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Abstract: In this paper, a comparison of exergetic models between two hot air engines
(a Gamma type Stirling prototype having a maximum output mechanical power of 500
W and an Ericsson hot air engine with a maximum power of 300 W) is made. Referring
to previous energetic analyses, exergetic models are set up in order to quantify the exergy
destruction and efficiencies in each type of engine. The repartition of the exergy fluxes
in each part of the two engines are determined and represented in Sankey diagrams, using
dimensionless exergy fluxes. The results show a similar proportion in both engines of
destroyed exergy compared to the exergy flux from the hot source. The compression
cylinders generate the highest exergy destruction, whereas the expansion cylinders
generate the lowest one. The regenerator of the Stirling engine increases the exergy
resource at the inlet of the expansion cylinder, which might be also set up in the Ericsson
engine, using a preheater between the exhaust air and the compressed air transferred to
the hot heat exchanger.
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1. Introduction

The micro-combined heat and electrical power system (micro-CHP) is an emerging technology
presenting a high global efficiency, which allows primary energy savings compared with a separated
production of heat and electrical power. The devices dedicated to the conversion of energy resource into
mechanical or electrical energy are various: internal combustion engines, micro-gas turbines, organic
Rankine cycle (ORC) turbines, hot air engines (Stirling and Ericsson), fuel cells and thermoelectric
generators [1]. Among them, the external heat supply systems are adapted to various energy resources
(combustion, solar or geothermal energy, high temperature exhaust gases, waste heat from industrial
processes). In particular, the Stirling and the Ericsson hot air engines present high efficiencies (maximum
theoretical thermodynamic efficiency of about 45%) for the power levels of the micro-cogeneration
(under 50 kW) [2]. They are noiseless and not harmful to the environment (no direct pollutant emission
by these engines), can operate with various sources of energy (especially renewable energy and coupled
to cogeneration systems) and require a low maintenance.

The Stirling engine works on a closed cycle requiring a cold source heat exchanger, whereas the
Ericsson engine works on an open cycle (without a cold source heat exchanger, the cold source being the
ambient atmosphere) [1]. The pressure level of the working fluid can reach higher values in the Stirling
engine, e.g., until 200 bar in [3], when the pressure of the open cycle Ericsson engine remains under 10
bar to ensure high performances (in particular high specific work and indicated mean pressure) [1]. The
heat exchanger on hot source side faces strong surface-volume constraints in the Stirling engine [4]
compared to the Ericsson engine. The Ericsson engine requires valves for the working fluid circulation,
contrary to the Stirling engine. Several configurations of Stirling engines can be found namely Alpha,
Beta and Gamma. They follow the same thermodynamic cycle (Stirling cycle with two isothermal and
two isochoric transformations) but present different mechanical designs. The Alpha configuration has
twin power pistons separated in two cylinders. For the Beta configuration, the displacer and the power
piston are incorporated in the same cylinder. The Gamma configuration uses two separate cylinders, one
for the displacer and the other for the power piston [5]. In this study, a Stirling engine with Gamma
configuration having air as working fluid and a stainless steel regenerator with 85% porosity is
investigated. In the Ericsson engines, the cylinder arrangements are not classified, due to the small
number of models or experimental set up built up-to-date [6—11]. A preheater can be added between the
working fluid at the exhaust of the engine and the working fluid at the inlet of the hot source heat
exchanger to recover thermal energy [1].

The Stirling and the Ericsson engines are mainly studied on the basis of energetic analyses, e.g.,
in [12—14] for Stirling engines or in [15] for Ericsson engines. Some studies deal with the exergetic
analysis of these engines. Martaj et al. [16,17] investigated energy, entropy and exergy balances for each
main element of a Stirling engine and for the complete engine. They presented the irreversibilities due
to imperfect regeneration and temperature differences between gas and wall in the hot and cold
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exchangers with an experimental validation. Their simulation shows the optimum operating conditions
of the Stirling engine (highest efficiencies, smallest entropy production and minimum operating costs).
Hachem ef al. [18] set up an experimental energy and exergy assessment of a Beta type Stirling engine.
The results show that the thermal insulation improves slightly the overall exergy efficiency of the engine
and that the exergy destruction increases with hot source temperature. Saneipoor ef al. [19-21] studied
experimentally a low temperature heat engine (temperature difference below 100 K, for a maximum
temperature of about 393 K), called a Marnoch heat engine (MHE). They found that the exergy
efficiency of the MHE goes up to 17%. Bonnet ef al. [15] applied an exergy balance on an Ericsson
engine with regenerator associated to a natural gas combustion chamber and deduced the exergy flux
repartition in the system, the exergy destruction and the exergetic efficiencies of the components. Some
studies show a comparison of the Stirling and Ericsson engines, mainly based on a technological point
of view, e.g. in [1,22]. To the knowledge of the authors, the comparison of the Stirling and Ericsson
engines considering an exergetic point of view has not been performed yet.

This study is focusing on a comparison between exergetic analyses of a Gamma type Stirling engine
and an open Joule cycle Ericsson engine. The first part describes the configurations of both engines
studied. The modelling of the engines is then presented with the energy and exergy balances and with
the energetic and exergetic performances. The exergy flux repartition and the exergetic performances of
the engines are finally discussed considering specific working conditions for each engine.

2. Configurations of the Gamma Type Stirling Engine and the Open Cycle Ericsson Engines
2.1. Geometries and Working Conditions

A Gamma type Stirling engine will be investigated in this study. It uses air as working fluid and can
deliver a maximum output mechanical power of about 500 W. Its maximum rotation speed is around
600 rpm when the maximum working pressure is about 10 bar. This engine is mainly composed of a
compression cylinder (C), an expansion cylinder (E) and three heat exchangers (heater, regenerator,
cooler). The regenerator (R) is a porous medium (i.e., made of stainless steel with 85% porosity). In the
real engine, the cooler (K) acts as a cold source heat exchanger formed by an open water circuit and the
heater consists of 20 tubes in order to increase the exchange surface between the working gas and the
hot source (H). In the modelling assumptions, the hot source of the Stirling engine is the expansion
cylinder wall and the cold source is the compression cylinder wall (c¢f. Figure 1a). The geometric
properties of this Stirling engine are presented in previous studies of Gheith ef al. [23-26], with some
experimental investigations. In particular, the influence of initial filling pressure, engine speed, cooling
water flow rates and heating temperature on the engine performances (brake power and efficiency) has
been highlighted. More recently, Hachem et al. [27] presented a global energetic modelling of the same
Stirling engine. They showed that the engine rotation speed have an optimum value that guarantees the
best Stirling engine performances. For low rotation speeds, the brake power increased with rotation
speed, whereas for high rotation speeds, the brake power decreases when the rotation speed increases.
The increase of initial filling pressure leads to an increase of working fluid mass. The increase of hot
end temperature leads to an increase of the thermal exchanged energy. These two phenomena cause the
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increase of the engine brake power. The authors demonstrated that engine brake power is also sensitive
to its heat exchanger efficiency. The engine regenerator is the most influencing component.
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Figure 1. Configurations of the Gamma type Stirling engine (a) and the open Joule cycle
Ericsson engine (b).

The Ericsson engine studied, composed of a compression cylinder (C), a tubular heat exchanger (H)
and an expansion cylinder (E), is presented in Figure 1b. The working fluid is air which follows a Joule
cycle in the compression and expansion cylinders. The maximum pressure is 8 bar. The maximum
mechanical power reaches 300 W for a rotation speed under 1400 rpm. More details on the technology
of the Ericsson engine studied were given in [28]. Creyx et al. [1,28] numerically studied the
performances of this Ericsson engine with energetic models in a steady-state [1] or considering dynamic
phenomena [28].

Table 1 gathers several comparative elements of the configurations of Stirling and Ericsson engines
taken into account in the exergetic analyses, showing similarities, such as the use of separate cylinders
for the compression and expansion phases of air. In the modelling, only the compression cylinder, the
expansion cylinder and the regenerator for the Stirling engine are considered. The swept volumes in the
cylinders are different for each engine chosen. This limits the relevance of a direct comparison of the
performances. Here, the main objective is to determine the repartition of exergy fluxes in both engines
in order to identify the zones of exergy destruction and compare the role of the engine components in
the processing of the exergy resource into mechanical power.

Table 1. Technological comparison between Stirling and Ericsson engines.

Engine Stirling Ericsson
Thermodynamic cycle closed open
Number of cycles per crankshaft revolution 1 1
Working fluid air air

Expansion cylinder swept volume 520 cm® 160 cm’

Compression cylinder swept volume 360 cm’® 220 cm®
Hot source expansion cylinder wall internal tube wall

Cold source compression cylinder wall atmosphere

Regenerator stainless steel with 85% porosity -
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2.2. Thermodynamic Cycles

The Stirling engine works with a closed Stirling cycle, with isothermal compression and expansion and
isochoric compression and expansion (cf. indicated diagram of Figure 2a), while the Ericsson engine requires
two open Joule cycles with adiabatic compression and expansion and with two isobaric displacements (one
Joule cycle in each cylinder): a compression cycle (cf. indicated diagram of Figure 2b1) and an expansion
cycle (cf. indicated diagram of Figure 2b2). The Stirling engine includes a cold source heat exchanger,
due to the functioning with a closed cycle, and a regenerator that transfers a part of the residual heat
from the air after expansion to the compressed air.
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Figure 2. Theoretical Stirling cycle (a) (Stirling engine) and theoretical Joule compression
(b1) and expansion (b2) cycles (Ericsson engine).

3. Modelling of the Hot Air Engines
3.1. Energy Balance on the Hot Air Engines

When considering the control volume presented in Figure 3, with entering energy fluxes assumed

positive, the energy balance equation on the hot air engine is written as follows:
du . . . :
QW -, o
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where dU/dt is the internal energy variation depending on time in the control volume, Q is the heat

flux entering the control volume, W is the indicated power, Hm —H,_, is the resulting total enthalpy

out

flux inside the control volume.

Figure 3. Control volume.

The hypotheses of the energetic models described by Hachem et al. [27] for the Stirling engine and
by Creyx et al. [28] for the Ericsson engine are assumed. In this modelling, the working air is considered
perfect. The potential and kinetic energies in the total enthalpy are neglected. The mechanical systems
are not considered in the models. Heat transfers with external environment are supposed at constant hot
temperature Th for each engine and at constant cold temperature Tk for the Stirling engine. The hot and
cold temperature heat exchangers are considered perfect (losses inside heater and cooler are supposed
negligible). For the Stirling engine, the heat is transferred to the working fluid by forced convection
between the walls of the compression and expansion cylinders (respectively at temperatures Twe and Twe)
and the average air temperature inside the cylinders (respectively at temperatures T. and Te). The
exchanges of energy flux in both engines are presented in Figure 4.

The heat fluxes respectively from hot and cold heat exchangers in the Stirling engine cylinder walls
(cf. Figure 1a) are calculated as follows:

Qh,Stirling =mrT, In (X) (2)
Qk,Stirling = rher ln(X) (3)

where x=V__ /V_.  is the volume ratio during the regenerative process, r is the specific gas constant,

m is the mass flow rate of the working air. For the Stirling engine, the mass flow rate is defined as the
mass per cycle entering the expansion cylinder (sum of positive instantaneous values) multiplied by the
rotation frequency (with one cycle performed per crankshaft turn). This definition facilitates the
comparison with the open Joule cycle Ericsson engine.

The heat transfer rate Qh from the external hot heat exchanger of the Ericsson engine (cf. Figure 1)

is evaluated from the total enthalpy variation between the inlet of the expansion cylinder and the outlet
of the compression cylinder:

Qh,Ericsson = Hin,e _Hout,c (4)



Entropy 2015, 17

7337
Hot heat Cold heat
exchanger (H) exchanger (K)
m Howe Bz &
T, = 1000K ) : -
" v Toue = 960K | Regenerator | Tine = 533K p Tk = 300K
Expansion > St > Compression
cylinder (E) ®R) = Q cylinder (C)
— ------------------ _
Wie Tine = 800K Toutc = 378K Wic
| Crankshaft |
(a)
. Qu .
e ml o 1 i 1¢ o
Tine = 293K - Touee = 511K Tine = 1000K - Toute = 595K
' Compression " o Hot heat ' _ | Expansion t'
: cylinder (C) "| exchanger | cylinder (E) ’
7 Y (H) 7'y
W, Wie
Crankshaft
(b)

Figure 4. Total enthalpy fluxes and power exchanges in the Stirling (a) and Ericsson (b) engines.

3.2. Exergy Balance on the Hot Air Engines

The standard exergy balance equation in the control volume (cf. Figure 3) can be written as

follows [29,30]:

i +EXW+

out

where EXH_ and Ex.

n out

Ex

+ Ex.

Qin Qout

—Bx

dix
dt

det,Sgen o

)

_Exdet

are the exergy fluxes due to the total enthalpy respectively entering and

exiting the control volume, EXW is the exergy flux due to indicated power, Ex . is the exergy flux

due to heat transfer entering the control volume (positive value), Ex o

transfer lost by the control volume (negative value), Ex "

S

m

is the exergy flux due to heat

out

is the flux of exergy destruction due to the

'gen

irreversibilities (entropy generation) and Exdﬁt is the total flux of exergy destruction.

The exergy flux due to total enthalpy flux is evaluated as follows:

Ex, =m((h(T)-h(

T

ref

) =T, (s(T)=s(

T

ref

)

(6)
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where h and s are respectively the specific enthalpy and entropy of air, Ta, Tref and T are respectively
the ambient, the reference and the control volume temperatures. The specific enthalpy and entropy of
Equation (6) are determined using the model of perfect gas [29].

The heat exchangers are considered ideal in the exergetic models: the heat exchanges are supposed
with a constant wall temperature Tw equal to the hot or cold source temperature for the hot and cold heat
exchanger respectively. The exergy flux due to heat transfer is calculated as follows:

. Ta .

The exergy flux associated to a mechanical power is written:

Exy =W (8)
The destroyed exergy associated to an entropy generation is evaluated as follows:

EX . =T8S 9)

det,$,, a Dgen

where Sg is the flux of generated entropy.

cn

The general exergy balance Equation (5), applied on each component of the two hot air engines during
one cycle, are detailed in Table 2.

Table 2. Exergy balance equations in the compression (C) and expansion (E) cylinders of
the two hot air engines and in the regenerator (R) of the Stirling engine.

Stirling engine Ericsson engine
Ex. -Ex. +Ex. +Ex. Ex. -Ex. +Ex. +Ex.
Hin € out,c W Q« H;, c out,c Wi Qc
© : (a) : (d)
_1::'/Xdet,Sgemc = O _EXdet,Sgemc = O
Ex. -Ex. +Ex. +Ex. Ex. -Ex. +Ex. +Ex.
Hin,e Hout,e W Qh Hin,e Hout,e Wi Qe
(E) : (b) : (e)
_EXdet Sen e =0 _Exdet,Sgen,e =
Ex. -Ex )—(Ex -Ex.
(R) ( . Hout,e Hm B in>® Houl,c (C) _
Exdet,r = O

In order to compare the exergy fluxes Ex in both hot air engines, dimensionless exergy fluxes Ex*
are defined as follows:
Ex¢ = ‘EX‘ (10)
Ex,

where Ex o is the exergy flux linked to the heat transfer from the hot source, that is evaluated from

Equation (7) for the Stirling engine (physical uniform wall temperature assumed along the heater tubes
whatever the direction of the flow) and from the following equation for the Ericsson engine (hypothesis
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of an ideal external hot heat exchanger with no heat losses, non-isothermal heat transfer and unknown
wall temperature repartition):
Ex -Ex, -Ex, (11)

Q, ,Ericsson H. H

3.3. Performances of the Hot Air Engines

Several energetic performances of the engines are considered: the indicated mean pressure IMP, the
specific indicated work wi, the global thermodynamic efficiency nm and the global exergetic efficiency
Nex. The indicated mean pressure is written:

p= Vi
v (12)

swept,e
where |W| =—-W, —W,, is the indicated work and Vswept is the swept volume of the expansion cylinder
of the engine. The specific indicated work delivered by the engine is:
Wi
W, =-—

m

(13)

air,e

where muaire 1s the mass of air entering the expansion cylinder during each cycle. The global
thermodynamic efficiency of the engine is evaluated as follows:

th Qh

where W,_ and W,_ are the indicated powers of respectively the expansion and the compression

(14)

cylinders. The global exergetic efficiencies of the Stirling and Ericsson engines are evaluated with the
following Equation (15):

—Exw, —Exw,

Nex = (15)

Exq,
In the present Ericsson engine configuration (open cycle), the exhaust exergy flux from expansion
chamber is injected in a second combustion chamber to clean gas but also to increase exergy of gas
entering in the air-gas exchanger (H) (c¢f. Figure 4b). This exergy flux will be then partially recovered in
the cogeneration unit.
Equation (16) defines a potential exergetic efficiency including the exhaust exergy flux as a produced
exergy. This exergetic efficiency represents the maximal value which can be reached.

o EXWie - EXWic + EXHout,e

(16)

T]ex,Ericsson (potential) = -
Ex Qy

The exergy efficiencies (ratio between produced exergy and resource exergy) respectively of the
compression chamber (C), expansion chamber (E) and regenerator (R) for both Stirling and Ericsson
engines are presented in Table 3.



Entropy 2015, 17 7340

Table 3. Exergy efficiencies in each part of the two hot air engines.

Stirling Ericsson
By Exy,,, ~Exi
(©) Nex,c = EXWiC N EXHmC (a) Nex,c = Exwic (d)
B —Exv.vie ~ —Exv.vie
(E) Mexe = EXHin,e _EXHom,e +Ex o, ®) Mexe = EXHin,e — EXHMe ©
Exy,, ~Exy,,
R) Nex.r EXH —EXH_ (© -

out,e m,c

In the present paper, the main objective is to highlight the exergetic performances and the exergy
fluxes in the components of both engines studied and to compare the exergetic efficiencies, the
repartition of exergy fluxes and of destroyed exergy in the different parts of both engines. The
quantitative comparison of the global performances of both particular engines studied presents little
interest, since the dimensions of the engines differ significantly (cf. Table 1).

4. Results and Discussion
4.1. Working Conditions of the Stirling and Ericsson Engines

The working conditions considered for both engines studied are presented in Table 4. For the Stirling
engine, the working pressure is defined as the mean pressure in operation and for the Ericsson engine, it
corresponds to the pressure in the hot heat exchanger. For the exergetic analyses, the ambient
temperature is supposed to be equal to 293.15 K. The reference temperature and pressure used for the
evaluation of specific enthalpy and entropy are respectively 298.15 K and 101325 Pa. The heat losses at
the walls of the Ericsson cylinders are neglected. The heat exchanges at the compression and expansion
cylinder walls of the Stirling engine (heat transfers with hot and cold sources) include the heat losses.
The dynamic effects of flows in both engines are considered (pressure drops during the transfers of
working fluid).

Table 4. Working conditions of the two hot air engines.

working pressure 7 bar
hot source temperature 1000 K
cold source temperature 300 K
cycle frequency 10 Hz

4.2. Performances

Table 5 shows the global performances of the Stirling and Ericsson engines. The indicated mean
pressure IMP of the Ericsson engine is 2.19 bar. This corresponds to a higher indicated work per cycle
for the Ericssson engine if the engines present the same expansion swept volume. The specific indicated
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work, the global thermodynamic efficiency and the global exergetic efficiency of the Stirling engine are
higher than those of the Ericsson engine. These results might be explained by the presence of a
regenerator in the Stirling engine, while there is no preheater in the Ericsson engine (component
equivalent to the regenerator). The global exergetic efficiency of the Ericsson engine becomes higher if

the exergy of exhaust gas is recovered.

Table 5. Global performances of the two hot air engines.

Ericsson Stirling

indicated mean pressure IMP (bar) 2.19 1.69
specific indicated work w; (J/kg) 180848 269565
global thermodynamic efficiency nm (%) 28.64% 37.42%
global exergetic efficiency nex (%) 47.59% 56.09%

Ericsson potential exergetic efficiency nexpot (%0) 59.48% -

4.3. Dimensionless Exergy Fluxes

The dimensionless exergy fluxes are presented in Figure 5. The highest exergy fluxes are situated in
the expansion cylinder, which corresponds to the main component producing mechanical power. The
dimensionless exergy flux reaches a value over 1 for the air entering the expansion cylinder of the
Ericsson engine because the hot source is not the only exergy source producing the inlet air of the
expansion cylinder: the air at the outlet of the compression cylinder is also involved. This value over 1
induces a dimensionless exergy flux associated with the indicated power generated in the expansion
cylinder close to 1. For both engines, the highest exergy destruction occurs in the compression cylinders
and is due to generated entropy: compression work (pure exergy) is converted into air at high pressure
(exergy linked to the thermodynamic conditions of air which is dependent on the specific entropy, cf.
second factor of Equation (6)). The exergy destruction in the compression cylinder of the Stirling engine
is partly linked to the heat transfer with the cold source (K). The exergy destruction in the expansion
cylinder is caused by the conversion of the exergy linked to the variation of the thermodynamic state of
air into indicated work (entropy generated during this process). For the Ericsson engine, the entropy
generated in both cylinders is associated with the air intake, air exhaust and air displacement phases, the
compression and expansion phases being supposed adiabatic reversible. The generated entropy in both
cylinder of the Stirling engine is partly due to the pressure losses during the air displacement phases.
The dimensionless exergy flux linked to the production of indicated work in the expansion cylinder is
higher for the Ericsson engine. However, due to the higher dimensionless exergy flux required in the
compression cylinder during the process, the dimensionless exergy flux linked to the global indicated

work is lower for the Ericsson engine.
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4.4. Exergetic Efficiencies
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The exergetic efficiencies in the components of the Stirling and Ericsson engines are represented in

Figure 6. The exergetic efficiency in the compression cylinder is lower than in the expansion cylinder

for both engines, probably because of the nature of the produced exergy and the resource exergy in both

cylinders: in the compression cylinder, the compression work (pure exergy) is converted into air at a

thermodynamic state with higher energy level (energy resource that cannot be totally converted into

reversible work due to entropy generation), whereas the inverse process occurs in the expansion cylinder,

leading to a produced energy corresponding to pure exergy. The global exergetic efficiency is higher for

the Stirling engine: 56.09% for the Stirling engine and 47.59% for the Ericsson engine. This can be

explained by the high exergetic efficiency of the Stirling engine regenerator (75.28%).
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4.5. Sankey Diagrams

The dimensionless exergy fluxes (cf. Equation (10)) in the Stirling and Ericsson engines are presented in
Figure 7, using a Sankey diagram where the arrow width is proportional to the dimensionless exergy flow.

The total dimensionless exergy destruction is similar for both engines (44% and 41%, respectively,
of the exergy flux from the hot source for the Stirling and Ericsson engines), when the hot air at the
exhaust of the expansion cylinder is not considered as destroyed exergy. If this hypothesis is not
assumed, the dimensionless exergy destruction in the Ericsson engine reaches 53% of the exergy flux
from the hot source.

The Sankey diagrams highlight previous results observed. The expansion cylinder presents the lowest
exergy destruction, whereas the compression cylinder generates the highest exergy destruction. The
exergy destruction in the compression cylinder is mainly due to entropy generation for the Ericsson
engine, while for the Stirling engine, the repartition of destroyed exergy due to entropy generation and
heat losses towards the cold source heat exchanger are of the same order. The regenerator of the Stirling
engine is also a source of exergy destruction, with intermediate values between the expansion and
compression cylinders.

However, this component generates an important part of the exergy resource used in the expansion
cylinder (28%). In the Ericsson engine, the compression cylinder represents the second dimensionless
exergy flux entering the expansion cylinder, which corresponds to a lower proportion of the total
dimensionless exergy flux entering the expansion cylinder (15%). Considering the exergy flux of air at
the outlet of the expansion cylinder, the Ericsson engine configuration with a preheater might lead to a
similar proportion, as in the Stirling engine, of secondary dimensionless exergetic flux entering the
expansion cylinder.

The ratio of dimensionless exergy flux linked to the compression and expansion works is higher for
the Ericsson engine compared to the Stirling engine, due to the difference in the ratios of compression
and expansion swept volumes in both engines (cf. Table 1).

The two Sankey diagrams of Figure 7 highlight the exergy exchanges in both engines, the interactions
between the engine components in terms of exergy transfer and the exergy destruction associated with each
component. To optimize the performances of both engines, the first component to investigate should be
the compression cylinder. However, the potential reduction of exergy destruction is limited to the exergy
destruction linked to heat transfer (the exergy destruction linked to generated entropy is inevitable).
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Figure 7. Sankey diagrams of the dimensionless exergy fluxes in the Stirling (a) and
Ericsson (b) engines.
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5. Conclusions

Based on previous energetic analyses described in the literature [27,28], two exergetic models of a
Stirling and of an Ericsson engine were established. The global energetic and exergetic performances of
both engines were evaluated. The exergy fluxes and the exergetic efficiencies in the components of the
engines were determined, allowing a comparison of the repartition of exergy fluxes in both engines and
the location of the exergy destruction.

The Stirling engine studied here presents higher global performances (specific indicated work,
thermodynamic and exergetic efficiencies) compared with the Ericsson engine presented, due to the
presence of a regenerator. The gap between these performances (about 8.5% of global exergetic
efficiency and 8.78% of global thermodynamic efficiency) might be reduced using a preheater in the
Ericsson engine. The exergetic efficiency gap can be filled with an injection of exhaust gas in the
combustion process of the cogeneration unit.

The results show that the proportion of total exergy destruction compared with the exergy flux from
the heat source is similar for both engines (44% and 41%, respectively, of the exergy flux from the hot
source for the Stirling and Ericsson engines if the exergy of the exhaust gases is recovered for the last
one). The largest exergy destruction occurs in the compression cylinder, mainly due to generated entropy
in the case of the Ericsson engine and due to a similar proportion of generated entropy and of heat loss
towards the cold source heat exchanger for the Stirling engine. The importance of the regenerator (or
preheater for the Ericsson engine) to supply the expansion cylinder with a high exergy flux is
highlighted: the exergy recovered reaches about 25% of the destroyed exergy.
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Nomenclature
Ex exergy flux (W)
EX total destroyed exergy flux (W)

EXdet,Sgen destroyed exergy flux associated to entropy generation (W)
h specific enthalpy (J/kg)
H total enthalpy flux (W)
IMP indicated mean pressure (Pa)
Mair,e mass of air entering the expansion cylinder during each cycle (kg)
P pressure (Pa)
Q heat exchanged (J)
Q heat flux (W)
r air specific gas constant (J/kg.K)
S specific entropy (J/kg.K)
Seen flux of generated entropy (W/K)
t time (s)
T temperature (K)
U internal energy (J)
\Y volume (m?)
Viswept,e swept volume of the expansion cylinder (m?)
\W% indicated work (J)
W indicated power (W)
Wi specific indicated work (J/kg)
Greek letters
MNex exergetic efficiency (%)
Nth thermodynamic efficiency (%)
Subscripts
a Ambient
c Compression cylinder
e Expansion cylinder
h hot source or hot temperature heat exchanger
1 indicated
k cold source or cold temperature heat exchanger
n Input
max Maximum
min Minimum
r Regenerator
ref Reference
out Output
w wall
Superscripts
d dimensionless
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Abbreviations
C compression chamber (Ericsson engine)
E expansion chamber (Ericsson engine)
H heat exchanger in contact with hot source
K heat exchanger in contact with cold source
R regenerator
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