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ABSTRACT

Due to the new technologies development based on renewable sources of energy, in
recent years Stirling engines have become very important in the energetic sector. Many
of them do not allow the use of fluid lubricants and, thus, the effect of friction losses is
important. For this purpose, a mathematical model has been developed based on the force
balance in the crankshaft using the pressure distribution in the cylinders. The aim of this
work is to characterize the mechanical losses in a Genoa 03 Stirling engine using a
numerical model and experimentally via the drag method. The results of this model have
been compared with those obtained experimentally on Genoa 03 Stirling engine. In the
experimental results, a proportional increase in friction torque due to the average
pressure and the speed of the crankshaft is observed. The first of these is caused by an
increase of dry friction forces and the second, by the viscous friction between the
working fluid and the inner walls of the engine. Also in this paper, irreversible processes
in a beta type Stirling engine have been investigated in order to highlight the impact of
losses on mechanical power and its performance. This article develops the first study of
the mechanical losses of Genoa 03 experimental Stirling engine, which has an output
power of 3 kW. Although the model response follows the same trends as the experiments,
those simplifications provide errors which become more significant as the engine speed
increases.
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INTRODUCTION

One of the main features of Stirling engines is that they are external combustion
engines and, therefore, can use any fuel. Thus these engines are suitable for applications
in which renewable energy sources are used. The Stirling engine for the production of
electricity is mainly used in the Concentrated Solar Power (CSP) technologies of
parabolic dishes and with biomass boilers. This article will study a Stirling engine of
3 kW, by the combustion of pellets or other organic waste, will be able to generate
electricity for residential or cogeneration applications topping and bottoming cycles.
However, Stirling engines have a low power-weight ratio and hence it is necessary to
optimize total engine performance to be useful in those applications [1].

The performance of a Stirling engine as this one will depend mostly on the geometric
and physical parameters, such as the dimensions, the heat transfer coefficients, the heat
source temperatures and the characteristics of the regenerator. For the engine design, it is
essential to predict the performance and mechanical losses of a Stirling engine. Several
researchers have already studied the Stirling ideal cycle, however, it has been found that
the mechanical work provided by a real Stirling engine is far from the ideal Stirling cycle.
Likewise, different engines and prototypes have been developed, with the help of
simulation analysis such as Aksoy and Cinar [2], which analyzed the mechanical losses
and tested the beta-type Stirling engine using two different displacement cylinders.
Aksoy and Karabulut [3] tested a Fresnel/Stirling micro solar energy conversion system
with solar radiation receivers of different materials (aluminum, copper and stainless
steel). Solmaz and Karabulut [4] compared the performance of a novel configuration type
beta Stirling Engine (SE) with Romanesque drive SE, using isothermal hypothesis in
compression and expansion volumes and using the nodal method in the regenerator.
Aksoy et al. [5] used the nodal analysis method, to compare the performance of SE beta
type with rhombic and crank drive mechanisms.

In these simulation models, different levels of complexity were distinguished: first
order, second order and third order analysis [6]. The first-order analysis, such as [7], is a
0-D model that allows predicting the performance from experimental coefficients [8].
In addition, the analysis of second order gives rise to the calculation of the mechanical
power considering a motor divided into several volumes [9] and taking into account the
movement of the piston [1]. Many researchers have modified basic isothermal and
adiabatic models in order to better simulate the motor performance [10]. Babaelahi and
Sayyaadi [11] presented a new thermal model, Simple-II, considering adiabatic
expansion and compression spaces, the effect of gas leakage [12], displacement of the
displacer [13], finite piston velocity and pressure loss of the heat exchangers [14], but this
study does not take into consideration the study of mechanical losses, which is very
important to achieve a good simulation.

Later, a Polytropic analysis of the Stirling engine with Various Losses (PSVL) was
presented [15]. In addition, other losses have also been taken into account, including loss
due to finite piston velocity, loss of pressure from heat exchangers and loss due to
mechanical friction. Then, they have modified the PSVL based on coupling the
convective heat transfer.

The Stirling engine is a cyclic heat engine, where the mechanism and the mechanical
losses play an important and complicated role. Its main goal is to transport energy from
the working substance to the piston. But it also works to restrict and execute the
movement of the piston in order to make the mechanism work in a double-acting mode:
it must transport work from the piston to the flywheel and output shaft.

For the analytical treatment, it seems logical to think that an integral model of
machines and engines reflects in detail all the ways in which a mechanism must perform
in an engine. However, this model becomes extremely complex, as does its development.
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In recent years, one can easily deduce a large number of interesting ideas and practices on
the final performance of the engine through simpler models (zero or one-dimensional
models and not multizone or phenomenological models). The efficiency of the
mechanism, together with the mechanical losses, depending on a series of variables,
among which we find the instantaneous position of the parts of the mechanism, which
determines the load on the various joints and, therefore, the friction forces by the

Coulomb model.

Most models of mechanical losses of the most practical engines are good enough in
two ways. On the one hand, any energy stored internally as the kinetic energy of the
mobile links and other parts or in the position of the springs or weights is usually
compared to that stored in the flywheel or shock absorber gas, which is treated here as
something separate from the mechanism. On the other hand, if parts of the mechanism,
such as for example a large or very high-speed crankshaft, store a significant amount of
energy, they can usually be associated with the flywheel in a conceptual and quantitative
way. Thus it separates the function of the flywheel mechanism, or an equivalent external
energy storage device and reflects typical practical situations, but it also allows
understanding the performance of an engine based on simple measurements of its main
components.

Based on other studies of mechanical efficiency, as explained by Kontragool and
Wongwises [16], it is known that there are several sources of losses in Stirling engines.
Focusing on the study engine, there would be thermal losses due to conduction,
convection and radiation in the combustion chamber, thermodynamic losses (due to the
impossibility of transforming the heat entirely into work), mechanical losses due to
friction and electrical losses due to the transformation of mechanical work into
electricity.

Hirata [17, 18] studied the friction demands on very low power Stirling engines.
Throughout this studys, it is proposed to describe the behavior of the mechanical losses of
the Stirling engine from the unification of modeling tools (based mainly on models of
zero- and one-dimension) from the purely theoretical approach of Senft [19], followed by
a validation thanks to a series of tests in the laboratory.

The total losses of the engine can be expressed as the sum of individual losses of each
engine part. In the case of a Genoa 03 engine, the losses are divided into [16]:

e [ oss or leak of the combustion chamber;

e Thermal losses inside the cylinders;

e Mechanical losses due to friction between every piece of the engine mechanism.

The total engine performance is calculated by the following expression:

Wa = . mny,Hpmy (1)

where W, is the effective power, Nee» N, and i are the combustion, thermal and
mechanical efficiency, respectively, Hy, is the fuel lower heating value and my is the fuel
flowrate.

The mechanical losses are presented as very important in the study of Stirling
engines. There are few studies of these losses in Stirling engines because of the
complexity of their simulation. In this work, a study of the mechanical losses in an engine
that have not been analyzed until now has been undertaken.

In this paper, irreversible processes in a type Stirling engine have been investigated in
order to highlight the impact of losses on provided mechanical power and its performance.
This article develops the first study of the mechanical losses of Genoa 03 experimental
Stirling engine, which has an output power of 3 kW. The study of these losses will be
divided into an analytical part, followed by an experimental part. First, a dynamic model
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using classical mechanics principles is performed. In the second part of this study, the
experimental data obtained in the laboratory are discussed.

GENOA 03 STIRLING ENGINE DYNAMIC MODEL

Figure 1 shows the engine system with different energy flows interacting with various
gadgets that make up the engine. The workspace (G) gives and receives an expansion,
(We) and compression work (W), respectively. The difference of these two flows is the
indicated cycle work (W). Then, the pressure buffer acts as an energy reservoir (B). This
allows the forced work flows, W, and W_, are different from the compression and
expansion work, although their difference is maintained [20]. The mechanism (M)
reduces this indicated work by means of friction and finally the flywheel (F) returns part
of the work that comes (W), back to the mechanism, while the rest will be available in
the brake (Ws).

T
w
We W£
G B m o | |F We
We Wi
w_
Tc

Figure 1. Stirling engine scheme

The motor assembly is formed by four rod-crank mechanisms. The objective to
characterize this type of mechanism is the calculation of the average effectiveness of the
mechanism (E), which inform about the amount of work that is lost in the work
transformation produced in the mechanism.

From the Figure 2, the Hj; and Vjj forces are caused by the restrictions and are equal in
magnitude but opposite to the direction Hj; and Vj; forces. Friction takes place between
the piston and the connecting rod (Mgr43 and MRg34, equal in magnitude and opposite in
direction) and between the connecting rod and crankshaft [Mr32 and Mr23, the piston and
the cylinder wall (R4)].

Viz | Has
F, E,
Mgy > g
Myg T R4
Myg Ny

SOUD 4: PISTON

SOLID 3: CONNECTING ROD H34

Figure 2. Schematic mechanism
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Applying the principle of D’Alembert to the piston, the following equations are
obtained:

0X: Hys+ Fiu+ Ry —F, =0 )
OY: V43 + NI4 - m4g = 0 (3)

The connecting rod force balance is also performed, but this time including the
momentum equation, since there is also rotation:

OX: H32 + FI3X + H34 == O (4)

oY: Vi + Fizy + V3 —m3, =0 5)
MA: MR32 + MR34_ + AG3X X FI3X + MI3 + AG4X X V34_ + AG4y X H34 - AG3X X m3g =0 (6)

With these five equations (2 to 6) all the relevant unknowns can be found and the
torque on the crankshaft could be calculated by simply projecting the forces that are
applied at point A on the perpendicular of the crank. Figure 3 shows how to get the
torque.

Figure 3. Projection force and Torque engine
The torque (7), produced by the mechanism on the shaft will be:
T = T'(V23 Ccos 92 - H23 sin 92) + MR23 (7)

This analytical model can simulate the torque evolution in one revolution of the
crankshaft and canceling frictional forces, the ideal torque (7%) is obtained. Thus the
effectiveness (E) of the mechanism is calculated by the following expression:

E=— 8)

Then, to calculate workflows the following expressions are used and the results are
represented in Figure 4:

We = deVe €))
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w. = [ pav. (10)

W = | pdVigia = We = We a1

w.= [16 - ph)avy (12

w, = [ [~ pbyavl* (13)

W, =EW._ (14)

1

W= W, (15)

Wy = Wy — W, (16)
v v
a a
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Figure 4. Forced work in each cylinder

Energy storage in the buffer is very important to analyze the mechanical losses.
A suitable buffer pressure must be chosen to optimize the cycle work. In this case the
pumping work will be the minimum (W, and W, separately) and then, the work in a cycle,
considering the operations by friction, will be maximum. In Figure 5 is shown how the
mechanical efficiency changes with the buffer pressure for isothermal and adiabatic
Genoa 03 engine models.
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Figure 5. Forced work and mechanical efficiency

EXPERIMENTAL STUDY OF GENOA 03 STIRLING ENGINE
MECHANICAL LOSSES

An electric dynamometer engine is connected to the Stirling engine to run it at
different speeds and different meaningful pressures. The experimental installation is
showed in Figure 6.
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Figure 6. Experimental installation of Stirling engine [4]

Figure 7 shows the friction torque versus engine speed. A linear increase of friction
torque with engine speed can be observed. An adjustment of the data has been made and
the straight lines obtained are shown also in Figure 7. According to Hirata [18], the
friction torque is due to the Coulomb model friction forces, which are proportional to
normal forces [21, 22], to the viscous friction forces and to the pumping work (these last
two are function of the viscosity and the engine speed [23]).

The last reason is the cause of that torque growth with speed [19]. In addition, for each
pressure, the slope of the line that adjusts the friction torque is more or less the same.
This suggests that it also depends on the pressure.
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Figure 7. Results of friction torque versus engine speed

Another important aspect of this study is the relationship between the torque obtained
in tests and the mean pressure that has caused them (Figure 7). For an engine speed, the
friction torque increases when the average test pressure increases in a linear trend, again
(Figure 8) [24]. This increase is due to the fact that, when the pressure increases, an
increase in the mechanical energy given to the piston is required to overcome the forces
exerted by the fluid inside the cylinders and, in this way, to complete a revolution of the
crankshaft.
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Figure 8. Adjusting the friction torque compared to the average test pressure for different speeds

At last, the evolution of the power of mechanical losses is shown versus speed
(Figure 9). It is has been obtained by multiplying the angular speed by the engine friction
torque considering errors indirect measures. In this case, the curve that best fits the
calculated values would be a polynomial of degree 2 and could be seen as the error is
negligible [25]. The orders of magnitude of the power values are somewhat higher than
those obtained numerically [26] because they only take into account the friction due to
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Coulomb’s law [27] and not the working fluid with the walls of the internal engine
enclosures [28].

———p=01MPa A 4 p=01Mpa Pl
———p=03MPa // * p=03Mpa s
T200F ———p=05MPa - 1200F  m p=05Mpa v
———p=07 MPa Ve + p=07Mpa s
———p=09MPa }// x ¥ p=09Mpa s ot
/ b
1000 F 1000 -
-
s A {/ A
= Ve . Ve
rd e Ve [
# -
E =t < //I/ 7 5 smf e o -
w - /1/ o s A
@ /:z/ - @ +
= I = ~ Vg -
g x s A x g > “ e ~*
E / - - 2 . . -
‘LE B0O |- s //I/ 3 = ;ZE 600 ~ // - o
g z - 2 ¥ - -
I e .
= // e B //I/ //I = re P » /./ » » -
-~ -~ -~
= =z - = x v - - PR -
400+ e = - Wi 400 R A > -
- r /1’ AT - * &
- = . - R - - -
P T = A P /'/ - e re
b R .
f//;: = /z/ //I’ .j/”/ /{ - //A/
200 et T 200+ AT T e L
= - - v e - -
e ot e
T = e L
=7 o
T . 0 +

. . . L L ! I I |
100 200 300 400 400 600 100 200 300 400 500 GO0
Engine Speed [rpm] Engine Speed [rpm]

Figure 9. Mechanical loss vs. engine speed

COMPARISON OF EXPERIMENTAL RESULTS WITH DYNAMIC MODEL

To conclude, a comparison between the results from model and data from
experimental analysis will be analysed [29]. In this way, data calculated can be
numerically validated and it may know the sensitivity of the model [30]. To do this, first
we have to analyze the losses obtained by the tests [31] and it is seen that a part of them
do not contribute to frictional losses, which are those under the model [32, 33].

As it has already been discussed above, pulling power is similar to the friction power
but it has to take account that the engine is filled with air at a given pressure so that
besides friction mechanism [34], the friction torque must overcome the pressure loss of
the working fluid passing through the different sections of the engine [35, 36].

If the driving power is divided according to the dependence on the speed, the
following expression can be obtained:

Warr = va + Wmech (17)

where the first term refers to the viscous friction and the second to mechanical friction
losses.

The viscous friction term is the result of contact between the working fluid (air in this
case) and the walls of the cylinders and engine exchangers. It is based on the dimensions
of the engine, conditions of pressure and temperature, the fluid and the square of the
speed with which it moves. Furthermore, the power due to the friction of the mechanical
parts of the motor is proportional to the speed of rotation thereof [37]. Therefore, the
expression of total power entrainment is as follows:

Vi/arr = alNz + azN (18)

where N is the speed of the engine, a; is a coefficient which depends on fluid properties
and a2, a parameter which is a function of the forces acting on the mechanism and the
engine cylinder pressure. By adjusting the driving power of the data obtained
experimentally with a polynomial of 2™ degree one can find the value of each of these
coefficients for each test pressure and it would be possible to differentiate between the
two phenomena discussed above. In Figure 10 this division is shown for the curve
obtained when testing at 9 bar.
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Figure 10. Viscosity and Coulomb friction loss vs. engine speed

The loss model developed in this work only covers the friction between the dynamic
elements of the mechanism of the engine, because the thermodynamic model itself
already took into account the viscous friction of the working fluid. Moreover, since the
pressure and temperature conditions are different from normal engine, the viscous term
of pulling power, obtained by model, could be not the same as the corresponding
experimental losses. That is why when comparing the results, only the losses associated
with Coulomb model dry friction is taken into account. In Figure 11 is shown the friction
power versus speed, at different pressure value. The shape of the lines are similar
(straight) and coherence between experimental and models results is observed, for the
three pressure values. This means that the model behavior is validated by experimental
data. However, the results of the model do not coincide quantitatively with those obtained
in the trials. In all cases, the experimental losses are higher than those obtained with the
model. This could be due to not taking into account the friction of the other elements of
the mechanism and the surfaces of the pistons being slightly oxidized, thereby increasing
friction. To achieve results that are more accurate, it would be advisable to make a
chemical treatment to the surfaces and use models that are more complex although it
would mean a high computational cost.
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Figure 11. Coulomb friction vs. engine speed
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CONCLUSIONS

The aim of the project was to characterize the mechanical losses of the Genoa 03

Stirling engine using a numerical model and experimentally via the drag method. After
its completion, it has been possible to obtain a number of conclusions:

¢ The dynamic model yields torque values among the range set, although a correct
characterization of friction would be needed to obtain more accurate models;

e After optimizing the damping pressure by the three possible models very similar
values are obtained, slightly lower than the average pressure indicated. However,
for engine operation pressure equal to the average damping will be chosen,
because this way leakage through the space between the piston and the cylinder
walls are minimized, achieving similar results of mechanical efficiency;

e However, for the calculation of the mechanical efficiency of the engine operating
at nominal conditions mixed results are obtained (ideal: 0.91, isothermal: 0.81,
adiabatic: 0.72). This reduction in mechanical performance is the result of
reducing the area of the pV diagram of the cycle, therefore, the most accurate
results will be modified adiabatic model even if it means higher computational
cost since it takes into account the effect of the heat exchangers, losses load of the
working fluid, etc.;

e After analyzing the results obtained by the drag method it can be seen that the
torque increases linearly with speed and internal pressure. It was also concluded
that the pulling power possessed two terms: one, the friction of the working fluid
inside the engine and the other, due to the mechanical elements of the engine;

e Comparing the losses calculated by the two observed procedures, results show the
same trends but is not very accurate as to the results. This may be due to the
simplifications and increased friction caused by mechanical wear of the engine.
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