working fluid for several charge pressure up to 4.6 bars and
constant temperature for the hot and cold side. They got maximum power output around
52 W at ~ 450 rpm and 2.8 bars and this value increased by 50% after augmenting the inner

surface of the displace by slots.

Karabulut et al. [20] perform an experimental study of B-type Stirling engine with
helium working fluid. The engine had a lever mechanism that drove the displacer. It heated
by burning a liquefied petroleum gas. The test was conducted with operation condition
temperature range of 180-260 °C and charge pressure of 1-4.5 bars. They noticed that as
hot source temperature increases, the engine endurance of external load increase and it
could run at rather low speeds. Also, they concluded that there was an optimum charged
pressure. Furthermore, they obtained only 52W as maximum power when the air was
utilized. It is too small compared to that maximum power which was obtained by helium

183 W at 600 rpm, 260 °C, and 4 bars.

Cheng and Yu [21] developed a numerical model for estimating the thermodynamic

performance of a B-type Stirling engine. The engine used air for operating and it utilized a
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rhombic mechanism for pistons dynamics. They solved the energy equation for the control
volumes by considering the effects of the regenerator, non-isothermal condition, and head
cylinder heating thermal resistance. Besides, they assumed that the flow in the regenerative
channel was incompressible and fully developed. Moreover, viscous shear in the
regenerative channel was considered so it results in the pressure difference between the
cold and hot chambers. They performed a parametric study to show the impact of heat
source temperature, the distance between two driving gears of rhombic mechanism, and
gap size between displacer and the inner diameter of the cylinder. They pointed out that
the power output increases proportionally with the source temperature and with increases
of an offset distance from the crank to the center of the gear. On contrary, the generated
power and the efficiency decrease as the distance between the two gears increases.
Furthermore, they found there an optimal gap size of the regenerator leads to high

regenerative effectiveness and low friction shear losses.

Eid et al. [22] conducted an experimental investigation on the effect of elbow-bend
geometry. They studied the influence of tube arrangement on the performance of heat
exchangers which were used as cooler and heater in the a-type Stirling engine. They
presented the effect of three shapes of elbow geometry with three different tubes bank
arrangement. They found that the tubes bank arrangement through an elbow-bend had an
absolutely huge influence on the pressure drop. Furthermore, they developed correlations
for the effectiveness of the heat exchanger, friction factor, and Nusselt number from the
studied geometry. They recommended that they could be used for the design of a-type

Stirling engine.

15



Puech and Tishkova [23] provided a theoretical investigation on the performance
of Stirling engine. Their study included a sinusoidal motion the pistons as well as a
hypothetical discontinuous linear motion. They used an isothermal model for predicting
thermal efficiency and the output power. They studied the effects of imperfect regeneration
and dead volume. The main results of their analysis showed that by utilizing a regenerator
has 100% of effectiveness the Carnot efficiency could be obtained regardless of the dead

volume.

Another work done by Cheng and Yu [24] was performing a dynamic model of -
type Stirling engine which uses cam-drive motion. Then they coupled it with a
thermodynamic model. So that the instantaneous rotation speed was predicted from the
equation of rotation motion after evaluating the torque exerted by the flywheel, pressure,
the mass of inertia, friction force, and the external load. The gas pressure was evaluated
from the thermodynamic model while an empirical correlation for the friction force was
used. They presented that the all different initial rotation speed that was tested leads to the
same final cycle-average rotation speed after a period of time (i.e. when the engine reaches
to stabilized condition). Also, they added there was an optimum value of moment inertia
of flywheel that results in maximum power output. Furthermore, they investigated the
effects of initial pressure in the chamber, heat source temperature, regenerator gap size,
and the phase angle. They found that there was an optimum phase angle for high cycle-
average rotation speed and another optimum value for high cycle-average output power

and thermal efficiency.

Moreover, they conducted more study for the same engine but with rhombic drive

mechanism [25] using the same principles. They found that all different initial rotational
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speed and moment of inertia leads to the same final cycle rotational speed as same as
happened with the cam-driven mechanism. However, the large moment of inertia results

in low fluctuation in the engine speed.

Cheng and Yang [26] carried out a theoretical analysis for three type of Stirling
engine; a-, B-, and y-type. They optimized the swept volume ratio and the phase angle.
They accomplished their investigation by introducing a number of dimensionless variables
and assuming that the hydraulic pressure drop was negligible so the pressure was uniform
through the engine. They came to conclusion; the B-type Stirling engine generated the
highest power output and y-type was the lowest one. Also, they recommended that a-type
was not suitable for low temperature operation will y-type was most capable of work at

low temperature.

Chen et al. [27] developed a numerical analysis on a y-type Stirling engine with
double power pistons. The engine charged with helium. They modified Chen and Yu's
model to include more engine losses and they assumed that the thermal resistances at the
wall of the compression and expansion chambers were changing according to the change
of the surface area, while Chen and Yu's model assumed it to be constant. They validated
their code against the original one of Chen and Yu's model by setting the heat transfer and
friction losses to be zero as well as the effect of conjugate heat transfer because Chen and
Yu did not take them into account. Their parametric study showed that the regeneration
effectiveness introduces a distinguished effect of the thermal efficiency. Furthermore, they
showed that the power piston crank radius and the initial pressure had an influence on the

power output.
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Ibrahim[28] developed a 2D-axisymmertic CFD model to simulate the
experimental test rig done by Jiang and Simon[9]. The original experimental geometry
(3D) had radially oriented slots in the heater so, it cannot simulate as 2D-axisymmetric.
However, by using same hydraulic diameter he found good results agreement further away
from the heater. He showed that most of the pressure drop occur in the regenerator at 90
and 270 C.A. where the piston and flow had the highest velocity. His result showed errors

in the heat transfer coefficient fluctuating between 23% and 75%.

Costa et al. [29] studied numerically the pressure drop in 3D wound woven wire
matrix for Stirling engine. They selected air as working fluid and it was assumed to be
incompressible and viscous. All fluid thermal properties were assumed to be constant. The
second order Up Wind scheme was selected to discretize the continuity and momentum
equations. They studied two various regenerators; stacked wire and wound woven wire
matrix. Each one was studied with two various layouts; totally aligned and misaligned. In
addition, they studied the effect of porosity in all cases. Furthermore, they used laminar
model for stacked woven wire matrix where (Re > 175) and for wound woven wire matrix
(Re > 230). On the other hand, they utilized RNG k-¢ model for turbulent flow. They
derived a correlation to estimate pressure drop friction factor for stacked woven wire. They
evaluated the obtained correlation against experimental oscillating flow done by Tanaka et
al. and Gedeon and Wood. They included the wire mesh diameter in the correlation as well
as Re because it showed effects on the friction factor. After that, they extended their work
to drive a correlation for pressure drop friction factor in a wound wire woven. It also
depended on the wire diameter and Reynolds number range up to 400. The study covered

diameter range 0.08 to 0.11 mm and porosity range from 0.472 to 0.638.
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Another investigation of compact porous-sheets heat exchanger is accomplished by
Li et al. [30]. They run a 3D simulation for a-type Stirling engine which was driven by
Ross mechanisms. The engine is charged with Helium at atmospheric pressure. They
utilized Fluent 14 for the numerical simulation with PISO scheme for pressure-velocity
coupling. They came to the conclusion that in the comparison between the conventional
wire mesh regenerator and the porous sheet regenerator, the late has the lowest entropy

generation rate which results in high thermal efficiency and high power output.

Araoz et al. [31] presented a model that can be adopted for different Stirling engine
types (alpha, beta, and gamma). The model considered an adiabatic working spaces with
isothermal heat exchanger and it included the dead volumes and imperfect regeneration.
They estimated the power and the efficiency then it compared to numerical and
experimental data of GPU-3 Stirling engine reported by the NASA Lewis Research Center.
It reflects an error of brake power (£4%) and (£5%) for the brake efficiency and these

values increase to £15% in high frequencies and low pressures operating conditions.

Bouvenot et al. [32] developed a dynamic model for simulating a micro combined
heat and power devices (LCHP). It based on the empirical expressions plus an energy

balance on the device for different input and output parameters.

Chen et al. [33] developed a compressible CFD code to study the characteristics of
heat transfer for 3D y-type Stirling Engine driven with the crankshaft mechanism. Their
Stirling model geometry consists of two power pistons. Their studies accomplished for
very simple geometry without a regenerator for purpose of simplifications. Furthermore,

they simulate only quarter of the geometry due to symmetry on two faces. Their results
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included; Temperature distribution, velocity vectors, the amount of heat input and output
from the engine, and the power output. They found differences between their results and
those obtained by the second order method especially in the rates of heat transfer. The
term ‘order’ here has no things to do with the mathematical error, but it is kind of
classification according to complexity as the order increase. Moreover, they discover a
highly non-uniform temperature distribution within the engine during the cycle which
reflects an inaccuracy of some of the one-dimensional models. The power obtained from
this model was very small (about 0.6 W) due to the absence of the regenerator and low

operating temperature difference range (300-400 K).

Alfarawi et al. [34] adopted an ideal adiabatic model in order to estimate the
performance of B-type Stirling Engine thermodynamically. It utilized an exhaust heat
gasses as source heat for the Stirling engine which used to drive the alternator. Besides,
they carried out a CFD investigation to optimize the geometry of the heater and the cooler.

The ideal thermal efficiency was found to be 40% with a power of 1.5 to 2 kWe.

Another numerical and experimental study of Stirling engine regenerator conducted
by Tutar et al. [35]. They studied the pressure drop losses in wound woven wire matrix
regenerator. The tested a porosity range between 52% and 72% and Reynolds number (Re)
ranging from 5 to 50 in a laminar flow regime and came up with a correlation related the

friction coefficient factor with Re.

Furthermore, Costa et al. [36] developed a thermal non-equilibrium porous media
model for Stirling engine. Its accuracy was validated with a detailed numerical 3D woven

wire matrices. They claimed that without the need for experimental work, their model can
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predict the coefficients of porous media. They found that the stacked configuration has

better overall performance compared to a wound woven wire matrices.

Paul and Engeda [37] developed an ideal adiabatic and simple heat exchanger
model. Their model expects the engine power beside the specific fuel consumption with an
error of £14%. They used a log men-temperature difference to model the external heat
transfer. They compared the results with an experimental data of the GPU-3 Stirling engine.
GPU-3 is a B-type Stirling engine which has a rhombic mechanism. It uses a tube bundle

heater to heat the working fluid.

Hosseinzade and Sayyaadi [38] modeled a hybrid of adiabatic and finite speed
thermodynamics analysis to simulate and optimize a Stirling engine. Their model included
pressure drop in heaters and regenerator, also it deals with mechanical friction losses on
the piston side. Their analysis recorded a high percentage of error in estimating thermal

efficiency (+14.9%), indicated power (+33.6%) and brake power (+69.7%).

Chen et al [39] investigated the impacts of moving regenerator on the performance
of a rhombic driven B-type Stirling Engine. They treated the moving regenerator as a
porous medium. They studied the effect of different values of porosity and discovered that
despite the fact that the pressure loss is proportional with the porosity, however as the
porosity was increased the overall engine performance was improved in term of net power

output and thermal efficiency.

One of leader CFD simulation of Stirling engine was carried out by k. Mahkamov
and Ingham [40],[41]. They investigated the performance of complex geometry of an

alpha-type Stirling Engine in order to gain more insight into the heat transfer processes
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within Stirling engine. The model was simplified as 2D with axis-symmetry. They adopted
the standard k-¢ turbulence model for compressible flow. Their results show that the change
of working gas temperature in different planes along the axis of the compression space is
different from results obtained by second-order analysis. On other words, it is non-
harmonic in time. In contrast, temperature profiles for expansion space and regenerator
were similar to second-order analysis. Furthermore, in a second-order analysis, the power
output was found to be double the value obtained by CFD analysis. But unfortunately, they

did not validate their model.

NASA also pay attention for developing and improving Stirling engine
performance. One of the most fasted simulations of the whole Stirling engine was
performed by Dyson et al.[42]. They simulated a free-piston configuration of Stirling
engine using axisymmetric. They claimed that their model simulates a complete engine
cycle with fully converged in less than an hour. They demonstrated that by careful grid
design to reduce computational effort and by utilizing parallel computers with fast
communication hardware. A comparison of their results with Sage (its 1D code) reflects
an over-predicting in indicated power. Nevertheless, further comparison with an actual
performance data shows that the axisymmetric simulation is more accurate than Saga
results. It worth to mention that they set the boundary condition for the cold-end
temperature in their simulation lower by about 14°C than temperature value in actual data.
This because experiment there might be some losses and it needs to be overcome by
increasing source temperature little bit. The results reflected the amount of net heat in, heat
out and work out in the simulation study and experimental data are almost the same with

thermal efficiency around 32%. Moreover, they provided helpful tips on grid design
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especially in problems related to solution convergence and stability. Furthermore, they
utilized a segregated implicit solver but later they found coupled implicit solver leads to a
good result. In addition, they reported that Cleveland State University suggested to obtain

the steady-state firstly will be a good initial condition for a transient solution.

Lin et al. [43] conducted simulation analysis of 3D free-piston Stirling engine
which used a helium as working fluid. Unfortunately, their results in terms of heat added
to the cycle do not match the experimental data. The CFD model reflected a high amount
of heat input compare to experimental data. Furthermore, according to their operating
conditions the Carnot efficiency is about 62% while they only obtained an efficiency of

28.5% and the experiment showed the efficiency of 33%.

Costa et al. [44] studied heat transfer in 3D wound woven wire matrix of a Stirling
engine regenerator. Firstly they developed a 3D model for stack woven and validated the
obtained correlation of heat transfer coefficient against empirical relationship of Tanaka et
al. [6] and Gedeon and Wood's work. After that, they extended the model for wound woven
wire matrices. The fluid was assumed to be viscous, incompressible and Newtonian with
constant flow properties. In addition, their study covered Reynolds number range from 4
to 400, a wire diameter of 0.008 to 0.11 mm and volumetric porosity range from 0.6 to
0.68. They consider the flow to be laminar in low Re range and turbulent at higher Re
range. The results of Nu correlation for stack woven showed good agreement with
empirical correlation proposed by Gedeon and Wood especially for Re greater than 40,
while it was not fit well with the correlation proposed by Tanaka et al. Furthermore, their
results reflected a value of Nu number lower by 20% for wound woven matrices compared

to stack woven matrices for 20 < Re < 400. Moreover, they did not notice a significant

23



influence of volumetric porosity in Nu due to the small selected value of volumetric

porosity (0.6-0.68). Therefore they suggested to study it in further investigation.

Salazar and Chen [45] investigated the characteristics of rhombic-drive beta-
configuration Stirling engine working with air as working fluid. The problem was treated
as axisymmetric laminar and thermal properties along with the viscosity are assumed to be
constant. They adopted a scheme of pressure-velocity coupling in Lebon et al. in their
work. In addition, it was proposed that there was no regenerator in the model. This small
value of thermal efficiency (about 14%) while the Carnot efficiency reaches nearly 62.5%.
They got a convergence solution up to velocity 1860 rpm after that it diverges due to the
transfer of the flow to turbulent. Their results emphasize the poor assumption of constant
heat transfer coefficient in the second-order analysis because of non-uniform temperature
within Stirling engine. Moreover, they concluded that impingement heat transfer has an

absolutely huge impact on cooling and heating working gas inside Stirling engine.

From the literature, it can be summarized that the 2"d-order analysis predicts the
performance of Stirling engine less accurately compares the CFD model due to large error
value in heat transfer coefficient. Another reason for that is coming from the assumption
of uniform temperature distribution which is not correct as found from CFD models.
Furthermore, it is found from the experimental work that the power output vary according
to the Stirling engine size and the operational boundary conditions. Additionally, the

Stirling engine reflects small thermal efficiency when there is no regenerator.

However there is great effort are done on Stirling engine, but still, there are some

gaps which required to be filled. For instance, all of the CFD models ignore radiative heat
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transfer without indicating that whether it has an impact on the performance of the engine
or not. Also, a lot of work focused on the regenerator part in order to improve the thermal
efficiency while they the thermal efficiency can be improved also by the design of the

heater and the cooler shapes.
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Table 2.1 Setup summary of CFD literature review

Author Validation Engine | Motion Gas
type mechanism | type
1 Dyson et al. [42] (2005) | 1D code & experimental | Free - He
data. piston
2 Mahkamov[10] (2006) | Experimental Gamma | Crank shaft | N
3 Mahkamov and None Alpha | Crankshaft | He
Ingham [40],[41] (2006)
4 Linetal. [43] (2011) Experimental data Free - He
piston
5 Ibrahim [28] (2012) Experimental data - Crankshaft | Air
6 Costa et al.[29] (2013) | Experimental - - Air
correlations.
7 Costa et al. [44] (2014) | Empirical correl. - - -
8 Salazar and Chen [45] Thermodynamically Beta Rhombic Air
(2014)
9 Zhigang Li et al. [30] Analytical reciprocating | Alpha | Ross He
(2014) flow in pipe
10 | Chenetal.[33] (2014) Thermodynamically Gamma | Crank-shaft | air
(adiabatic compression)
11 | Alfarawia et al.[34] - Beta Crank-shaft | -
(2014)
12 | Costaetal.[35] (2014) | -Experimental - - -
13 | Costaetal.[36] (2015) | Correlation work in - - -
literature.
14 | Chenetal. [39] (2015) | Other’s work Beta Rhombic Air
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Table 2.2 Main results of summary of CFD literature review

Comments (main results)

1 T]Carnot:62%, ﬂmodelz?)z%, ﬂexp.=32%
The model over-predict indicated power compared to 1D model (Sage code).
2 Two factors limiting power output; regenerator loss and dead volume.
2"-order predicts the indicated power output with ~30% accuracy while this
value decreases to 12-18% for CFD model.
3 Standard k-& model for compressible flow.
2"-order analysis predicts double the power obtained using CFD analysis.
4 TlCarnot=62%, TlmodeI:330/0, T]experiment:28-5%
5 A high pressure drop occurs in the regenerator (87%) at 90 and 270 C.A due to
high velocity.
Error in heat transfer coefficient fluctuates between 23% and 75%.
6 Drive a correlation for pressure drop friction factor for a wound wire woven
function in (d) and Re<400
7 Get correlations for stack and wound woven wire matrices which covered
range: 4<Re<400, wire dia. 0.08-0.11 mm, volumetric porosity 0.6-0.68
Nu for the wound is lower by 20% than stack woven matrices.
No influence of porosity.
8 The regenerator is not included in the study.
Ncamot=62.5%, Nmodei=14%,
Major heat transfer occurs due to impingement of the gas.
Heat transfer coefficient is not constant as treated in 2"%-order.
9 Porous sheet regenerator has high power output due to low entropy generation
Nmodei=44%, ﬂcarnot=67%
10 Nearnot=25%, nmodel=5%.
There was difference in their result and those obtained by second-order
analysis especially in heat transfer coefficient.
highly non-uniform temperature distribution
11 T]carnot:47%, T]modeI:40%
Geometry simulation carried out by SolidWorks
Uniform temperature distribution achieves by change heater angle of deflection
12 Come up with a correlation between friction coefficient factor and Re
They simulate only the regenerator (3D)
13 Staked configuration has better overall performance compared to a wound
woven wire matrices
14 Porosity increase pressure losses, however, the output power and thermal

efficiency were improved.
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CHAPTER 3

MATHEMATICAL FORMULATION

3.1 Problem Formulation

In this CFD simulation, a 3-type Stirling engine driven by a rhombic mechanism is
adopted. It is same geometry in Salazar and Chen work [45]. It consists of three zones;
compression zone, expansion zone, and narrow zone which connects the expansion and
compression zones as shown in Figure 3.1. In general, this narrow channel is filled with
regenerator materials, however in this work, it is the regenerator is excluded for
simplification. Also, from the same figure it easy to notice that the problem could be solved
as axis-symmetric geometry. So that, only half of the domain is simulated. The dimension

of the simulated geometry is reported in Table 3.1.

Table 3.1. Dimensions of the B-type Stirling engine in (mm).

r 20

I 20.5
G 5

li= o= l3= 14 18

Lt 158
L 42
Lpt 50.93
Lt 163.74
l 79.46
Rd 35

) 1
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Figure 3.1 B-type Stirling Engine

The transport equations describing the flow fields and heat transfer phenomena inside
Stirling engine are embodied mathematically by transient axisymmetric compressible
Never-Stokes equation, conservation of energy equation, conservation of mass and ideal

gas equation. Those equations are described as:
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The continuity:

0 0 10
(;f ax(pf )*Fa_(pf”’)zo (3.1)

The momentum:
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The energy:
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EHET 3 4T3

Ideal gas equation:
pV = p(RT; (3.4)

Where G=u-u,,V=v-v, are relatively velocity components between the fluid and

moving frames with velocities of u, and v.in x and r direction, respectively.

As starting point a parametric study for proposed geometry and motion mechanism
(Figure 3.1) is conducted. It included three types of working fluid and different operational
temperature limits and initially charge pressure boundary conditions. Then the study
extended to take account of radiative heat transfer. Hence, different radiation models are
examined and the influence of radiation heat transfer on the Stirling engine performance is
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demonstrated. After that, the performance of the proposed Stirling engine is trying to be
enhanced by attaching different heater and cooler shapes. Moreover, different motion
mechanisms and various Stirling engine configuration are investigated. More details are

shown in following subtitles.

3.2 Parametric Study of p-type Stirling Engine

As a starting point, a parametric study includes three types of working fluid; air, helium,
and hydrogen were performed. These gasses are the most common used as working fluid
for Stirling engine. Also, N2 gas is used to operate Stirling engine [46] [47], however, it
does not include in this study because it has almost similar thermal properties as air gas.
Each one of these fluids was tested for a range of charged pressure between 1 bar to 5 bar
to obtain the optimum value for the generated power and the efficiency except for hydrogen
it extended up to 12.5 bar to get the optimum point. The effect of initially charged pressure
is conducted at minimum wall temperature (Tc) of 300 K and maximum wall temperature
(Tw) of 800 K. The external wall exposes to a variable temperature which is a function of

x-coordinates:

T. (K), if x<0.08 m
T(x)= x—0.08 . (3.5)
Tc+m(TH _TC) (K), ifx>0.08m

Additionally, the effect of Tw in Equation 3.1 is examined for a range of 800 K to
1300 K while Tc and the initially charged pressure were kept at 300 K and 1 bar,
respectively. Also, the range of maximum and minimum temperature was shifted to a
higher lever by a step of 100 K until Tc reach up to 800 K and T reach value of 1300 K.

This is to see which operation range is the best for this type of Stirling engine. For all the
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cases under study, the Stirling engine is set to rotate at a speed of 1800 rpm. Also, the
thermal properties of the three working fluid were taken as variable with the temperature.
The cylinder wall has a thickness of 1 mm and it is made of steel. It has properties of
density (7840 kg/m?), thermal conductivity (43 m™.K) and specific heat (450 J.kgt.K™?).

Initially, the gas is at 300 K and cylinder wall temperature is given by Equation 3.1
which is not a function of time. The cylinder head and the piston were kept at TH and Tc
all the time, respectively. Additionally, displace is set to be insulated so no heat transfer
will go through it. Moreover, the movement of the piston and displacer are governed by a

rhombic motion as shown in Figure 3.1. The velocity of this kind of motion is represented

by:

2 -0.5
up(t)szco{cosHsine Izz—(%—%—Rd cosej} [%—%—Rd COSH}}

-05
. L | 1T
U, (t)Rda){cosHHm@ IZZ_(E_EA_R“ cos@j } [E—E“—Rd cose}}

The left gear in Figure 3.1 rotates in a clockwise direction, as a result, a negative value
of rotation speed (®) was used in above equations. The motion starts from a crank angle of

zero degree.

On the other hand, the cylinder walls of Stirling engine are exposed to a conduction
heat transfer in the radial direction and it is energy equation for this case is given by

Fourier's law:
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on

Since the partial Equations 3.1, 3.2 and 3.3 have been solved numerically, the supplied and

rejected heat transfer were calculated as following:

O .
Q.=-—2.QAt if g>0
2r T
R (3.8)
=— > Q.At if 0
QOUI Zﬂ;QI q<

Where At is time step. Qin, Qout, and Qj are the total heat added, total heat rejected and
total heat transfer during the step (i). Qi is calculated across the boundaries Sw, Sr, and Sc

as shown in Figure 3.1. While the power output calculated numerically from:

o N
Woy = Z;O-S( Pyt ). (Vi-Viy) (3.9)

Where Pis average pressure at specified zone, and V is the volume that zone.

3.3 Radiative Heat Transfer Implementation

Radiation heat transfer is the third part of heat transfer modes. Since the energy
transfer by means of electromagnetic waves in radiation heat transfer, it does not require a
medium like convection and conduction heat transfer. The importance of radiation heat
transfer appears in many engineering applications, particularly at high temperatures. It
contributes noticeably to energy transfer in combustion chambers, furnace, high-
temperature heat exchanges, and during the explosion of chemicals. Although, it can be

important even at low temperature levels and plays a major role in explaining different
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phenomena. For instance, ice could be formed from water in plastic cover at night time.
Considering convection heat transfer only would fail to explain this phenomenon without
radiative heat transfer, where heat loss occurs by emitting energy to the cold heat sink of
the night sky. Because of all that, the radiative heat transfer is involved in this study to
show its influence on the performance of Stirling engine. So that, the three modes of heat

transfer; conduction, convection and radiation would be included.

Two types of radiation modeling were examined in this work. The first one is a
surface-to-surface (S2S) model, which account for the radiation exchange in an enclosure
of gray-diffuse surfaces. In S2S model any absorption, emission or scattering of radiation

by the medium can be passed over.
Therefore, the heat flux leaving a given surface (k) is composed of emitted and reflected
energy as follows:

N
Qoutk = ‘9|<O'Tk4 + O z Fii Qout (3.10)

i1

Where qoutk is the energy flux leaving surface (k), gouj is the heat flux from the
surroundings, &k is the emissivity, ¢ is the Stefan-Boltzmann constant and Fy; is the view

factor which is the fraction of energy leaving surface (k) that is incident on surface (j).

It is calculated as:

1 cos0, cos&
Fy = E I I : 53dAdA, (3.11)
A A

]

Where 6k =1 if dA; is visible to dAx and zero otherwise.
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The other model of radiation that used in this study is Discrete Ordinates (DO)
Radiation Model. However the DO model solve the radiative heat transfer equation by
taking into account the effect of absorption, emission and scattering, but here in this work
the coefficients of absorption, emission and scattering are set to zero as working fluid is

not radiation participating medium.

The general form of the radiative transfer equation (RTE) for an absorbing, emitting, and

scattering medium is:

ale.s), @+ o f.3)=an? T4 % iff 3o 5o (3.12)

ds T A4r
For the gray diffuse radiation, the net radiative heat flux leaving the surface is given by:
Uoue = (1—&,)0, +N°5,0T, (3.13)
Where qin is the incident radiative heat flux:

Ui, = I||n§ﬁdQ (314)

The DO model is more computationally expensive than S2S model because it transform
RTE into a transport equation for radiation intensity, then it is solved as many transport
equation as there are direction s. In this work, the working fluid (medium) inside Stirling
engine does not participate in radiative energy, so that the scattering, emitting, and
absorbing coefficients would be zero. Accordingly, only radiation between surfaces would

be solved.
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3.4 Heater and Cooler Shapes Optimization

The heater and cooler in the proposed geometry (Figure 3.1) is a simple cylinder exposes
to high temperature at the top head while the lower side of the cylinder is kept at low
temperature. In this part of the study, the heating and cooling surfaces are enlarged by
attaching different fins shape. In particularly, three fins profile have been tested. The first
profile has a single triangular fin joined to the cylinder top where high temperature is
supplied, and another one at bottom of the cylinder where Stirling engine exposes to low
temperature as shown in Figure 3.2. The second shape is similar to the first one but with
five triangular fins instead of only one fin. Each fin has a width of 0.5 mm and height of
10 mm with 0.5 mm distance between the fins. In the third fin profile, the five triangular
fins have replaced by other five annular cylinder shape as explained in Figure 3.2. A small
gap of 0.01 mm is added to the cylinder side in order to avoid software errors coming from
the deforming walls due to the motion of the piston. In all cases, the engine is running by
air with atmospheric initial charged pressure. It has a speed of 1800 rpm and it utilizing
rhombic mechanism. Thus same velocity profile in Equation 3.6 is used in this part of the
study. The top of the cylinder and the adjacent fins surfaces are kept at 800 K. The cylinder
wall just beneath top fins up to a distance of 78 mm far from the top has a linear temperature
profile from 800 K to 300 K while the remaining cylinder wall and fins below that distance

are kept at 300 K.
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Figure 3.2 Different Heater/Cooler fins profile shapes.

3.5 Piston Motion Mechanisms Investigation

The motion mechanism of the piston plays a significant role in the heat transfer in Stirling
engine since it controls the movement of working fluid inside the chambers. It controls
how fast the gas moves from the hot chamber to the cold chamber in order to be compressed
and vice versa. The importance of the motion mechanism becomes clear during
compression and expansion process. For instance, in the compression process, it is
preferred to have all of the working fluid in the cold zone, so the energy required to
compress the gas would be small. Nevertheless, it is difficult to achieve that. There is
always an amount of gas in the other zone (hot zone). As a result, some of the gas will
expand during the compression process which increases the required compression power.

Therefore in this portion of the work two other mechanisms have performed beside of
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rhombic mechanism. These mechanisms are simple crankshaft and scotch mechanisms as

drawn in Figure 3.3.

&b=2r

(a) (b) (¢)

Figure 3.3 Stirling engine motion mechanisms; (a) Rhombic, (b) Crankshaft, and (c) Scotch mechanism.

Similar operational boundary conditions of temperature and pressure are applied in this
part of the study. A temperature boundary conditions of Equation 3.5 are utilized.
Additionally, an air with atmospheric initially charged pressure is used as working fluid.
All of three mechanisms have the same rotational speed of 1800 rpm. Moreover, all case
are set to start from same initial volume, so they will have the same amount of air mass
inside the engine. This initial volume is corresponding to the volume in the geometry of
Figure 3.1 with (6=0°). Furthermore, they are set to have an approximately similar value

of the maximum and minimum total volume. The velocity illustrated in Equation 3.6 is
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used for rhombic. While the velocity of the crankshaft and scotch mechanisms can be

described by Equations 3.15-3.19. The corresponding geometry dimensions of these

equations are described in Table 3.2.

Crank-shaft mechanism velocity:

rpzcocosesine

2 2 2
JLp —r, COS 0

u, = rpa)COSQ -

r’wcosBsin S

2 2 2
JLg — 15 cos” g

Uy =rwcospf —

L=0+r/2

Scotch mechanism velocity:

u, = —rpa)sma

Uy = —rosin g

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

Table 3.2 Dimension parameters used in crank-shaft and scotch mechanisms.

Parameters  Crank-shaft mechanism

Scotch mechanism

o 5.05
rg 4.975
Lo 14.033
Ls 5.127

5.05
4.975

Since in the crankshaft and scotch mechanisms the motion does not start from 6=0 (to have

the same initial volume as in rhombic mechanism where Ormombic Start from zero), it is

required to add shifted angle to 6 in order to have the right velocity at the beginning (t=0).



The shifted angle for the proposed geometry driven by crankshaft and scotch mechanisms

are 0.81623487 and 0.94252011 rad, respectively.

3.6  Stirling engine Configurations Study

There are three Stirling engine configurations; Alpha, Beta, and Gamma. The schematic
and dimensions of the three types are presented in Figure 3.4 and Table 3.3. Two geometry
of a-type Stirling engine is proposed. In the first geometry, the connecting pipe has a
cylindrical shape, while it has an annular shape in the second geometry as described in
Figure 3.4 (a and b). In this part of the study, a performance comparison of these types is
performed. Since the previous studies and the model validation are done for B-type Stirling
engine, so that, B-type is considered as the base case. Hence, other configurations (Alpha
and Gamma types) are managed to have same swept and initial volumes as in B-type. The
base case has same dimensions described in Table 3.1. All Stirling engine types are set to
work with air as working fluid. Also, a crank shaft mechanism is adopted for this part of
the study. However, the crankshaft radius and connection rode length vary between the
configurations. The reason for that is to have same swept volume and initial volume as in
the base case (B-type). The three engines types run at 1800 rpm with atmospheric charge

pressure.

In Figure 1.5, it has been shown that y-type consists of two separated cylinders
connected with a pipe. The large cylinder containing the displacer and the small cylinder
having a power piston. The geometry by this mean it required to be simulated as 3D

geometry. However, a small modification can be done in order to solve the problem as 2D
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axis-symmetry. This modification is done by eliminating the connection pipe and then

putting the small cylinder just below the large cylinder as shown in Figure 3.4d.

-r‘d - __rd"‘ ‘d‘?:z?‘ d2=2rf£
v 7 F
p; B ' !
i i - i &
,‘ Ld 1' Ld . G
i [ Ld
Ly
i
i
.
3
i H d
- P
H B b
! b b P
.Y
N =R
t <A
oo
{a) (b)) (o) (d)

Figure 3.4 Stirling engine configurations; (a) Alpha, (b) Beta, and (c) Gamma types.

Table 3.3 Geometry dimensions for a, B, and y-types of Stirling engine (mm).

a-type B-type  y-type

dpipe 4.5 - -

G - 0.5 0.5

la - 79.46  80.5
g - - 90

Lqg 30 51.273 45

Lp 30 14.033 30

L pipe 80 - -

Lt - 158 158
r - 20 20

r 20.5 20.5 20.5
r3 - - 15

ld 3536 4975 4375
I 3.536 5.05 9.339
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The new geometry of y-type becomes similar to B-type but with small cylinder size
in the bottom. The diameter of the cylinder that containing displacer is equal for y- and -
types. Nevertheless, the displacer length and the stroke length are different so that
minimum volume, maximum volume, and swept volume would be equal for the two types
of Stirling engine. In the third Stirling configuration (a-type), the cold chamber and hot
chamber diameters are set to 20.5 mm which is same cylinder diameter in the B-type
Stirling engine. Again, the crankshaft radius and connecting rod length are managed to
produce same minimum volume, maximum volume, and swept volume as in a B-type
Stirling engine. Moreover, in order to simulate the problem as 2D axis-symmetry, the two

cylinders are arranged in one line.

In B- and y-types Stirling engine, the boundary conditions of Equation 3.5 are
adopted. While in a-type Stirling engine, the cylinder head and side are set at 800 K and
300 K for hot and cold zone respectively. Furthermore, the piston in the cold zone is set at
a constant temperature of 300 K as it can be cold by external water flow. In contrast, the
piston at hot zone is considered as insulated boundary conditions since it can’t be heated
because it may cause motion problems. Moreover, the temperature of the connecting pipe
wall is varied linearly from 300 K at top cylinder head of the cold zone to 800 K at top
cylinder head of the hot zone. For a-type Stirling engine the temperature boundary

condition is governed by:
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T (K), if X<-0.04m
T() =1, +0-84_05X(TH ~T.)(K), if —004<x<0.04m (3.20)
T, (K), if X>0.04m

3.7 Numerical Procedure

In order to solve the governing Equations 3.1-3.3, a general purpose code of ANSYS fluent
15 was used. The program uses a finite volume method to discretize these differential
equations. The second order up wind was adopted for continuity, momentum and energy
equations. Furthermore, the flow type is assumed to be laminar flow because maximum Re
(based on the hydraulic diameter of the narrow channel) does not exceed the laminar range
for all of the cases under study. However in some cases, Re becomes in the transitional
range (2,000-4,000) but the flow does not convert to fully turbulent flow. One of the
software limitation is that it cannot solve laminar and turbulent flow at the same time, so it
should only solve for either laminar flow or turbulent flow. Since the dominated region of
the flow has Re less than 2,000 so that laminar flow model is utilized. Although with Re
greater than 4,000 the laminar flow can occur by using wall material with small roughness.
In this work the flow is confined to laminar flow, however, the study can be extended to

turbulent flow.

The temperature profile described in Equations 3.5 and 3.20 and the piston and
displacer motion mechanisms (Equations 3.6 and 3.15-3.19) are implemented in the
software through a user-defined function (UDF). The conduction heat transfer through the
external walls which described in Equation 3.7 has not been included in the computational

domain. Nevertheless, the wall properties and its thickness were defined in the wall
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boundary condition so the software will solve the conduction heat transfer without needs
to be drawn in computational geometry. The errors convergence were set to 1e-6 for all

governing equations; continuity equation, momentum equations and energy equation.

In addition, a COUPLE scheme was utilized with the intention of couple the
pressure and velocity values instead of SIMPLE scheme, because it shows a relatively fast
convergence compare to SIMPLE scheme. The SIMPLE scheme uses a pressure-based
segregated algorithm in which the momentum equation and the pressure correction
equation are solved separately. This semi-implicit solution method results in slow

convergence [48].
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CHAPTER 4

RESULTS AND DISCUSSION

4.1  Dynamic-mesh Validation

Before starting the numerical simulation of Stirling engine, the dynamic mesh is
validated by simulating an adiabatic compression of air in a single cylinder with a piston
govern by sinusoidal motion. Since there is no friction or heat loss were taking into account,
the reversible adiabatic cycle is described by:

PVk=C Wherek—Cp 4.1
-C | = 4.1)

v

In the numerical simulation, adiabatic compression process can be achieved by
running the piston at very low speed (1 rpm). Additionally, all cylinder walls should be set
as zero heat flux (i.e. it is insulated). So that an equilibrium state will be valid. Figure 4.1
shows a comparison of the CFD work and the adiabatic cycle results in term of static

pressure. It is clear that they are totally identical.
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Figure 4.1 A comparison of adiabatic compression process done by CFD and analytical thermodynamic model.

Then the simulation is extended to include Stirling engine. A mesh and time
dependence study were carried out for the geometry described in Figure 3.1 and Table 3.1.
Four different mesh sizes were tested. They have a cells numbers of 2740, 6869, 9600 and
15020 cells. Furthermore, more dense mesh is included in the narrow space. It consists of
10, 14, 16 and 20 intervals, respectively. In fact, the dense mesh in the narrow channel will
lead to higher aspect ratio in the expansion and compression zones. Therefore in the coarse
mesh, a small number of an interval within narrow channel was selected. While in the fine
mesh, a large number of interval was used in the narrow channel. By this way, the aspect
ratio for all mesh under study was kept between 10.5 and 11.8. Moreover, each one of these
mesh sizes was tested with three step-number per cycle of 360, 480 and 720 step/cycle with
are corresponding to a time-step interval of 9.25926x10°%, 6.94444 x10% and 4.62963

x10°% seconds. It was found that mesh size of 6869 cells with 480 step/cycle (i.e. .94444

46



x10°% s) achieve the mesh and time-step independence solution with an error of 0.6% in

generated power compared to the finest mesh size with the smallest time step.

Figure 4.2 Computational meshed domain of beta-type Stirling engine.

In addition, it worth to mention that for simulated Stirling engine the domain is
scaled up by 102 then it returns back to the original size in Fluent software by scaling down
by 1072 in order to compensate 32-bit precision available in grid generation especially

when there is fraction length as recommended by [42].

After that the model was compared with the work of Salazar and Chen [45] for the same

boundary conditions. The only difference is that, in Salazar and Chen work, they utilized
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constant thermal properties for the working fluid. However, here in this work, variable
thermal properties were utilized to make the problem much close to the real case. Hence,
an ideal gas equation which represented in Equation 3.4 was used to calculate gas density
while the kinetic theory was used to identify the heat capacity and the viscosity. Figure 4.3
shows a comparison of P-V diagram for the expansion and compression chambers. It is
clear that there are well matching between the two results. However, there is slightly less
power output with a magnitude of (7.7 W) was obtained in the present work compare to
the value of (11.7 W) in Salazar and Chen’s result. This difference is mainly due to the
usage of variable thermal properties which is the more realistic than taking the thermal

properties at an average value of Ty and Tc.
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Figure 4.3 P-V diagrams of expansion and compression zones comparing between the present work and Salazar
and Chen’s work [45].
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Then, the effect of viscous heating dissipation (the last term in Equation 3.3) was
tested and it turns out there is a little bit difference in temperature results, thus, it can be
negligible. Also, the gravity effect was tested as well, and it turns out it has no impact on
the engine performance. So no viscous heating nor gravity effects were included in the

present study.

4.2  Parametric Study of g-type Stirling Engine

A comprehensive operational parametric study was carried out. These parameters
include; initially charge pressure, operational temperature limits and the type of the
working fluid. In order to illuminate the influence of these parameters on Stirling engine

performance, 60 cases were examined in this study.

4.2.1 Effect of Initial Charge Pressure

The impact of initially charge pressure on heat transfer, work output, and thermal efficiency
is shown in Figure 4.4. In cases where the air is used as working fluid; the Stirling engine
produces only 7.8 W at atmospherically charge pressure with an efficiency of 7.8%. As the
initially charge pressure increases, the engine becomes more tend to absorb a higher
amount of heat. Accordingly, the power generated from the Stirling engine increased

slightly to the maximum of 8.15 W at charged pressure of 1.75 bar.
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Figure 4.4 B-type Stirling engine performance at different charge pressure and temperature limits of 300-800 K
for air gas.

At large charge pressure value, the flow starts to convert into turbulent flow. Up to
charge pressure of 2 bar, the Re number (based on the hydraulic diameter of the narrow
channel) remains within a laminar region which is our concern in this work. After that, the
flow goes to turbulent in a small portion of the cycle. In particular, high Re number occur
at the narrow channel when the displacer moves downwards and the piston moves upward
(i.e. when they move toward each other). Moreover, the efficiency curve starts from 7.8%
at atmospheric pressure then it falls gradually until it reaches the smallest value of 5.7% at

2 bar.

On the other hand, when the working fluid was changed from air to helium gas both
of efficiency and power output were improved dramatically as shown in Figure 4.5. With

helium gas at atmospherically charge pressure, Stirling engine produces 14 W with an
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efficiency around 14.9%. These values are almost double that obtained from the air as

working fluid with the same charge pressure.

Helium gas has a kinematic viscosity much greater than air. Thus, small Re number could
be obtained even at large charge pressure. This allows extending the parametric study up
charge pressure of 4 bar within the limits of laminar flow. After 4 bar charge pressure, the
flow starts to convert into a turbulent regime which is not considered in this study. Among
these charge pressure limits, the maximum power extracted from Stirling engine is 19.6 W.
It occurs at 2.5 bar which is greater than the charge pressure that achieves optimum power

output in the case of air gas.

In addition, the efficiency curve obtained from He gas has a similar pattern as that
of the air but on a larger scale. It has supreme value at low charge pressure (1 bar) then it
falls down gradually as charge pressure increases. Therefore, it starts from 14.9% at

atmospheric pressure then it drops gradually to 9.1% at 4 bar.

However, the extreme power output achieved at 2.5 bar, but it is preferred to operate
the Stirling engine at 2 bar. The reason for that can easily be noticed from the efficiency
and power output curves in Figure 4.5. The power output will not be affected very much
by reducing the charge pressure to 2 bar. On the other hand, the efficiency will increase

from 12.1% to 13.3%.
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Figure 4.5 B-type Stirling engine performance at different charge pressure and temperature limits of 300-800 K
for He gas.

Further improvement in power output was obtained by utilizing Hydrogen gas (Hz)
as working fluid. The hydrogen gas is known to have the highest thermal conductivity of
all gasses. As a result, a tremendous amount of heat could be absorbed as shown in
Figure 4.6. As the mass inside the Stirling engine increases (by increasing charge pressure)
the engine becomes more able to absorb a large amount of heat due to high thermal
conductivity of hydrogen. This gives Stirling engine a chance to generate large power
output by using H2 gas instead of using air or He gasses. Even at atmospheric pressure H;
gas generates power much greater than maximum power produced by air at optimum
charge pressure (17.3 W for Hz at 1 bar and 8.15 W for air at 1.75 bar). The greatest power
generated by H gas is 65.2 W (with an efficiency of 7.4%) which is obtained at 12.5 bar.

While at the peak thermal efficiency (11.2%) the output power is relatively low (39.3 W)
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which is recorded at 2.5 bar. Moreover, from Figure 4.6 it can be easily noticed that charge
pressure from 7.5 bar to 12.5 bar has almost same values of power output. However, the

corresponding efficiency diminishes as charge pressure increases.

So, similar to the operation with helium gas it would be a wise decision to operate
the Stirling engine charged with H» gas at a pressure below the optimum one of the power
output (12.5 bar) and above the optimum pressure of thermal efficiency (2.5 bar). For
instance, if the engine runs at 7.5 bar instead of 12.5 bar the efficiency would improve from
7.4% to 9.3%. Thus, only 685.5 W would be required as Qin instead of 881.6 W. But in

return, there would be a reduction in output power by only 1.5 W.
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Figure 4.6 p-type Stirling engine performance at different charge pressure and temperature limits of 300-800 K
for H2 gas.
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Additionally, a curve fitting was conducted for efficiency and power output in

Figure 4.4 to Figure 4.6. Since the efficiency profile of hydrogen gas has a bell shape, a

Gaussian function was proposed to fit the efficiency curve as following:

_(X_bl)z

2¢;

Tl (X) =a,c

—(X—bz)z
2c,

+a,e

(4.2)

Where a, b and c are constants shown in Table 4.1 and x is the charge pressure. While

the power output was represented by polynomial functions as:

W, (X) =dx* +d,x® +d,x* +d,x" +d,

(4.3)

Where d is constant shown in Table 4.2 for the three working fluid.

Table 4.1 Coefficients of efficiency fit curve equation 3.22

Air He H>
a1 1.272 6.559 3.539
b1 -1.331 -1.839 -0.8899
C1 0.5267 1.773 1.054
a 6.69 9.836 9.044
b2 -0.6116 0.05627 0.5221
C2 5.651 4.184 3.107

Table 4.2 Coefficient of generated power fit curve equation 3.23.

Air He H>
d: -2.484 -0.2419 -0.7
d> 15.65 0.7482 5.011
ds -37.06 -1.176 -13.54
d4 39.17 0.206 16.77
ds -7.463 19.55 56.88
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For the three gasses (Air, He and H») the performance of the beta-type Stirling
engine is examined for charge pressure starting from atmospheric pressure, then the charge
pressure increases gradually until the flow becomes laminar at 2 bar, 4 bar and 12.5 bar for
air, He and Hy, respectively. Therefore Equation 4.2 and 4.3 are valid for laminar flow

range.

Moreover, it has been found that at any moment of time the temperature distribution
is highly non-uniform within the chambers as displayed in Figure 4.7. In order to
characterize the heat transfer behavior, the temperature contours were observed at various
time during one complete cycle. Figure 4.8 shows temperature contours at different cycle
time for hydrogen gas at 4 bar charge pressure. Focusing on the expansion chamber it can
be noticed that as displacer comes close to the top dead center (TDC) its velocity
approaches zero and the fluid velocity also becomes very small. Thus, low amount of
convective heat transfer occurs. By referring to Figure 4.9 which represents heat transfer
on top and bottom of the cylinder; this period of no fluid motion demonstrates the
declination in heat transfer on the cylinder head (i.e. the declination after step number 270
of the dashed line). Therefore, only fluid layers near the heating walls would have high
temperature compared to another area in expansion chamber due to diffusion heat transfer
mainly. Then heat transfer rate rises up quickly due to movement of the displacer toward
bottom dead center (BDC) pushing the gas from compression chamber to the expansion
zone. The cold jet gas coming through narrow channel would hit the cylinder head resulting
in impingement heat transfer which is known as the most effective convective heat transfer
mechanism (see Figure 4.8). As the displacer moves away from TDC the vortex that made

by impingement of fluid on cylinder head also travels with it. Hence, the effect of
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impingement heat transfer degrades slowly as the vortex moved away from the cylinder
head. On the other hand, monitoring heat transfer on the bottom of the cylinders shows a
zig-zag fluctuation. It mainly happens due to the velocity of the piston. So that due to non-
uniform temperature distribution across the engine the assumption of constant convective
heat transfer coefficient in some second-order model could not reflect the real state of
Stirling engine. This leads to an error on its performance. Similar results were noticed in

other CFD simulations of Stirling engine [33][45].
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Figure 4.7 Temperature contours inside B-type Stirling engine using Hz gas at 4 bar charge pressure and
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Figure 4.8 Temperature contours and velocity vectors at expansion chamber at various steps for Hz gas at 4 bar
and temperature limits of 300-800 K.
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Figure 4.9 Heat transfer at top and bottom of the cylinder for the case of Hz gas at 1 bar charge pressure and
temperature limits of 300-800 K.

Besides non-uniform temperature distribution, there is small pressure variation
within the Stirling engine at any given time during the cycle. Nevertheless, this variation
is a tiny fraction of total pressure, but it leads to an error in power output calculated from

Equation 3.9 and power output obtained from the differences between heat added and
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rejected from the system (Equation 3.8). Even in Salazar and Chen [45], it seems to be
there was an error of 18% between the net heat transfer and generated power. They got
values of 82.5 W, 69.7 W and 11.7 W for heat input, heat output and generated power
respectively. The source of this error is coming from the pressure variation across the whole
engine volume. So that taking the average pressure of the entire volume would lead
definitely to mistake in power output value. In order to reduce this error, the complete
volume should be divided into many zones. Then the output power for each zone could be
calculated separately through the p-v diagram. Then the total power output is the
summation of the power from these zones. In this work, the total volume was divided into
three zones (expansion zone, regeneration zone, and compression zone) and the average
pressure was monitored for each zone separately. By this way, the error between net heat
transfer and output power would diminish because the pressure variation within these small
zones is less than pressure variation within the total volume. However, as the initial charge
pressure increases the error value grows because that would make more pressure difference
even in the divided small zones. In contrast, as the difference between the operational
temperatures (Th-Tc) becomes large the pressure distribution becomes more uniform.
Thus, a small error in power calculation would be obtained. Figure 4.10 shows the error
between net heat transfer and total power output calculated from the p-v diagram of an

expansion and compression zones.
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Figure 4.10 Error in the power output due to taking average pressure at each chamber separately.
4.2.2 Effect of Heater Temperature (TH)

In this part of the parametric study, the gas charge pressure was taken to be
atmospheric. Also, the temperature of the cold side Tc remains at 300 K while heater
temperature T increased gradually from 700 K up to 1300 K by an increment of 100 K.
The limit of 1300 K is high, however, there is some material can endure this temperature
without reaching the melting temperature range such as steel and cast-iron [49].
Figure 4.11a depicts the indicated power versus T for various working fluid (Air, He and
H2). It can be seen that the power increases almost linearly with increases in Th.
Additionally, in all TH ranges under study; air registers the lowest indicated power, while
hydrogen recorded the largest amount of power output. Also, Figure 4.11a shows that the
slope of the power output for the He gas is higher than the slope of air and Hz gasses. This

indicates that at low TH the He gas produces less power output than Hz gas. However, as
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the TH rises up, the generated power from He gas increases faster than the power generated
from H2 gas. Thus, at high Tw (for instance, at 1300 K) He and H. gases produce almost
same amount of power output (31.9 W and 32.9 W for He and H: gases, respectively),
while at that temperature air produces only 22 W. Furthermore, it is expected, when the Tn
reaches 1500 K, using He gas would generate more power than that produced using H> gas.
The corresponding efficiency for the three fluids is represented in Figure 4.11b. Again, air

shows the lowest performance while He reflects the best efficiency curve.
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Figure 4.11 Effects of Tw on Stirling engine performance at 1 bar charged pressure and Tc of 300 K; (a) work
output and (b) efficiency.
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By comparing the efficiency curves of air and He, one can observe that increasing
the differences between heater and cooler temperature has a positive impact on efficiency
for both gasses. So that at heater temperature equivalent to 700 K (AT =400 K) both gasses
gives the smallest values of efficiency (6.7% and 13.6% for air and He, respectively). Then
it increases gradually as T increases, but with a small rate at a higher temperature.
Moreover, the maximum efficiency values that were obtained are 9.6% and 16.8% at 1300

K for air and He, respectively.

On the other hand, hydrogen gas did not show any significant impact of heater
temperature (Tw) on the improvement of efficiency, especially at high temperature. The
efficiency starts from 10% at 700 K until it reaches about 10.7% and it remains at that level

for Tw greater than 1000 K.

By remarking that at higher heater temperature both H> and He gasses generate
almost same amount of power; besides at temperature greater than 1000 K the efficiency
of H> gas remains around 10.7% while in He gas it exceeds 16%. Thus, at atmospheric
charge pressure and high Tw, it is conclusively recommended to use He gas as the working
fluid. Nevertheless, at low heater temperature (Th < 1000 K) H. gas generates power

greater by 10% than the power generated by He gas.

4.2.3 Effect of Shifting Temperature Limits (TH & TC)

In this part, the temperature difference (Tn — Tc) are kept constant at a value of 500
K. Figure 4.12a shows power output corresponding to operational temperature limits of
(300-800 K) which have been shifted by step of 100 K until it reaches (800-11300 K) for

Tc and Tw, respectively. The indicated power profiles are almost linear for all of the three
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types of working fluid. It is similar to the previous section as operational temperature range
shifted to a higher level, thus a large amount of heat would be transferred to Stirling engine.
As a result, more power output could be extracted. In terms of efficiency, shifting the
operational temperature range would result in a decline of the cycle thermal efficiency as
shown in Figure 4.12b. When the engine work at high-temperature limits, it absorb large
value of heat transfer, however, a large amount of heat is rejected also due to the high
thermal conductivity of gasses at high temperature. Thus, a small increment of generated
power occurs nevertheless this increment is very small compared to the absorbed heat
energy at higher temperature limits. For instance, He gas at temperature limits of 300-800
K absorb 94.68 W to generate 13.83 W of useful power. In contrast, when it runs at
temperature limits of 800-1300 K it absorbs about 257.8 W to generate only 26.71 W. In
the second case the generated power is greater than the generated power in the first case,
however, the second case has much higher heat supplied to the system which leads to small

thermal efficiency.
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Figure 4.12 Effect of shifting operational temperature range on p-type Stirling engine performance at 1 bar
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Table 4.3 Comparison of indicated power at different temperature limits.

TH Tci/Te2 Air He H>

800 300/300 7.8 7.8 14.1 141 17.3 17.3
900 300/400 10.5 9.7 17.9 16.6 20.8 20.5
1000 300/500 134 11.6 21.7 19.2 241 23.9
1100 300/600 16.2 13.7 25.2 21.8 27.2 27.2
1200 300/700 19.1 15.7 28.6 245 30.1 30.6
1300 300/800 21.9 17.8 31.9 272 32.9 34.0
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Additionally, Table 4.3 represents a comparison of an indicated power at same TH
but with different Tc. All cases at 1 bar charge pressure. The first column represents cases
of shifting Tw to high values while keeping Tc at 300 K which leads to rising up in AT. The
second column represents a case of shifting operational temperature ranges to high values
while keeping temperature difference constant. It has been noticed that using air and He
produces larger power output as the differences between temperature limits (Tw and Tc)
increases. For example at Tw equal to 1100 K; He gas produce 21.8 W (at Tc=600 K) while
when temperature difference increased the engine produced 25.2 W (at Tc=300 K) for same
source temperature. In contrast, hydrogen gas reflects different behavior. It shows a slight
improvement in the power output as AT increases up to 700 K. As AT becomes greater
than 700 K the generated power becomes less than that obtained from AT=500 K. For an
operational range of (300-1300 K) and (800-1300 K), the first range produces 32.9 W while

the later produces 34 W.

4.3 Impact of Radiative Heat transfer on -type Stirling Engine

As explained previously, the impact of two radiation models (S2S and DO) are
examined in this study. It conducted for a B-type Stirling engine with the rhombic
mechanism that described in Table 3.1. The Stirling engine rotates with 1800 rpm and it

utilizes air with variable thermal properties as working fluid.

Both radiation models (S2S and DO) have different parameter required to calculate the
view factors for (S2S) model and to solve the discretized RTE. Accordingly, a sensitivity
analysis for these parameters is required to ensure solution independence of these

parameters. In S2S model, there are three parameters that control the accuracy of view
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factor; resolution, subdivisions, and normalized separation distance (NSD). The NSD is
the ratio of the minimum distance between the two faces to effective face diameter. If the
NSD value is less than 5, the hemicube method calculates view factor more accurately than
ray tracing method. In the proposed mesh there are some faces have NSD less than 5,
therefore, hemicube method is adopted to calculate view factor with a NSD value of 5. The
resolution and subdivisions parameters are tested for values of (10 and 5), (15 and 8), and
(20 and 10). On the other hand in the DO model, the RTE solution should be independent
of angular discretization parameters (number of divisions and pixels). For that reason,
values of (2 and 1), (4 and 2), and (8 and 4) are tested for divisions and pixels values

respectively.

Judging from the net heat transfer profile, it turns out that S2S radiation model
parameters achieve accurate view factors by 15 and 8 as values for resolution and
subdivisions, respectively. These values produce a maximum error of 0.26% in the net heat
transfer profile. The error here is calculated under the assumption that the right solution is
the solution which has the highest number of divisions and pixel values (case of 8 division
and 4 pixels). While the angular discretization values for DO model becomes independent
of divisions and pixel numbers by values of 4 and 2, respectively. The maximum error in

the net heat transfer profile is 0.24%.

Figure 4.13 shows heat transfer profile obtained by S2S and DO models compared with
the case of not taking radiative heat transfer into account. There is a good matching between
the profiles of S2S and DO models through most of the cycle. However, in some part of
the cycle, the S2S model underestimates rejected energy to the surrounding (step 150-300

in Figure 4.13). Also, it can be noticed from the same figure, ignoring radiative heat transfer
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in the energy equation results in lower amount of gained and rejected heat transfer.
Consequently, the output work would be less than output work obtained by considering

radiative heat transfer.
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Figure 4.13 Radiation effect on heat transfer profile of -type Stirling engine.

More comparisons in heat transfer, output work and efficiency are demonstrated in
Table 4.4. In all cases, there are differences between the net heat transfer (Qnet) and the
work calculated from PV-diagram (PVwork). For instance, the Do model reflects a net heat
transfer value of 9.6 W, while the calculated PVwork is 9.9 W (3% error). This error is lower
than the error in the case where on radiation is considered (4% error). In contrast, S2S
model shows large error value between Qnet and PVwork (36%). Thus, DO radiative model
is adopted in further proceeding analysis. Moreover, ignoring radiation energy yields to the

error of 13% in gained and rejected heat transfer, while the useful output work and
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efficiency are deflected from the right value by an error of 18%. These high value of errors
clarify the importance of involving radiative heat transfer in the analysis of Stirling engine

performance.

Table 4.4 Comparison of radiative model impact on Stirling engine performance.

Qin (W)  Qout (W)  Qnet (W) P*dV (W) efficiency Error in work

No Radiation  100.4 -92.6 7.9 8.2 7.8% 4%
DO model 116.0 -106.4 9.6 9.9 8.3% 3%
S2S model 118.6 -103.6 14.9 9.6 12.5% -36%

4.4  Heater and Cooler Shapes Optimization

It is well known in heat transfer that a great enhancement in total heat transfer can
be achieved by increasing the effective surface area. In Stirling engine, the heating and
cooling area can be enlarged by adding internal fins as depict in Figure 3.2. The proposed
fins increase the heating and cooling surface area by 53%, 226%, and 242% of the cases of
the single cylindrical fin, five triangular fins, and five cylindrical fins. However, attaching
these fins to the main body of Stirling engine leads to an increasing in the dead volume,
which is not preferable. Therefore, this part of the study is aimed to reflect the impact of
adding new surfaces (in the heating and cooling zones) on the performance of Stirling

engine, and the consequence of the generated dead volumes due to fins installation.

Table 4.5 Performance of Stirling engine with different fin shapes.

No Fins  Single cylindrical fin 5 triangular fins 5 cylindrical fins

Mass (kg/m3) 2.41E-05 2.61E-05 2.87E-05 3.37E-05
Heating/Cooling 1.44E-02 2.20E-02 4.69E-02 4.91E-02
surfaces (m2)

Qin (W) 116.0 105.9 115.8 126.2
Qout (W) -106.4 -96.9 -107.3 -119.1
Qret (W) 9.61 9.0 8.57 7.12
Efficiency (%) 8.3% 8.5% 7.4% 5.6%
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The highest power output is produced by the case where there are no fins installed
(9.61 W) and the smallest one is produced by the case of five cylindrical fins (7.12 W).
The reduction in the power output is primarily coming from the extra dead volume due to
the fins. More explanation is demonstrated by Figure 4.14, which depict the average
temperature in the expansion zone. It is clear that during compression process (step 180-
400), all fins cases have higher temperature profiles compared to the no fins case. Higher
temperature during the compression process results in higher pressure value (Figure 4.15).
Consequently, a large amount of power would be consumed in the compression process,

and hence, the power output decreases.
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Figure 4.14 Average temperature profiles on the expansion chamber for different fins shapes.
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Figure 4.15 Average pressure profile for different fin shapes.

Moreover, the reduction of generated power due to fins implementation might be related
to the fin orientations. It was noticed that the cylindrical and triangular fins (in Figure 3.2
a, b and c) do not allow gasses in the fin zone to circulate with other gasses in the
compression and expansion zone. Hence, only the gas in the fin zone will be heated or
cooled through the fins, while the remaining gas absorbs or rejects the heat energy through
the cylinder head and the side walls. The unwell mixing of the gasses in the fin zone and
other zones lead to make the fin dead volume has a negative impact on the Stirling engine
performance. Therefore, a new fin shape is proposed (Figure 3.2d). It is an annular fin with
circular cross section profile. One of the fin ends is connected to the cylinder head and the
other end is connected to the cylinder side. Therefore, the gas is circulated and well mixed
with other gas in the expansion zone. The annular fin is added only to the heating section.

It results in 27% increasing in the surface area compare to the case of no fins installed.
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Comparing with base case (without fins), the annular fin shape enhances the generated
power output from 9.61 W to 9.96 W and the thermal efficiency increases from 8.3% to

9.3%.

4.5 Piston Motion Mechanisms investigation

One of the methods that play a significant role in Stirling engine performance is the
type of motion mechanisms. It arranges the location of the working fluid to be in suitable
place in the cold and hot chambers during the cycle. Figure 4.16 shows the heat transfer of
rhombic, crankshaft, and scotch mechanisms during one cycle. The figure clarifies that the
heat transfer values differ as the motion mechanisms are changed. Also, it is clear that the
heat rejection process expands about the steps of 50 to 300. However when the heat
rejection process start, not all of the working fluid is located in the cold chamber

(compression zone).
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By taking rhombic mechanism as an example to demonstrate heat transfer,
and Figure 4.18 show volume variation of rhombic mechanism and interesting points
during the cycle when the piston and displacer reverse their direction. From Figure 4.18 at
step number of 50, the displacer is moving up pushing hot gasses toward the cold chamber.
At the same time, the piston moves downward making suction zone in the cold chamber,
which helps hot gasses to flow into the cold chamber. As the hot gasses leave the hot
chamber and enter the cold chamber, it collides with the piston resulting in high heat
rejection due to impingement heat transfer. The heat rejection continues as long as the
displacer moves upward pushing hot gasses to the cold chamber. When the displacer reach
TDC (step 280) and reverse its motion direction, the cold gas flow toward the hot chamber.

At that step (step 280), the piston is moving up helping cold gas to go to the hot chamber.

——Rhombic

Crank shaft

Scotch

1 cycle (480 steps)

Figure 4.16 Heat transfer profiles for different piston motion mechanisms.
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Once gasses are injected into the hot chamber, it starts to absorb heat (Figure 4.16). More
gas is pushed into the hot chamber due to the upward piston motion. As a result, the amount
of working gas inside the hot chamber increase which means more amount of heat
absorption. Consequently, the pressure inside the engine increase dramatically as shown in
Figure 4.19 (step 300-400). However, when the piston reaches TDC and reverses its motion
direction, the pressure continue to rise up for few number of steps. Then the gas pushes the
piston producing useful power. After that, the pressure falls down as engine volume
expand. It is clear from Figure 4.19, in rhombic and scotch mechanisms the pressure reach
high limit values (208184 and 205808 Pa, respectively). Thus, they generated a large
amount of power output compared to crankshaft mechanism. A summary of engine
performance for different piston motion mechanisms is shown in Table 4.6. Rhombic
mechanism recorded the largest power output and thermal efficiency (9.6 W and 8.29%).
Then it is followed scotch mechanism (9.4 W and 7.96%) While the crankshaft mechanism

registers the lowest values of power output and thermal efficiency (8.5 W and 7.30%).
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Figure 4.18 Positon and direction of the piston and displacer during one cycle for the rhombic mechanism.
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Figure 4.19 Pressure profile for different piston motion mechanisms.
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Table 4.6 Engine performance under different piston motion mechanisms.

Qin (W) Qout (W) Qnet (W) Wout (W) Efficiency

Rhombic 116.0 -106.4 9.6 9.90 8.29%
Crank shaft 116.8 -108.2 8.5 8.78 7.3%
Scotch 118.3 -108.9 9.4 9.69 7.96%

4.6  Stirling Engine Configuration Study

This part of study compares three configurations of Stirling engine (alpha, beta, and
gamma). The three types of Stirling engine utilize air as working fluid and they are driven
by crankshaft mechanism. Additionally, the initial volume and pressure are managed to be
equal in all of the Stirling configurations. Table 4.7 summarize the performance of alpha,
beta, and gamma types of Stirling engine. Beta-type Stirling engine recorded the lowest
power output (8.5 W) among the three configurations with an efficiency of 7.3 %. The
alpha-type with cylindrical pipe show a negative power output under the provided
boundary condition. The reason for that may refer to large connecting pipe diameter, which
allows working fluid to transfer from hot chamber to the cold chamber without making a
significant reduction in its temperature, and vice versa when the gas moves from cold
chamber to the hot chamber as shown in Figure 4.20. Therefore, the alpha-type Stirling
engine is modified to have an annular connecting pipe instead of cylindrical connecting
pipe. As a result, the new configuration generates a power output of 9.5 W, which is the
largest power output value compare to the all other configurations. Also, the annular
connecting pipe records the highest thermal efficiency (10.08 %). Gamma-type also has a
high thermal efficiency (9.93 %), however, the generated power (9.4 W) is still less than
power produced by the modified alpha types of Stirling engine (9.5 W). In all cases, it has

been noticed that most of the heat transfer occurs in the narrow channel connecting the two
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chambers (hot and cold) as shown in Figure 4.21. In the case of alpha-type with the
cylindrical connecting pipe, it can be easily seen that the heat transfer occurs in the
connecting pipe is very small compared to other Stirling engine types (beta, gamma, and
alpha type with annular connecting pipe). Thus, the total heat transfer is very small which

lead to a negative power output.

Table 4.7 Engine performance for different Stirling engine configurations.

Qin (W) Qout (W) Qnet (W) Wout (W) Efficiency

Alpha (cylindrical pipe) 25.4 -26.9 -1.4 -0.68 -

Alpha (Annual pipe) 94.2 -84.7 9.5 9.88 10.08%
Beta 116.8 -108. 8.5 8.78 7.30%
Gamma 94.8 -85.4 9.4 9.27 9.93%

Temperature

. 800

750
700
650
600
550
500
450
400
350
300

Figure 4.20 Temperature contours for the alpha-type Stirling engine.
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Figure 4.21 Heat transfer profiles in (a) narrow connecting pipe (b) total surface area.

77



CHAPTER 5

CONCLUSIONS & RECOMMENDATIONS

5.1 Conclusions

In this work a CFD simulation of laminar flow inside Stirling engine was performed. The
performance of Stirling engine was optimized for different operational parameters. These
parameters included the charge pressure (ranged from 1 to 4.5 bar), temperature boundary
conditions (ranged from 300 K to 1300 K), and different working fluids (Air, He, and H>).
Then the radiative heat transfer was included in the analysis and its impact on Stirling
engine performance was investigated. Moreover, the Stirling engine performance was
analyzed for different fin shapes, different piston motion mechanisms, and different engine

types. The main remarkable results of this work are:

e The optimum charge pressure which yields the most power output varies
depending on the gas used. For beta-type Stirling engine with temperature limits
of 300-800 K, the optimum charge pressures are 1.75 bar (for air), 2.5 bar (for
He) and 10 bar (for Hy).

e For Hz and He gasses, it is preferred to run Stirling engine at a pressure less than
the optimum charge pressure for power output. Accordingly, the thermal
efficiency will be improved. In return, a small amount of power output would be

lost.
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At atmospheric charge pressure with a temperature limits difference (AT) greater
than 700 K, it is recommended to use He gas to operate the Stirling engine
because it provides high efficiency and power output. While at low temperature
difference H> gas generates more power output than He gas, but the He gas has
greater efficiency.

Shifting the operational temperature range to high level leads to an increase in the
power output, but it has a negative impact on thermal efficiency.

For air and He gasses the power output increases proportionally with temperature
differences between Tw and Tc. While for Hz gas the relation is proportional up
to AT equal to 700 K after which it shows reverse impacts.

Ignoring radiative heat transfer results in underestimation of the power output and
the thermal efficiency.

The proposed fin shapes have a negative impact on the performance of Stirling
engine because the working fluid is not circulating through the fins.

Rhombic mechanism recorded the best power output (9.6 W) and thermal
efficiency (8.29 %) compared to crankshaft and scotch mechanisms.

Among the Stirling engine configurations, modified alpha-type (with annular
connecting pipe) has the best power output and thermal efficiency (10.08%).
Then it followed by gamma-type with power output and efficiency of 9.4W and

9.93%.
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5.2 Recommendations and Future Work

An enormous effort was done in this study to achieve the research objectives. However,
there is always a room for improvement. Therefore, further improvement in the

performance of Stirling engine can be achieved by:

Including the regenerator parts in Stirling engine modeling in order to enhance the

performance of Stirling engine.

e Extend the parametric study of charge pressure to include different temperature
boundary limits since in the current study the charge pressure optimization is done
for temperature limits of 300 — 800 K.

e Investigate the performance of Stirling engine with more piston motion
mechanisms such as lever controller and yoke mechanism.

e Extend the work to include the turbulent flow, so that further improvement in heat

transfer can be accomplished.
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