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Abstract

The first part of this paper presents the thermodynamic analysis for a microcogeneration system with the Stirling engine,
for the most commonly used working gases, among others: helium, nitrogen, and air. The methods of regulating
performance for the Stirling engine were depicted, among which the increase of gas pressure in the working chamber
and rise in temperature of the upper heat source can be rated. The results of the experimental tests are shown: the
influence of the rise in pressure and temperature on the working gases, which in this experiment were: helium, nitrogen,
and air. The paper also focuses on maximum power flow. The tests were performed on a laboratory test stand with a
single—action alpha type Stirling engine, located at the Faculty of Automotive and Construction Machinery Engineering,
Warsaw University of Technology, at the Integrated Laboratory of the Mechatronic Systems of Vehicles and Construction
Machinery. In the second part of the paper the authors presented the power flow in a hybrid system (Senkey diagram) on
the internal combustion engine with the Stirling engine, which is employed as a microcogeneration device of distributed
generation. It enables high-temperature waste heat to be transformed into mechanical work and transition of mechanical
work into electric energy with the help of an electrical appliance, for possible sale to the mains. While analyzing
the power flow in the hybrid cogeneration system, attention was paid to low-temperature heat which can be utilized
through electrical thermogenerators, among other things. The proposed microgeneration assembly (Stirling engine
and electrical thermogenerators) could be used to recover energy from waste heat produced by the combustion engine
during combustion of landfill biogas. The influence of microcogeneration systems on boosting the general efficiency
of the combustion engine was taken into consideration in this work. The paper presents test results of combustion
gas temperatures in the exhaust system of the combustion engine fuelled by biogas, at full-load conditions. Various
limitations of the Stirling engine build are discussed, in the context of cooperation with the combustion engine and the
use of waste gases as a high-temperature heat source.
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1. Introduction renewable energy sources in the energy mix. There were
inter alia combustion engines [3-5], steam engines [6],
[fglel cells [7, 8], microturbines [9], the Organic Rankine
ycle [10-12], Stirling engines [13-25], and many other
items included among cogeneration technologies, described
in detail in Directive 2012/27/EU. The abovementioned
technologies open up options for achieving the EU target
of a 20% increase in energy efficiency by 2020.

Current requirements related to the efficiency of process-
ing and utilization of primary energy (Directives 2009/28/EC
and 2012/27/EU [2]), as well as the prospect of limited
fossil fuel resources point to an ever growing need to make
use of cogeneration systems and to increase the share of
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Figure 1: Demonstrative scheme of the Stirling alpha-type engine a),
piston-crankshaft mechanism with angular travel marked ¢=90° b)

ling engine and solar cells [21, 26, 27], the Stirling engine
and fuel cells [8], and thermoelectric generators [28, 29],
whose possible combination with the Stirling engine will
be discussed in this paper. It is advisable to consider link-
ing microcogeneration systems and renewable energy [26,
27, 30] sources to generate electricity for one’s own pur-
poses (prosumers [31]), and in bigger assemblies of dis-
tributed generation, limiting loss transfer for the target,
final consumer.

2. Theoretical underpinnings and thermodynamic anal-
ysis

Thermodynamic analyzes are very important and in
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Figure 2: Accomplishment of the Stirling cycle for the engine in alpha
configuration with angular travel ¢=90° a) isothermal compression b)
isochoric compression, c) isothermal expansion, d) isochoric expan-
sion

when speculating analytically or with numerical calcula-
tions. Fig. 2a,b,c,d show the implementation of the theo-
retical Stirling engine cycle within the coordinates pressure-
specific volume (p-v) for two pistons: the hot one g,
which works in the expansion space E,, and the cold one
tcold> wWhich works in the compression space C,,,. The
Stirling cycle is accomplished by four thermodynamic trans-
formations taking place one after another. During the cy-
cle heat exchange takes place between the working gas,
seen as ideal gas, and the environment. During isothermal
process 1-2 at a constant temperature 7' c,mp. that is equal
to the temperature of the lower heat source (of cooler C
with 7. = idem Fig. la,b) and Fig. 2a) the heat g,
is absorbed in the cooler at isothermal compression.The
completion of the 1-2 transformation is marked by the
reaching of the top stagnant position (TC) by piston Tgy),.
During isochoric process 2-3 isochoric gas heating takes
place—H point in Fig. 2b, the heat gg.g1 is delivered from
the regenerator element (R—Fig. 1a)—the working gas is
passed through the hotter regenerator (from 7. to T,,—
the regenerator’s element gives back the heat), which heats

usual conditions they should precede experimental research [33t: The working gas heated then in the heater acquires

39]. Thermodynamic analyzes can take into account isother-

mal compression and expansion, adiabatic [32, 34, 36—
39], or semi-adiabatic [40]. In the work herein the ther-
modynamic analysis was carried out in conditions where
compression and expansion take place isothermally.

The theoretical Stirling cycle should be considered a cue

the temperature of the upper source 7 (the temperature
gauged in the expansion space (Tg,p—Fig. 1). During
isothermal process 3-4 isothermal working gas expansion
at temperature 7, ~ Ty, takes place. During the isother-
mal expansion both the cold piston #¢,y working in the
compression space C,,,. (Fig. 2¢) as well as the hot pis-
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ton 74, working in the expansion space (E,,) move in the
same direction, allowing the working gas to expand. The
heat gp,, is delivered constantly by heater H to the work-
ing gas). This ensures that the gas is brought back to its
original volume v (at point 4 piston ¢, reaches the lower
stagnant position (BC)).

During isochoric process 4-1 (isochoric expansion)—passing

back of the working gas (Fig. 2d) from the expansion space
TExp can be observed. It takes place through (from the
hot spot—heater T, to T,.) the regenerator (the regen-
erator element has a lower temperature than the working
gas—the regenerator absorbs the heat from the working
gas—cooling working gas (C), the heat gg,¢> is taken from
the working gas) up to the end of the regenerator element
(where there is the temperature T,.). The gas, after pass-
ing through the regenerator, is cooled down in the cooler
to the temperature 7, (of the lower heat source), returns to
point 1 and the whole heat cycle is completed.

It should be added that pressure p.; (Fig. 1a) in the
working space changes while the heat cycle is being ac-
complished. The pressure in buffer zone By (much big-
ger than the working chamber) is roughly constant during
the heat cycle course. The piston stroke e = 27.5 mm
(Fig. 1a), tgy, and tc,q piston diameter (Fig. 1b) equals
D =110 mm.

The Stirling heat cycle consists of four thermodynamic
transformations. In processes 1-2 and 3-4 isothermal com-
pression and expansion take place. The isothermal com-
pression rate is comp = vlvgl, whereas the isothermal ex-
pansion rate is .y, = v_;v;l. For the Stirling cycle it is
estimated that the isothermal compression rate equals the
isothermal expansion rate € = &comp = Eexp = V1V, 1=
Vavy !, The detailed dependency describing the theoretical
efficiency of the Stirling cycle including regeneration was
described in paper [41] as:

k=11 -7)Ilne
NS tiryeg = (1)
(k=g + (1 =) (1= 7)

Further to dependence (1), when the regenerator efficiency
equals 7,4 = 1 = NS tirye, = 1 — 7 = ncarnor the Stirling
theoretical cycle efficiency is equal then to the thermal ef-
ficiency for the Carnot cycle (Fig. 3a,b, for the regenerator
efficiency reg.rs = 1). In the case of there being no re-
generation (lack of regenerator, Fig. 3—the regeneration
efficiency equals zero reg.sr = 0) then:

k=11 -=71)Ine
k=1Dlne+{1 -1)
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Figure 3: Influence of the regenerator’s efficiency and upper heat
source temperature on theoretical efficiency of the Stirling cycle, & =
1.6, For nitrogen and air x = 1.4. For helium « = 1.6

Fig. 3 shows the influence of the temperature of the
upper heat source and regenerator efficiency on the Stir-
ling cycle at the preset compression rate and for the known
temperatures of the lower 7, = 301 K and upper heat
source T, = 901 K for helium (Fig. 3a), nitrogen, and
air (Fig. 3b).

The number of performed analyses indicate that with
the increase in temperature of the upper heat source (with
constant temperature of the lower heat source T.), the
theoretical efficiency of the Stirling cycle grows for all
the considered working gases—helium, nitrogen, and air.
Theoretical efficiency can be increased by applying the
higher compression rate (Fig. 4) and the working gas, prefer-
ably monoatomic with a low molar mass and large isen-
tropic exponent. The influence of the compression rate on
the theoretical efficiency of the Stirling cycle is shown in
Fig. 4. In practical engine use there are no edge ranges (0
and 1) of regenerator efficiency if the regenerator is used.

Analysis of Fig. 4 leads to the assumption that the highest
efficiency increase by means of compression rate rise is
achieved to £ = 6 for both: helium at the preset regenera-
tor efficiency (reg.rr), and also nitrogen and air. The effi-
ciency flows for nitrogen and air are practically the same
(Figure 2b). This is due to the fact that both air and ni-
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Figure 4: Influence of the regenerator’s efficiency on theoretical effi-
ciency of the Stirling cycle 7 = 0.331, £ = 1.6: a) for helium « = 1.66,
b) for nitrogen and air k = 1.4

trogen are diatomic gases. In the case of treating air as
a polyatomic gas (the air composition will include, for ex-
ample, argon), the isentropic component will be x = 1.33.

3. Description of the test stand—microcogeneration sys-
tem with the Stirling engine

The test stand consisted of a one-action alpha type
Stirling engine, a belt transmission of the gear ratio i =
1 : 4 between the Stirling engine and the direct current
DC electric engine (nominal power of the electric engine
500 W), gauge sensors (the pressure transducer located
in the cold cylinder, magneto-inductive sensor placed in
the top stagnant position of the piston—synchronized with
the notch on the gear wheel—TB), gauge thermocouples
(K-type, located in: the compression space 7., expansion
space Ty, and on the regenerator on the side of cooler
T,. and on the side of heater T;,), the load-providing unit
(the load-providing unit worked as the adjusted current
source system of max. power 500 watts), National Instru-
ments cards and the Labview software was used to register
the chosen parameters. The working gas, helium, nitrogen
and air in this case, was delivered from the cylinder (bot-
tle) to buffer space p; and working space p..

During the research the following factors were reg-
istered simultaneously: the temperatures in compression
space T'comp, in expansion space Tk, on the regenerator
on the cold Tgrc and hot side Try, as well as the rota-
tional speed on the Stirling engine (which was converted
to the rotational speed on the electric engine at the known
gear ratio between the electric engine and the Stirling en-
gine i = 1 : 4), the current set by the load-providing unit,
voltage on the electric engine and the pressure in the cold
cylinder (compression space). The registration of every
gauge point lasted 1 second. Adjusting the expense of the
power delivered to the heater allowed for obtaining higher
temperatures in the expansion space. In Fig. 5 pictures
test stand a) and the outline of test stand b) are shown.

3.1. Experimental research results

The experimental research was carried out for helium,
nitrogen and air. On the basis of the data obtained by
means of measurements the speed characteristics were de-
termined (Fig. 6) for different pressure values of the work-
ing gas at constant temperature in the expansion space.
Blue lines in Fig. 7 mark the 11 bar pressure flow charts.
The conducted research proves that the working gas mass
delivered to the working chamber can change the aver-
age pressure of the working gas in the chamber, and as
a result influence the performance of microcogeneration
systems [38]:

pgas : Vgas

R- Tmean ‘ f (2)

P=L-f=10mg=1-

On the basis of knowledge of input power P;, to the sys-
tem, which was described in detail in [42], according to
the dependence:

Pous P,
ucHp = == B 3)
the efficiency of the microcogeneration system with the
Stirling engine was determined. Fig. 7 depicts flows of
maximum power shown as functions of the working gas
pressure. Analysis of the depicted flows (Fig. 7a,b) in-
dicates that according to the performed thermodynamic
analysis, the highest performance values (the value of elec-
tric power) were obtained for helium—/[42], which corre-
sponds with 11.5% efficiency—Fig. 7b). For air 178.9 watts
were obtained at 14 bars. It can be observed however, that
within the range of pressure values 11...14 bars for air, the
difference in maximum power values is slight, being only
3.5 watts. The efficiency for air at 14 bars was 5.2 %.
For nitrogen the maximum power was 159.5 watts at 11 bars,
which corresponds with 4.7% efficiency. The maximum
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power values were obtained for T'gy,, = 910 Kand Tcomp. =
301 K.

In Fig. 8 the influence of the upper heat source (tempera-
ture measured in the expansion space Tgy).) is shown for
nitrogen. The tests were conducted for the temperature
values 780 K, 850 K and 910 K. The temperature differ-
ence in the cooling circuit with changes of temperature of
the upper heat source was negligible (x < 10 K). Analysis
of Fig. 8 shows that an increase in the upper heat source
significantly influences the values of the electric power
obtained. The most evident improvement can be observed
for pressure values up to 6 bars, where the electric power
value between 780 K and 910 K is nearly twice as high.
At 11 bars the blue line marks the electric power increase
of almost 50 watts between the upper source of 780 K and
910 K.

4. Temperature measurements on the gas engine fu-
eled with landfill biogas

Renewable energy sources and the possibility of ob-
taining certificates of highly efficient cogeneration unde-
niably raise interest on the side of owners of small bio-
gas companies. In this part of the article the results of
temperature measurements in the engine’s exhaust system
are presented. The engine was fuelled with landfill bio-
gas [43]. The engine’s nominal power is 1 MW, and the
engine itself is pictured in Fig. 10. The value of waste heat
high-temperature flow is approximately 0.5 MW, whereas
the value of the flow of combustion gasses mass that pass
through the exhaust system is riz = 0.718 kg/s.

Fig. 9 presents the flow charts of temperatures in the ex-
haust system in an engine fuelled with biogas. The tests
performed proved that the exhaust gases temperature in
the exhaust system does not exceed 500°C (1—in Fig. 9)
at the full-load condition of the combustion engine with
electric machinery at the speed of n = 1500 revs/min.
The greater the distance from the engine, the lower the
temperature on the outer walls (within 1.5 meters—it will
be about 440°C).

For temperatures below 490°C use of the Stirling engine
is problematic, but not impossible. The cues for design-
ing the Stirling engine for microcogeneration purposes at
lower temperatures are enumerated at 4.2 of this paper.
A large number of steel elements displayed temperatures
above 100°C (Fig. 10) which allows the use of passive co-
generation systems, including TEG (thermoelectric gen-
erators). Their structure and operation, as well as perfor-
mance parameters, are discussed in the literature [28, 29].

4.1. Analysis of the load flow in a hybrid system for the
combustion engine with microcogeneration systems

In the heat balance of the combustion engine a num-
ber of losses [43] occur. Among the most important are:
exhaust losses of combustion gases (they have high tem-
peratures), losses related to combustion engine cooling
(the temperature of the coolant does not exceed 100°C),
mechanical losses, piston friction in the cylinder sleeve,
among others. From the point of view of energy con-
version (heat — electric energy or mechanical energy) the
losses in the exhaust system and in the cooling system
are extremely important. Introducing cogeneration sys-
tems (Figure 11) with the external combustion Stirling
engine (Zone 1—SE—the high-temperature section — ex-
haust system of the combustion engine) into the engine
balance, in the exhaust system (Zone 2—TEG 2—Ilow-
temperature heat) and in the Stirling engine cooling sys-
tem and the later section of the combustion engine exhaust
system (medium- and low-temperature heat), we can sub-
mit a corrected formula for the absolute efficiency of the
combustion engine:

Noutall = NICE + Mcogl|SE + NMcog2TEG2 + Neog3ITEG3  (4)

or rendering it in a different form:

i=3
Noutall = NICE t Z Ncog = NICE t+ Qcogall &)
1

where: 1, qy—absolute efficiency of the system com-
prising the combustion engine, cogeneration system with
the Stirling engine, and cogeneration systems with ther-
moelectric generators, @..g—indicator of the efficiency
growth in comparison with the combustion engine without
cogeneration systems.

Load flow in a microcogeneration system with the Stirling
engine was analyzed in [42].

4.2. Cues for designing Stirling engines

Design of the Stirling engine requires most of all the
defining of upper and lower heat source temperatures. Where
the source of heat comes from exhaust gases (engine fu-
eled with biogas), the active surface of heat exchange should
be increased because their temperature in practice does
not exceed 500°C. Moreover, the exhaust gases flow can-
not be disturbed (the values of acceptable pressure drops
in the exhaust system are usually mentioned in manufac-
turers’ data catalogs of gas engines). What transpires from
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the above is that the heater must be shaped in an appro-
priate and optimal way (heater pipes are usually placed
parallel to the exhaust gases flow line) in order to most
effectively absorb and exchange heat between the exhaust
gases, the heater pipes, and the working gas in the external
combustion engine. Depending on the optimal arrange-
ment of pipes in the heater, construction options present
themselves (one-action or two-action engine), and one en-
gine or a set of engines take into account the decrease
in exhaust gas temperature on the surface of the exhaust
system. Also of great importance are: determining the
efficiency of the heat exchangers, the diameter and the
piston stroke in the crankshaft - piston system, the lubri-
cation process and the choice of lubrication system (the
non-lubrication system with a layer reducing friction or
lubrication with the oil-mist [32, 37, 38]).

5. Summary/Conslusions

In the first part of this paper a thermodynamic analy-
sis was conducted for the Stirling cycle. The influence of
the upper source (T'g,,) temperature, compression degree,
and the regenerator’s heat efficiency on the theoretical ef-
ficiency of the Stirling cycle was determined. The analy-
ses were carried out for the most frequently used working
gases. The results of the analyses were confronted with
the tests (the second part of the article), which allowed
for an unambiguous statement that the temperature of the
upper heat source influences the increase in the electric
power value and general efficiency of the microcogenera-
tion system with the Stirling engine. The experimental re-
search performed also proved the legitimacy of applying
helium (a monoatomic gas), for which efficiency levels
were obtained that were more than twice those obtained
with nitrogen or air.

Moreover, the possibility of applying the microcogen-
eration system with the Stirling engine on the gas engine
fueled with landfill biogas was presented. The Senkey di-
agram shows a schematically pictured possibility of at-
taching the microcogeneration systems (the Stirling en-
gine and thermoelectric generators) in order to increase
the general efficiency of the combustion engine. The lim-
itations connected with application of the Stirling engine
were discussed.
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Nomenclature

nucHp Microcogeneration system efficiency,

nice  general efficiency of the combustion engine,
Nreg  regenerator’s heat efficiency (T,-T.)/(Ty-T¢), -
K isentropic exponent, k=c,/c,

T temperature indicator (7./T}), -

T mg,s working gas adjusted mass, kg

@ angular travel, °

Cp specific heat at constant pressure, J/(kg-K)
Cy specific heat at constant volume, J/(kg-K)
D piston diameter, mm

e eccentricity, m

f frequency, Hz

L mechanical work, J

/ unit mechanical work, J/kg
P, electric power, W

Pgas ~ Working gas medium pressure, Pa
Piy input power, W

P, output power, W

Tcomp. compression space temperature, K
TEyp. expansion space temperature, K
Tmean Working gas mean temperature, K

Tc temperature on the regenerator on the side of the
cooler, K

T temperature on the regenerator on the side of the
heater, K

T, temperature of the regenerator element 7,=(T}-
To)/(InTy/T¢), K

Veas  working gas volume, m?

— 20—
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