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Abstract. This work consists of the development, manufacture and instrumentation of a small-scale gamma-type Stirling
engine prototype with the purpose of research the efficiency and the power using the First-Order Design Methods through
the sensitivity of parameters of the engine. The processing of the instrumentation of the engine was accomplished utilizing
a microcontroller LAUNCHXL-F28069M. The programming of the microcontroller was developed in the platform open-
source software Code Composer Studio (CCS). The destined signals of the entrance to feed the microcontroller were
composites for the measurements of pressure, temperatures, the angle and the rotation of turn of the engine through
industrial sensors of high precision. The corresponding values of pressure were accomplished by a piezoelectric sensor
of pressure of family 33 MBS — model 060G3038 connected in the entrance of the internal chamber of combustion of the
prototype, that occurs the work through the power piston. The measurements of the internal temperature of the engine
of the Stirling cycle were accomplished using two k type thermocouples, connected in both sources cold and hot of the
engine. Through the election of a range of experimental results (pressure, temperatures, rotation of the engine and the
angle of the engine) of the prototype, it was possible to calculate the efficiency and power described for the First-Order
Design Methods. This method obtained maximum values of efficiency and power of 41,04 % and 48,56 W, respectively.
This study verified that the pressure and rotation of the engine are essential parameters in the results of efficiency and
power. Concluding that the model can be used for the initial design analysis of the project.

Keywords: Efficiency, Electronic Instrumentation, First-Order Design Methods, Stirling Engine, Thermodynamics.
1. INTRODUCTION

The 21st century presents great challenges for humanity, one of them is the increasing demand for energy, therefore
new forms and methods of generation and distribution of energy are being studied and searched. The safe, efficient
and abundant energy has a direct impact on the quality of life of the future generations and in the development of the
nations (Yang et al., 2016).

Stirling engine is an ideal and promising technology to operate in these situations, therefore it is an engine of external
combustion that uses any source of heat, combustible of also low quality, that is, low energetic efficiency when accom-
plished an exergy analysis and low demand of maintenance due to the few movable parts, range between 5-8 thousand
hours for engines with less than 20 kW of power (Organ, 2013; Riley, 2015).

The Ericsson and Stirling external combustion engines have attracted the interest of several researchers, engineers and
physicists due to their potential to provide high-efficiency conversion energy (Walker, 1980; Sowale et al., 2018).

The First-Order model is a simple method that can be used for the early phases of project development. In this model
there is no need to specify the mechanism in detail. The measurement of the parameters of temperature, pressure and
rotation thermal machines of external combustion is important to characterize these, called motor Stirling, with these data
are possible to obtain the efficiency and power through the First-Order model (Rupesh e? al., 2017; Bataineh, 2018).

The parameters used in this model are cycle pressure, velocity and volume variation to measure power. For efficiency
analysis is measured both the temperatures of the hot and cold source, but know the indicated efficiency, the efficiency
of the heater, mechanical efficiency and assembly parameter. A range of values for these parameters are available in the
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literature but should be specified for each row project.

With the purpose to contribute to the studies concerning this subject and broaden the knowledge about these parameters
of efficiency and mechanical assembly described in the literature this work it developed and it manufactured a Stirling
engine configuration gamma-type to analyze the efficiency and the power for initial projects aiming at the work generation.

2. STIRLING ENGINE

Robert Stirling was a clergyman born in Perthshire, Scotland (1790-1878) inventor of the Stirling engine and other
optical and electronic devices (Loveridge, 1978).

Nowadays the technology of the Stirling engine has been widely disseminated, and this being verified the possibility
of this technology be applied mainly in the mode of microgeneration, and its main applications include the generation
of electrical energy in aerospace, military, space probes, solar power plants of various capacities, thus representing an
excellent alternative to the electrification of remote communities, or that are not assisted by the conventional power grid,
as they can work with any heat source (Oelrich and Riddell, 1988; Hachem er al., 2018).

This Stirling engine verified in Fig. (1) operates in a closed regenerative thermodynamic cycle, with cyclic compression
and expansion of the working fluid at different temperatures, its flow is controlled by the volume variation, so there is a
net heat conversion rate for the work (Martini, 1983; Alain, 2017).

Figure 1: Schematic of the Stirling engine originally developed by Robert Stirling (1816).
Adapted by Organ (2007).

The engine consists of a thermal machine, that in theoretical analysis can be described as being a reversible and
closed thermodynamic cycle, as seen, that it converts heat into work from the expansion and of the contraction of a gas,
that alternating between a thermal gradient, being called an engine of external combustion of a simple mechanism, of
low maintenance, low emission of pollutants, low level of noise and mechanical vibration. This engine operates in closed
regenerative thermodynamic cycle, with cyclical compression and expansion of the fluid of work in different temperatures,
being its controlled flow for the volume variation, so that it has a fee of liquid conversion of heat for the work (Organ,
2013; Sowale et al., 2018).

In Fig. 2 the four processes internally are reversible: isothermal compression of the state 1 — 2 at a temperature 77,
(constant), constant state volume heating 2 — 3, isothermal expansion of the state 3 — 4 at a temperature T (constant),
and cooling the constant volume of the state 4 — 1 to complete the cycle.

The maximum obtainable efficiency for engines based on the Stirling cycle is a function pressure, volume, phase angle
and temperatures in heat sink and heat source. The efficiency of the Carnot cycle (7.) described in Eq. (1) can be used to
calculate the theoretical efficiency of a Stirling cycle machine (7.5) considering the work

w=(1- 7). 1)

where T7, is the temperature of cold source in K and Ty it is the temperature of hot source in K, (Heywood, 2018;
Bataineh, 2018).

As the ideal gas can undergo both isochoric and isobaric transformations, we define specific heat in two types, the
constant volume (C,) and constant pressure (C),). The efficiency can be calculated by the quantity of heat (@) provided by
the work (W). The calculation of the efficiency of a Stirling cycle machine (7,5) considering the irreversibility described
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Figure 2: Diagram P — V and T — s for a reversible Stirling engine.
Adapted by Borgnakke and Sonntag (2012).

in Eq. (2)
_— Ws_a+ Wi_s
e Q2-3+Q3-4

where W3_4 is work route 3 —4 in J, W7 _5 is work route 1 —2 in J, Q2_3 is heat transferred route 2 — 3 in J and Q3_4
is heat transferred route 3 — 4 in J.
Where the work can be calculated by the Eq. (3) and (4)

Vmin

; 2

W1—2 = NMmols R TH In Vmaw ) (3)
Vinaz
W3—4 = Nmols R TL In Voo (4)

where n,,,01s are the number of moles in mol K and R is the universal constant of gases in m? Pa K-1 mol-1. The
quantity of heat can be calculated by the Eq. (5) and Eq. (6)

Q273 = NMmols Cv AT = Nimols Cv (TH - TL) P (5)
Vinaz
Q374 = NMmols R TH In V. . (6)

The quantity of heat (QQ2_3) is referring to the heat input of the regenerating. Thermodynamic variations are considered
constant for a period of a Stirling engine cycle (Walker, 1980; Moran et al., 2014; Bataineh, 2018). The energy variation
(AU) is zero in the isotherm (Q3_4 = W5_4) and In 5“ = - In Ymin

Through in Eq. (7) the thermodynamic cycle can be calculated ggﬁsidering the irreversibilities related to the regener-
ator, approaching the theoretical thermodynamic cycle of the actual cycle of a thermal machine

Nmols R TH In %—i_nmols R TF In %

— max . 7
s Nmols Cv (TH - TL) + NMunols R TH In Vinae ( )

min

Solving and simplifying the Eq. (7) results in the Eq. (8)

RIn (—“ﬁmﬁ (T —Tr)

Nis = : ®)
CyTh ( — %) + RTy Inyzes
Replacing Eq. (1) in (8) and rearranging the terms results in the Eq. (9)
R In (—“;’:‘Iﬂ) Tun,
Mis = )

 CyTun,+RTy Ingmes’

min
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Solving and simplifying the Eq. (9) results in the Eq. (10), Eq. (11) and Eq. (12)

R in (e ) Ty,

Mts = Vi ’ v
Ty (Cv Ne+ R In (ﬁ) )
R In (‘Qﬂ) e
77255 = C. ’ (11)
Vimaz v Me
R In (me> (R ln(%) + 1>
Ui
Mes = +nc (12)

1+

Rln Ymaz

min

2.1 First-Order Design Methods

The First Order model is a method that can be used in the initial phases of project development. This method relates
some basic characteristics to the engine, in its great majority related of the comments accomplished for professor Beale.
These expressions present the power and the efficiency of a machine analyzing the temperatures of the hot source and
cold source, the displacement from the engine and the speed (Walker, 1980; Walker and Senft, 1985).

The efficiency of an engine with thermodynamic cycle Stirling is related to the efficiency of the Carnot cycle, that
naturally is related to the specified temperatures of the source of heat and the wasteful element of heat and can be calculated
by

P@ha TL
Tst = Tf = <1 - /—TH> i Mh M kt? (13)

where 7,57 is the efficiency estimation by First-Order design methods in %, Py, is the shaft power of engine in W,
P;, is the power input supplied for the quantity of heat injected in the system in W and 7, is the indicated efficiency in
%, n,, is the efficiency of the heater in %, that it considers the flow of energy between the heater and the fuel, 7,, is the
coefficient of mechanical efficiency in %, k; is the correction factor auxiliary in %, and its value is generally is equal to
0,95 for sets of maximum efficiency. 77, and Ty are the temperatures of the cold and hot source, respectively.

The indicated efficiency relates to the state of the art of Stirling technology by limiting efficiency < 1. The efficiency
of the heater is related to the furnace design and considers the heat propagation issues of the hot source. Heat can
be dissipated by convection, conduction and radiation processes. Mechanical efficiency relates to mechanical design
parameters with mechanical properties of the material. Resulting design parameters such as sealing and friction have
an impact on overall efficiency. The auxiliary correction factor is intended to adapt the efficiency values related to the
assembly and adjustment of the mechanical design of the Stirling engine (Walker, 1980).

The power of the Stirling engines can be adjusted roughly by the Eq. (14) approximately

Plsr = Bn PTCl fm AV;Z (& PlST = 0,015 PTCI fm A‘/::l, (14)

where P,sr is the power estimated by First-Order design methods in W, B,, is the number of Beale, typically with
the value of 0,015, Pr.; is the instantaneous average pressure of the cycle in Bar, f,, is the frequency of the engine in
Hz and AV,; is the variation of volume in the cycle in cmd, (Heywood, 2018). This of First-Order Design Methods is
recommended for designers who have the intention to evaluate the possibility of use of a Stirling engine for technological
applications (Heywood, 2018; Bataineh, 2018).

3. EXPERIMENTAL SETUP

The experimental work consists of the manufacture of a conventional prototype of the Stirling engine configuration
gamma-type, in the instrumentalization and characterization. The conventional prototype can be verified in Fig. (3).

By constructive simplicity and greater thermodynamic efficiency, was opted for a Stirling engine gamma type config-
uration, the principle of operation of this engine is explained in detail with the theory of Schmidt.

The prototype of the developed Stirling engine operates with a sealed air-fluid in the internal chambers and with a
shifter and a power piston adjusted to produce the hot and cold volumes respectively, as can be seen in Fig. (4).

In the initial stage, the development of the project and manufacture of the conventional prototype of the Stirling
engine was accomplished configuration gamma-type of small scale. So that in the next stage the prototype could be
instrumentalized and be characterized. The experimental work was developed according to the described stages to follow:

1. To development and the manufacture the prototype with an emphasis on the relation of volumes, mechanical gasket
and friction;
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Figure 3: Schematic of the mechanical assembly conventional prototype of the Stirling engine configuration gamma-type.
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Figure 4: Schematic of the mechanical assembly conventional prototype of the Stirling engine configuration gamma-type.

2. Instrumentalize and to characterize the of a small-scale gamma-type Stirling engine prototype;
3. Analysis of efficiency and the power using the model estimated by First-Order.

The data of pressure in the camera of compression, the angle of turn of the engine, the temperatures of the cold
and hot chamber of the engine were acquired, as well as the rotation. The processing of the instrumentalization of the
engine was accomplished utilizing a microcontroller LAUNCHXL-F28069M (TMS320x2806x). The programming of the
microcontroller was developed in the platform free Code Composer Studio, of Texas Instruments. The destined signals of
the entrance to feed the microcontroller were composites for the measurements of pressure, temperatures, the angle and the
rotation of turn of the engine through industrial sensors of high precision. The measurement of the corresponding values
the pressure was accomplished by a piezoelectric sensor of pressure of family 33 MBS - model 060G3038 connected in
the entrance of the internal chamber of combustion of the prototype, that occurs the work through the power piston.

The measurements of the internal temperature of the engine of the Stirling cycle were accomplished using two thermo-
couples type K, connected in the sources cold and hot of the engine. The measurement of the pressure was accomplished
through a pressure transmitter, with referential of absolute pressure, so that the negative measurement of pressure in re-
spect to atmospheric was considered. Other important data are the temperatures of the hot source and the cold source.
Beyond these parameters, the rotation of the axle of the engine was registered through the encoder of incremental quadra-
ture.

The measurement uncertainties were analyzed based on the certificate of calibration of the instruments emitted by the
manufacturers.

4. RESULTS
4.1 Development and Manufacture of the Prototype

To evaluate the functioning of the prototype, after its construction was accomplished diverse modifications aiming at
to optimize the set and increase of its efficiency.

The prototype was manufactured and assembled according to the design and the main geometric data of the gamma-
type Stirling engine can be verified in Table 1.

In Fig. (5) can check the indication of the main parameters DPD, DC'D and F PD of the displacer piston.

In Fig. (6) can check the indication of the main parameter D P P of the power piston.

The prototype of the Stirling engine configuration type gamma manufactured and mounted as the project can be
verified in Fig. (7).
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Table 1: Data geometric and constructive data of the Stirling engine configuration type gamma.

Description Nomenclature | Value | Units

Displacement Piston Diameter DPD 63.5 mm
Diameter Displacer Piston Rod DH 6.00 mm
Displacement Piston Shifter LPD 25.00 mm
Diameter Displacer Cylinder DCD 73.50 mm
Length Shifter Cylinder LCD 120.00 | mm
Piston Shifter Gap-End FPD 2.50 mm
Diameter of the power piston DPP 50.80 mm
Piston Power End-Gap PPP 2.00 mm
Displacement Power Piston LPP 25.00 mm

Phase angle 0am 1.57 rad

(1) Dead volumes were considered constant.
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Figure 5: Descriptive drawing of the displacer piston Stirling engine.
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Figure 6: Descriptive drawing of the displacer piston Stirling engine.
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Figure 7: Prototype of the gamma-type Stirling engine manufactured for assembly of the experimental set aiming at
energy generation.

4.2 First-Order Model

The temperature of the cold source (1) was considered fixed in 300 K. For calculating the power and the efficiency
for the described model of First-Order were used the values of experimental pressure and rotation. They were considered
data geometric and constructive data of the Stirling engine configuration type gamma in the table Tab. (1). The dead
volumes were considered constant.

The maximum values recommended were considered for the parameters indicated in this model, as being 0,80 for
indicated efficiency (7;), nn, = 0,90, n,,, = 0,90 e k; = 0,95 that it considers sets of maximum efficiency. Analyzes of
measurement uncertainties related to efficiency (wy ) and power (wp ) are considered in the calculation.

As the ideal gas can undergo both isochoric and isobaric transformations, we define thermal capacity in two types of,
the constant volume (C',) and constant pressure (C},). The calculation of the efficiency of a Stirling cycle machine (1)
considering the values of the constant pressure (C}) and constant volume (C',) equal 1,004 kJ/kg K and 0.718 kJ/kg K,
respectively.

The efficiency can be calculated by the quantity of heat () provided by the work (W). The calculation of the
irreversibility described in Table 2.

Table 2: Experimental results of Stirling engine configuration gamma type for of First-Order model.
Ta (K) | nc (P) | s (Po) | myst (%) | Pyst (W)
500 40.00 35.55 24.62 10,40
600 50.00 | 43.23 30.78 18,21
700 57.14 | 48.47 35.18 29,48
800 62.50 52.27 38.48 37,28
900 66.67 55.15 41.04 48,56
(1) The values of accuracy uncertainty relative to efficiency (wy i) and power (wp ;) of the
First-Order model was disregarded according to the maximum values are not significant, i.e.
low order of magnitude. The highest values for efficiency and power equal to 20.52x1072 %

and 24.28x10~2 W, respectively.
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The First-Order model presented power (P g7) with a variation of 10.40 W —48.56 W and the values obtained for the
efficiency Carnot (7)), maximum theoretical efficiency of the Stirling engine efficiency (7;s) and efficiency First-Order
model (n;s7), were from 40.0 — 66.67 %, 35.55 — 55.15 % and 24.62 — 41.04 %, respectively.

5. CONCLUSION

The assembly containing a prototype of a motor developed, manufactured and instrumentalized of the Stirling engine
configuration gamma type small scale for analysis of the First-Order model has been completed.

The analysis of this model considers the main internal irreversibilities of the Stirling engine.

The prototype of the developed Stirling engine allowed to measure the desired parameters of temperature, pressure,
volume and rotation. With the parameters measured from the prototype and through the First-Order model, it was pos-
sible to observe some characteristics of this Stirling engine. These characteristics observed in the motor functioning are
important for the comprehension and study of the applied thermodynamic phenomena.

The theoretical efficiencies related to the operating ranges of the prototype were obtained. The efficiency 7. is greater
than the efficiency 7,5 and the efficiency 7 is greater than the efficiency 7n,sr. The values are expected, however, the
creation of equations with variables that are whistled at irreversibilities allows an improvement of the prototype from the
initial phase.

The efficiency values n,sr obtained were lower than the efficiency 7)., which may have been due to irreversibilities,
for example the friction, loss of pressure due to the absence of an effective seal, the difficulty of heat dissipation by the
regenerator due to the high temperatures in the engine body.

The values indicated by the literature of indicated efficiency (n,), the efficiency of the heater (7;,), the coefficient of
mechanical efficiency (7,,,) and the correction factor auxiliary (k;) demonstrated to be high due to irreversibilities. Ideally,
you should implement a model that considers these parameters in calculating efficiency.

The reduction of efficiency (7),sr) compared to the theoretical Carnot (7).) and theoretical Stirling machine (7;,) can be
explained due to the mechanical losses and thermodynamic irreversibilities occurring mainly in the regenerator. A new
model should be investigated to complement the losses associated with the irreversibilities of the hot source.

The efficiency of the Stirling engine is also changed by the incoming heat flow from the hot source. The heat flow
is lost to the external medium, and due to the loss of irreversibility of the engine as previously mentioned, these losses
can be corrected by performing a suitable design for heat-generating furnace, eliminating mainly the thermal losses of
convection and irradiation, and improvements in engine sealing.

With the results of the power and efficiency of First-Order model will be possible in the future to investigate the
irreversibilities of the prototype and compare experimental results.
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