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a b s t r a c t

Duplex Stirling refrigerators are the alternative cycles to the conventional vapor refrigeration cycles with
their high efficient, low noise, and low emission characteristics. It consists of a Stirling heat engine and a
Stirling refrigerator in a mono-block construction that operates by a power piston. In this particular
study, the effect of imperfect regeneration on the performance of the duplex Stirling refrigerator is
determined analytically while helium is the working fluid. The polytropic heat transfer processes are
chosen instead of isothermal processes to get a more realistic approach. Various temperature and
compression ratios are taken into account for the refrigerator side of the duplex system and the required
compression ratio of the heat engine is determined by using the work equality constraint. The combined
effects of the regenerator effectiveness, temperature and compression ratios on the performance of the
duplex system are assessed. The results of the parametric analysis are presented in terms of heat removal
from the refrigerated space, coefficient of performance of the refrigerator side, work consumed by the
system, heat addition to the engine side, thermal efficiency and overall system performance.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The Stirling engine designed by Robert Stirling in 1816 is one of
the important models for energy resource utilization, power pro-
duction, refrigeration, and space cooling applications. Stirling en-
gines are capable of adapting to the existing systems with their 
high efficient, low noise, and low emission characteristics. Stirling 
engines and refrigerators are designed as an alternative clean cycle 
to the steam power and vapor compression refrigeration cycles. 
Today it still draws attention by different types such as Duplex 
Stirling Refrigerator (DSR) with its integration flexibility to varying 
sources and systems including environmental ones.

Fig. 1 shows the schematic of the DSR which was firstly intro-
duced by Sunpower corporation (Penswick and Urieli (1984)) and
was reported by several papers in the early 1990s (Berchowitz and
Shonder (1991); Chen and Beale (1993)). As shown, a power piston
takes place between the engine and the refrigerator side in a back-
to-back configuration and it is associated with two free pistons
called displacer. The heat engine side produces power by using fuel
such as natural gas, helium, air, or carbon monoxide as the working
fluid and drive the refrigerator side. Although there are not many
an@gmail.com.
studies related to the duplex Stirling cycles in the available litera-
ture until 2000, the interest on the duplex Stirling cycle has
increased with a project proposed by NASA (Dyson (2012); Dyson
and Bruder (2010)). The researchers studied the DSR to cool the
electronic equipment used for the long-lived Venus lander.

Additionally, a linear model was proposed (Newman and
Buckmaster (2011)) to predict the thermodynamic behavior of the
DSR. Recent investigations have shown that innovative designs for
the duplex Stirling cycles are being studied. A new configuration
was proposed to keep the displacement of the power piston for the
reliability of the duplex Stirling cycle (Hu et al. (2017)). Another
new configuration was presented by considering a resonance tube
to associate the Stirling heat engine and the Stirling cooler (Li et al.
(2017)).

The ideal Stirling cycle includes isochoric compression and
expansion, isothermal heat addition and rejection, and idealistic
regeneration processes in theory. Researchers have attempted to
obtainmore realistic results by taking into account the friction losses,
expansion and compression irreversibilities, and imperfect regener-
ation in this theoretical system. Blank et al. (1994) conducted a power
analysisontheendoreversibleStirlingcycleby taking intoaccount the
irreversible external heat transfer process. Chen et al. (1998) gener-
ated a linearized regenerative heat loss model for a solar-driven
Stirling engine and determined the optimal operating temperature
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Nomenclature

Cp specific heat at constant pressure, kJ/(kgK)
Cv specific heat at constant volume, kJ/(kgK)
COP coefficient of performance
DSR Duplex Stirling Refrigerator
k ratio of the specific heats
m mass, kg
n polytropic exponent
Q* heat transfer, J
Q dimensionless heat transfer
R gas constant, kJ/(kgK)
r compression ratio, Vmax/Vmin

T temperature, K
W* work, J
W dimensionless work
V volume, m3

Greek letters
ε effectiveness of the regenerator
h thermal efficiency of the heat engine
t temperature ratio, Tmin/Tmax

Subscripts
C
H
overall
p
R
reg
rev
th
v

compression 
heat engine side 
duplex unit 
constant pressure 
refrigerator side 
Regenerator 
Reversible 
Thermal 
constant volume

Fig. 1. Schematic of the Duplex Stirling Refrigerator (DSR).
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and themaximumefficiency of the engine.Wuet al. (1998) examined
the effects of irreversibilities during the regeneration process on the
performance of the Stirling engine. De Waele and Liang (2008) pre-
sented an analytical study to determine the optimumperformance of
a split typeStirling refrigeratorbyconsidering the friction losses in the
regenerator. Razani et al. (2010) proposed a thermodynamic model
for a Stirling refrigerator considering the flow and heat transfer irre-
versibilities in the regenerator.

Kaushik and Kumar (2000) studied on the regenerative losses
for an endoreversible Stirling engine In the next study, Kaushik and
Kumar (2001) optimized the heat losses during the regeneration
process of the Stirling and Ericsson heat engines. Kaushik et al.
(2002) investigated the performance of Stirling and Ericsson heat
pumps. It was noted that the effect of internal irreversibilities on
the performance of the heat pumps is more dominant than the
external irreversibilities. Kaushik et al. (2003) studied a Stirling
heat engine by considering the effect of regenerative heat loss.

Kongtragool and Wongwises (2006) provided a model for heat
losses during the regeneration process of a Stirling heat engine. It
was noted that the thermal efficiency is effected by both dead
volumes and the regenerator performance. Tlili et al. (2008)
established a numerical model for a Stirling engine to determine
the effects of regenerative irreversibility. Formosa and Despesse
(2010) presented an analytical model that considers the heat los-
ses and the irreversibilities of the engine to get a more realistic
approximation. The optimal values of the regenerator length and
regenerator effectiveness were determined.

Costa et al. (2014) designed a test unit and generated a nu-
merical code to determine the heat transfer and pressure drop
characteristics of a Stirling engine regenerator for different porosity
and flow boundary conditions. Gheith et al. (2014) analyzed a
gamma type Stirling engine and noted that the asymmetric design
of the engine consumes a proportion of thermal energy in the
regenerator. Ding et al. (2015) built a finite time thermodynamics
analysis method to optimize a Stirling engine by illustrating the
effects of heat leakage, and regenerative and mechanical losses. Li
et al. (2015) studied a micro-channel type regenerator of a Stir-
ling cycle to prevent high frictional losses. Liao and Lin (2015)
analyzed the regenerative losses for a solar-driven Stirling engine.
Ahmadi et al. (2016) used finite time thermodynamic analysis to
determine the output power and the thermal efficiency of the
Stirling heat engine by considering the regenerative heat losses.
Arora et al. (2016) investigated the optimal value of the regenerator
effectiveness for a solar-driven Stirling engine by using a genetic
algorithm. Dai et al. (2018) reported the regeneration effectiveness
and its limitations for a Stirling cycle by using finite-time
thermodynamics.

A thermodynamic model was proposed to determine the per-
formance bounds of the DSR in a wide range of temperature and
compression ratios (Erbay et al. (2017)). At the second step, authors
(Do�gan et al. (2018)) generated the model for different couples of
working fluid to determine the thermodynamic behavior of the
DSR. Both of the studies considered the regeneration process as
perfect. There is only one study that takes into account the



Fig. 3. (a) T-s and (b) PeV diagrams of the heat engine side.

B. Do�gan / Journal of Cleaner Production 265 (2020) 121823 3
regenerative heat loss for a duplex Stirling cycle in the open liter-
ature. Dai et al. (2019) proposed a thermodynamic model for a DSR
by considering the power and cycle time equalities.

Varying types of Stirling engines have been investigated from
different aspects by the researchers in the last decades. Duplex
Stirling is one of a kind application that allows benefiting from two
of these engines, which are constructed in a back to back configu-
ration. As it could be seen above, there has not been an article that
addresses the combined effect of parameters including regenerator
effectiveness, temperature, and compression ratios on the perfor-
mance of the duplex Stirling system in the open literature. There-
fore, the effects of operational and constructional parameters on
the performance of the DSR are investigated by focusing on the
regenerator effectiveness in this study. An analytical investigation
is accomplished to reveal the effect of the regenerator effectiveness
of both heat engine and refrigeration sides. The outcomes of the
study will allow going one more step forward by providing
necessary information about the combined effect of the parameters
on the performance of the DSR by implementing the regenerator
effectiveness inside.

2. Mathematical model of the thermodynamic analysis

Fig. 2 and Fig. 3 illustrate the T-s and the PeV diagrams for the
refrigerator and the heat engine sides of the DSR. The cycle
1R2R3R4R1R represents the refrigerator side of the duplex Stirling
cycle with a perfect regeneration process which has the minimum
temperature of T2R, as shown in Fig. 2. T ’

1R and T ’
3R symbolize the

temperatures at the end of the constant volume processes due to
the imperfect regeneration.

In this study, polytropic processes are chosen instead of
isothermal expansion and compression processes for a more real-
istic approach by taking into account the temperature difference in
the regenerator. The exponent of the polytropic expansion process
(nR) is derived as a function of the exponent of polytropic
compression process (nCR ¼ 1:10), compression ratio rR ¼
ðV3R =V4RÞ>1, temperature ratio tR ¼ ðT2R =T4RÞ<1, and the
effectiveness of the regenerator εreg,R.

The cycle 1H2H3H4H1H represents the heat engine cycle of the
DSR with a perfect regeneration process which has the highest
temperature of T4H , as shown in Fig. 3. Similar to the refrigerator
side T ’

1H and T ’
3H symbolize the temperatures at the end of the

constant volume processes due to the imperfect regeneration, and
T1H and T3H are the temperatures at the exit of the regenerator after
a perfect regeneration process. The polytropic expansion and
compression processes are selected instead of isothermal pro-
cesses. nCH and nH symbolize the polytropic exponents for the
compression and the expansion processes, respectively. nCH is
Fig. 2. (a) T-s and (b) PeV diagrams of the refrigerator side.
constant as 0.85 and nH is derived as a function of the polytropic
exponent for the compression process nCH , compression ratio rH ¼
ðV1H =V2HÞ>1, temperature ratio tH ¼ ðT2H =T4HÞ<1, and the
effectiveness of the regenerator, εreg,H.

The heat engine and the refrigeration cycle are connected in a
back-to-back configuration with a power piston associated with
two free pistons as shown in Fig. 1. It is assumed that the work
output of the heat engine is used to drive the refrigerator side by
considering work equality. In the following section, thermody-
namic analysis of the DSR is performed under closed system
approximation for the heat engine and the refrigerator sides. The
irreversible heat transfer process and the flow friction losses in the
regenerators are represented by regenerator effectiveness which is
given in Eqs. (1) and (8) for the heat engine and refrigerator sides,
respectively. The polytropic exponents of nH and nR are determined
as the functions of regenerator effectiveness, temperature ratio, and
compression ratio as seen in Eq. (2) and Eq. (9). Therefore, varying
the regenerator effectiveness, temperature ratio, and compression
ratio affect the properties of the whole cycle. According to the
previous experience (Erbay et al. (2017); Do�gan et al. (2018)), he-
lium is selected as theworking fluid of both cycles at equal quantity.
The thermophysical properties of helium are considered as con-
stant and are given in Table 1.

The effectiveness of the regenerator for the refrigerator side
expressed in Eq. (1).

εreg;R ¼
T ’3R � T2R
T4R � T1R

(1)

The polytropic exponent of the expansion process (nR) for the
refrigerator side, which is derived by using Eq. (1), is given in Eq.
(2).

nR ¼1þ
ln
�

1
tR

�
1� rRð1�nCRÞ�tR

εreg;R

��
lnðrRÞ

(2)

The heat removal from the refrigerated space and its dimen-
sionless form are expressed as in Eqs. (3) and (4), respectively.
Table 1
The properties of helium.

R [kJ/kgK] Cp [kJ/kgK] Cv [kJ/kgK] k

2.08 5.19 3.11 1.67
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Q*
L ¼mRCvT4R

ðk� nRÞ
ð1� nRÞ

tR

�
1� rnR�1

R

�
(3)

QL ¼
Q*
L

mRCvT4R
(4)

The work consumed by the refrigerator is given in Eq. (5) and it
is expressed in a dimensionless form in Eq. (6).
W*
R;net ¼mRðk�1ÞCvT4R

"
nCR

nCR � 1
1� 1

rnCR�1
R

!
� nR
1� nR

tR

�
1� rnR�1

R

�#
(5)
WR ¼
W*

R;net

mRCvT4R
(6)

The coefficient of performance for the refrigerator cycle is given
in Eq. (7).

COPR ¼
QL

WR
(7)

The effectiveness of the regenerator for the heat engine side
expressed in Eq. (8).

εreg;H ¼ T ’3H � T2H
T4H � T1H

(8)

The polytropic exponent of the expansion process (nH) for the
heat engine side is derived by considering Eq. (8) and is given in Eq.
(9).

nH ¼1þ ln
�
tH þ εreg;H

	
1� tHrHð1�nCHÞ
�

lnðrHÞ
(9)

The heat addition to the heat engine side is given in Eq. (10) and
it is expressed in a dimensionless form in Eq. (11).

Q*
H ¼mHCvT4H

ðk� nHÞ
ð1� nHÞ

�
1� rnH�1

H

�
(10)

QH ¼ Q*
H

mHCvT4H
(11)

The work output of the heat engine is given in Eq. (12) and it is
expressed in a dimensionless form in Eq. (13).

W*
H;net ¼mHðk�1ÞCvT4H

"
nH
�
1� rnH�1

H

�
ð1� nHÞ

� tHnCH

�
r1�nCH
H � 1

�
ð1� nCHÞ

#

(12)

WH ¼
W*

H;net

mHCvT4H
(13)

The thermal efficiency of the heat engine is given in Eq. (14).

hth ¼
WH

QH
(14)

The overall performance coefficient of the duplex system is
determined in Eq. (15) by considering the performances of both
heat and refrigerator sides.

COPoverall ¼ hthCOPR (15)

Finally, the performances of the refrigerator and heat engine
side are limited separately in the second law of thermodynamics
point of view by Eqs. (16) and (17).
COPR;rev ¼
�
t�1
R � 1

��1
(16)

hth;rev ¼1� tH (17)

The comprehensive parametric investigation of the DSR has
carried out with regard to calculation procedure given in Fig. 4. As it
is presented, there is a sequence that has to be followed during the
calculations of the parameters and the unknowns either for the
refrigeration side or the correspondent of them for the heat engine
side of the duplex unit. The initial step of the entire parametric
analysis is the determination of the polytropic exponent nR within
the limits of the parameters (εR; tR; rR; nCR) that is bounded to.
After the determination of the nR, the cooling load (QL) and
required work (WR) are calculated, which are the functions of
polytropic exponents, temperature ratio, compression ratio, and
regenerator’s efficiency. After finding the QL and WR, the following
step is the calculation of the refrigeration side’s performance COPR
as their function. The final stage of the calculations for the refrig-
eration side is the decision of COPR ’s consistency with the second
law of thermodynamics, if it is beyond the limits of the reversible
cycle than that the particular set of parameters is eliminated and
not included to the presented data in the following calculations, if
not they are plotted on the given figures.

The calculations for the adjunct side of this duplex system be-
gins with the determination of the heat engine side’ compression
ratio rH is derived from the produced work that has to be exactly
the same amount consumed by the refrigeration side. In the
following, polytropic exponent (nH) is foundwithin the limits of the
parameters (εH ; tH ; rH ; nCH). As a further step the heat addition is
determined and the thermal efficiency of the heat engine is
calculated. Similar second law consistency is examined as con-
ducted in the refrigeration side, and the calculated amount is
compared with the reversible efficiency which is a constraint for
the applicable designs. After the comparison, if the calculated value
is above the reversible limits than that value is discarded and not
presented in the figures as a possible design condition.

After the determination of possible working conditions and ef-
ficiencies for both sides, the overall performance of the integrated
systemis calculated tofindout theperformanceof theentire system.

3. Results and discussion

Parametric performance assessment for a DSR with imperfect
regeneration is presented in a wide range in this section. In the
analysis, either the sole or combined effect of the regenerator
effectiveness (0.80� ε �1.00), temperature ratios (0.35� tR � 0.60)



Fig. 4. The calculation procedure for the overall performance of the DSR.
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and compression ratios (2.0� rR �3.5) of the system are studied in
detail.

The initial step for determination of the performance of the
duplex system is being observed by the performance coefficient of
refrigerator side, COPR. The assessment of the COPR is examined
according to the change of three basic parameters as εR; tR and rR,
and the results are summarized in Fig. 5. Each figure refers to
different compression ratios of the refrigeration which changes
from rR ¼ 2.0 to 3.5 while the regenerator effectiveness and tem-
perature ratio varies in these figures in the range of 0.80� εR � 1.00
and 0.35� tR �0.60, respectively. As regards to the parametric
plots, when tR increases, cooling load ascends too and as a
consequence, performance gets better in all presented figures or
compression ratio conditions.

It would be very useful to highlight the direction of the εR
change to prevent any misunderstanding, the lowest effectiveness
value is on the right (solid line with circles) and the highest one is
on the left (solid line with square), so the increment is from right to
left. When a single compression ratio case is taken into account for
a particular cooling load value, it could be observed that, when the
regenerator effectiveness has higher values, the performance be-
comes better. The major reason for this is the reduction of the
required work for that particular load which is compensated by the
accession of effectiveness.



Fig. 5. The performance coefficient of the refrigerator side (COPR) with respect to cooling load (QL) and the regenerator effectiveness (εR).
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By considering the integrity of all figures (Fig. 5a�d), the impact
of the compression ratio’s increment on the performance coeffi-
cient is tentative. One important outcome as regard to this para-
metric investigation is the data which obeys to the second law of
thermodynamics becomes lesser as the compression ratio in-
creases. As the compression ratio ascends gradually, the data ob-
tained within the limits of Carnot efficiency reduces gradually as a
consequence of the combined effect of studied parameters. In
particular, the DSR systemwith high regenerator efficiency (εR) and
temperature ratio (tR) begins to fail as the compression ratio in-
creases. As regards to this combined effect of the crucial parame-
ters, the data which is divergent with the second law become more
when all three reaches to their highest values among the analyzed
conditions (Fig. 5d).

When a particular performance coefficient is taken into account
for a better comparison in Fig. 5a, it is seen that a couple of
alternates emerge to attain the same performance. In the case of
COPR ¼ 1.0, one of them is tR ¼ 0.53, and QL ¼ 0.19 when the
effectiveness of the regenerator on the refrigerator side, εR ¼ 1.00;
the second alternate to provide the same performance is obtained
when tR ¼ 0.55, and QL ¼ 0.25 where εR ¼ 0.85. As seen the cooling
load and the temperature ratio should be increased for the same
COPR, when the effectiveness of the regenerator is low. Similar
cases could be seen in the rest of the figures (Fig. 5b�d) which have
similar trends. It is understood that the systems with low regen-
erator effectiveness can only be applicable in case of higher tem-
perature ratio and cooling load.

The importance of the target cooling load is underlined by the
given diagram since the ranges of the QL evolves from 0.11 to 0.28
(Fig. 5a) to 0.22e0.43 (Fig. 5b) which also relies on the combined
effect of the parameters. If a closer look is taken to a particular
cooling load value among these figures, such as QL ¼ 0.2 the
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performance values (COPR) could be read approximately as; 1.14 at
rR ¼ 2.0, 0.69 at rR ¼ 2.5 and 0.52 at rR ¼ 3.0 for the highest
regeneration effectiveness (εR ¼ 1.00). As it is noticed, if the system
has lower cooling loads, then lower compression ratios would meet
the requirement but as the cooling load target grows, lower rR
values will be insufficient. In the same particular case, the impor-
tance of the regeneration effectiveness steps forward either, as the
εR drops down, it leads to a serious fall in the performance of the
system. The COPR of the corresponding cooling load of QL ¼ 0.2 at
rR ¼ 2.5 (Fig. 5b), reduces from 0.69 to 0.59 range as εR falls from
1.00 to 0.95.

The next step is the parametric observation of heat engine’s
performance (hthÞ which is conducted by considering the effec-
tiveness of regenerator (εR ¼ εH), temperature ratio (tRÞ and
compression ratio (rR) of the refrigeration side, as shown in Fig. 6.

The parameters that pertain to the refrigeration side are
Fig. 6. The thermal efficiency of the heat engine side (hth) meeting the requirement of the
(εR ¼ εH).
dominating the analysis for the heat engine side since the investi-
gation is conducted for the determination of corresponding heat
engine parameters which could meet the requirement of the
refrigeration side. The necessary data used in the study is gathered
by the following calculation sequence.

First, the cooling load is calculated, then the required work for
this particular load individually is found without knowing the
compression ratio of the heat engine side (rH) as given in Fig. 4.
Since the work consumed by the refrigeration is equal to the work
output of the heat engine, the compression ratio (rH) of heat engine
which could maintain this equality is calculated by the root finding
method. Finally, the heat input and thermal efficiency of the heat
engine side (hth) is calculated with rH found previously and
tH ¼ 0.2.

The change in rH could be tracked on the figure by the green line.
The thermal efficiency of the heat engine side (hth) is plotted with
refrigerator side with respect to the heat input (QH) and the regenerator effectiveness
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respect to heat input for varying values of εR ¼ εH (0.80e1.00), tR
(0.35e0.60) and rR (2.0e3.5). As it is obvious from Fig. 6 that the
thermal efficiency of the heat engine becomes better in all
compression ratios when the regenerator effectiveness ascends.
The curve on the right which is drawn by a solid line with a circle is
the lowest regenerator effectiveness (εR ¼ εH ¼ 0.80) and it grows
from right to left where it ends up with a solid line with diamond
(εR ¼ εH ¼ 1.00). As for the temperature ratio effect, the thermal
efficiency increases as the temperature difference between the
sources ascends. The mentioned trend could be observed in each
figure of compression ratios (rR¼2.0e3.5) within almost the same
range of limit values. Even though heat input and thermal efficiency
evolve in similar ranges, it is very important to keep in mind that
these are the correspondent data of the target cooling loads
calculated previously. So while interpreting the figures, the reader
should avoid considering the figures as alternate to each other.

Among all investigated cases given in Fig. 6a�d, the performance
does not rely on a parameter solely, the combined effect of them
instead. When the evolution of the plots observed, and focus on a
particular temperature ratio such as tR ¼ 0.35, it is seen that the
lower values of regenerators’ effectiveness (εR ¼ εH), needs higher
compression ratios (rH) on the heat engine side to achieve the tar-
geted work equality. But it should be noted that the rise of the
compression ratio leads to a fall on the thermal efficiency of the heat
engine side (hth), as a result of the decrement of the regenerator’s
contribution to the heat requirement for the production of thework
on the heat engine side. Since this deficit can be compensated by the
additionofmoreheat for theparticularworks, the thermal efficiency
falls as a consequence of this natural process. As the compression
ratio rR ascends gradually, the number of investigated conditions of
the DSR that obeys the second law descends gradually too. The
number of conditionswhich are against the second lawgrows as the
compression ratio rises, in particular at the higher temperature ra-
tios (tR). It canbe stated that theDSRoperations start to fail once tR >
0.50 when compression ratio rR is 2.5, tR > 0.45 when compression
ratio rR is 3.0 and tR > 0.40when rR is 3.5. From the Carnot efficiency
aspect, these ranges can be considered as the applicable thresholds
of the DSR operations. The designs beyond these ranges are not
applicable with regard to identified constraints.
Fig. 7. The performance coefficient of the refrigerator side (COPR) with respect to work
consumed by the refrigerator side (WR) under the work equality constraint.
The relation between COPR andWR is presented in Fig. 7 to show
the impact of the work on the performance. The evolution of COPR
versus WR is investigated with regard to ε (0.80e1.00), tR
(0.35e0.60) and rR (2.0e3.5) in the given ranges. To provide a better
look at the big picture, all four sets are given in the same figure at
once. Each set of data which belongs to an individual compression
ratio (rR) are colored independently from previous sets. The major
relation which can be noted at first glance is the inverse proportion
with the work and performance, as the work increases the per-
formance reduces. So basically the conditions whichmake thework
requirement higher, lead to a reduction in the performance of the
refrigeration. As expected the regenerator effectiveness has a very
important role in the performance, as the εR increases, the perfor-
mance becomes better. The highest value in each data set belongs
to the highest effectiveness value. But unfortunately, it is not the
only condition that would maintain higher performance. The per-
formance is depended on to the combined effect of the given pa-
rameters (εR, tR and rR). As the temperature difference increases
between the sources (tR reduces), the WRascends which reduces
the performance ðCOPRÞ of the refrigerator.

The operational constraints due to the second law or Carnot
efficiency emerges at this diagram once again. Even though a
gradual increment can be expected when the first set of data which
pertain to rR ¼ 2.0 is taken into account, the plotted data gradually
reduces due to the inconsistency of them with the second law. If a
closer look is taken to a particular value, the evolution and the
combined effect of the parameters could be seen better. For
instance, in Fig. 6a, for WR ¼ 0.25 in the compression ratio cluster
for the rR ¼ 2.0. The performance value (COPR) that correspond to
this work value ðWR ¼ 0.25) is 0.54 when ε ¼ 1.00 and tR ¼ 0.35,
while COPR is 1.06 when ε ¼ 0.85 and tR ¼ 0.55. As it could be seen
none of the parameters is sufficient to improve the performance
solely, it can be low even the εR has the highest and it can be high
even if εR is the lowest.

In Fig. 8, a similar examination is conducted to see the impact of
the parameters (εR , tR and rR) via WR on to the overall system’s
performance COPoverall. Similar evolution trends are observed by
some exceptions. By the increment of the rR, as the regenerator
Fig. 8. The overall performance coefficient of the refrigerator side (COPoverall) with
respect to work consumed by the refrigerator side (WR) under the work equality
constraint.



Fig. 9. The overall performance coefficient of the refrigerator side (COPoverall) with respect to overall performance coefficient of the refrigerator side (COPR) and the regenerator
effectiveness (εR ¼ εH).
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effectiveness approaches to 1.00, the system requires lesser work
and performance improves. Besides, as the temperature difference
increases the performance falls due to the increment of the work
requirement.

Similar limitations as a consequence of the second law arose at
this diagram too as per the earlier figures. Although all the inves-
tigated conditions obey the second law when rR is 2.0, the number
of data which become against the Carnot efficiency ascends as the
rR increases. Even though the overall trend of the evolution is in
increment with regard to the rise of the compression ratio, this
trend is not very noticeable since the data plotted in these clusters
are getting less in each step gradually. For instance, when rR is 2.0,
all six tR data can be displayed at ε ¼ 1.00 since they don’t disagree
with the second law but as the rR increases from 2.5 to 3.5 the
number of data that can be plotted by considering the law, reduces
to 4, 3 and 2 respectively which makes it difficult to display the real
impact of the compression ratio’s increment on the overall per-
formance. When the attention is paid on the clusters instead, the
importance of the combined effect could be seen better since plots
over crosses at a particular condition in every one of them. For
instance, in the cluster of rR ¼ 2.0, when a closer look is taken to
WR ¼ 0.17 it is seen that the correspondent overall performance of
the DSR is COPoverall ¼ 0.86 when ε ¼ 1.00 and tR ¼ 0.55, the same
WR ¼ 0.17 could be consumed (produced) by DSR when the per-
formance COPoverall ¼ 0.76 for ε ¼ 0.95 and tR ¼ 0.6 either. The
superiority of plot that pertains to ε ¼ 1.00 changes to the one that
belongs to ε ¼ 0.80 in the rest of the investigated conditions. Once
again it could be observed better on a particular case, for instance,
when WR ¼ 0.26, the overall performance of DSR is 0.42 when
ε¼ 0.80 and tR ¼ 0.50; while the overall performance of the system
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becomes 0.29 when the ε¼ 1.00 and tR ¼ 0.35. This also underlines
the importance of the coupling effect of the parameters for both
sides instead of taking into account them separately as indicated in
Fig. 7 and shows that different designs may be suitable for a certain
overall performance coefficient. Thus, it is understood that the
operating conditions are determining the dimensions of the DSR.

Finally, the overall performance of the system (COPoverall) is
examined by considering the performance of the refrigerator side
(COPR). The change is observed by using the same parameters in the
same ranges, 0.80� ε �1.00, 0.35� tR �0.60, and 2.0� rR � 3.5 as
shown in Fig. 9. The overall trend about the impact of the param-
eters on the performance is seen in the figures. The conditions
which improve the performance of the refrigerator side improves
the performance of the overall system either. As the ε grows from
0.80 to 1.00, the performance on both sides improves. The other
leading factor, tR increment also positively affect the performance,
as the temperature difference between the sources reduces, the
performance improves either. The increase of the other parameter,
rR, which is shown individually this time, also makes the perfor-
mance better as the compression ratio gradually increases. For
instance, the COPR and COPoverall values when ε¼ 1.00 and tR ¼ 0.40
are 0.40 and 0.54 at rR ¼ 2.0, 0.43 and 0.58 at rR ¼ 2.5, 0.46 and
0.61 at rR ¼ 3.0 and finally at rR ¼ 3.5, 0.48 and 0.65. This basic
example also clearly shows the combined effect of the parameters
on the performance of the sole system and duplex one. One other
major impact of the imperfect regeneration arose when the tem-
perature ratio between the sources of the refrigerator side (tR)
changes. For instance, in Fig. 9a, as the effectiveness values (εR ¼
εH) varies in the range of 0.80e1.00, the impact of tR on the overall
performance changes in different ranges.

For instance, when εR and εH falls from 1.00 to 0.80 for tR ¼ 0.4
value, the overall performance drops by half at this particular
temperature ratio, while the change of COPoverall occurs around one
third at tR ¼ 0.60. This phenomenon is similar in other compres-
sion ratios for the refrigerator side (Fig. 9bed). The inconsistency of
the obtained data with the second law of thermodynamics appears
in these figures set too. Like in the earlier figures the number of data
that obeys to the second law reduces gradually as the compression
ratio gradually increases. All the investigated temperature ratios
are applicable only if the compression ratio (rR) is 2.0, while the
conditions with higher temperature ratios become less pertinent at
the higher compression ratios. It can be reported that DSR opera-
tions start to fail once tR > 0.50 when compression ratio rR is 2.5, tR
> 0.45when compression ratio rR is 3.0 and tR > 0.40when rR is 3.5.
In the range of the given constraints, the first inconsistencies
emerge for ε ¼ 1.00 which is followed by 0.95 in Fig. 9b, 0.90 and
0.85 in Fig. 9c and 0.8 in Fig. 9d. As it could be seen that, when the
compression ratio reaches to 3.5, the possible design conditions
becomes limited as compared to the lower rR values.

4. Conclusion

In this study, the assessment of the imperfect regeneration
process for a DSR is presented in the thermodynamic point of view.
The ultimate purpose of the study is to determine the effect of the
imperfect regeneration process by taking into account the
constructional and operational parameters for both refrigeration
and heat engine sides. In the meantime, the heat engine side per-
formance in terms of thermal efficiency and overall performance
coefficient of the DSR is assessed by considering the same regen-
erator effectiveness for both sides. Even though the individual ef-
fect of the parameters on the duplex Stirling could be observed
during the analytical study, more importantly, the overall perfor-
mance of the duplex system relies on the combined effect of the
parameters instead of their sole effect. By considering the
combined effects of the regenerator effectiveness, temperature and
compression ratios, it can be seen that the possible design sets are
decreasing among the investigated cases in the second law of
thermodynamics point of view when these parameters get higher
values. In particular, even if the other parameters remain constant,
only the increase in the compression ratio of the refrigerator side
reveals the impossible design sets. It is found that the number of
possible design sets is reduced by half within the investigated cases
when the compression ratio of the refrigerator side increases from
rR ¼ 2.0 to 3.5. The sole effect of the low regenerator effectiveness
revealed that the higher temperature ratios were needed for the
same performance coefficient. If the combined effect of the
regenerator effectiveness, temperature and compression ratios are
considered, some threshold ranges emerge for the applicability of
DSR. The DSR operations start to fail when rR ¼ 2.5 and tR>0.50,
rR ¼ 3.0 and tR>0.45, and rR ¼ 3.5 and tR>0.40. Therefore, the
combined parametric effect considered in the present study has
been the hearth of the duplex Stirling arrangement to be developed
and extensively used in practice.
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