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In order to evaluate the irreversibility and exergy losses of the regenerators in a
solar beta-type free piston Stirling engine due to flow friction, 1-D thermodynam-
ic model to quantify exergy loss in the regenerators are built. The effects of im-
portant parameters, such as oscillating flow pressure drop, the exergy loss to
flow friction, the exergy losses to conduction heat transfer at the hot and cold
side of the regenerator and the percentage of Carnot efficiency of Stirling engine
are presented and studied in detail. Results show that exergy loss decreases with
the increase of the porosity and matrix diameter. As for the regenerator length,
there is an optimum value that is equal to 0.035 m where the exergy loss is mini-
mal and the percentage of Carnot efficiency is maximal. Therefore, some pa-
rameters should be selected reasonably to meet the overall design requirements
of a solar Stirling engine.
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Introduction

In recent years, solar energy has been concerned increasingly with the serious ener-
gy problem. Dish-Stirling solar power generation system is one of the solar energy utilities
and has a broad prospect. Dish-Stirling systems have demonstrated good efficiency of any
solar power generation system [1]. Stirling engines operate in a closed cycle with a working
fluid of Helium. Working fluid is circulated in two working spaces (compression space and
expansion space) and three heat exchangers (a cooler, a regenerator and a heater) [2]. A solar
free piston Stirling engine (FPSE) is presented in this paper. A regenerator, as a key compo-
nent in a Stirling engine, plays an extremely important role in improving the efficiency of the
Stirling engine, and it always works in oscillating flow. The exergy loss of the regenerator
directly determines the efficiency of the whole system. Moreover, the efficiency of Stirling
engine mainly depends on the exergy loss of the regenerator which is influenced by the poros-
ity, heat transfer coefficient, mass flow and the dead volume of regenerator [3].

Some researchers have proposed a variety of methods for characterizing the heat
transfer of the regenerator under the condition of oscillating flow. Qvale and Smith [4] as-
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sumed sinusoidal pressure variation and mass flow rate with a phase angle between them, and
obtained an approximate solution for the thermal performance of a Stirling engine regenera-
tor. Ercan [5] carried out the numerical study of the regenerators of free-piston Stirling en-
gines using Lagrangian formulation.

Many methods were used for simulating the oscillatory flow of the regenerator
like CFD, Sage, and DeltakEC [6, 7], etc. For modeling the physical mechanism of the actual
Stirling engine, Sage [8, 9] was employed to quantify its irreversibility, and it has been used
by NASA GRC to predict and improve the performance of Stirling engine for a long time
[10-12]. As a powerful method for the design and analysis of thermal systems, exergy loss
analysis has been used to quantify exergy loss flow and exergy destruction in pulse tube
cryocooler [13].

In this paper, a Sage model for a solar beta-type FPSE is developed to analyze and
optimize its performance. Exergy losses due to flow friction and conduction heat transfer of
fluid, matrix and the regenerator wall between the hot end and cold end of the regenerator
are identified. Meanwhile, the percentage of Carnot efficiency of Stirling engine has been
investigated.

Model description

Figure 1 presents the schematic diagram of a solar Stirling generator. This structure
is a beta-type free piston Stirling generator (FPSG). It consists of a stirling engine and a linear
generator. The engine includes a heater, a regenerator, a cooler, as well as a piston and a dis-
placer situated at 60° angles to each other. The power piston and displacer are supported by
o e D [E]_ initial hot and cold end temperature of
the regenerator is 923 K and 323 K,
respectively.

In the regenerator model with a
woven screen matrix of the FPSE,
there are several exergy losses that

Heater

« N -

= = ———uif must be taken into account. These are:
Displacer Piston Elesures——1 | (1) exergy loss to heat conduction di-

_ o rectly through the cylinder wall, (2)
Figure 1. Schematic diagram of beta-type FPSE exergy loss to heat conduction through

the steel matrix, (3) exergy loss to heat
conduction through the working gas in the regenerator, and (4) the exergy loss to flow fric-
tion. This model assumed a conduction boundary condition between the woven screen ma-
trix and the cylinder wall. Input parameters to Sage-based model of the regenerator include
regenerator length, porosity, wire diameter, etc. The output results are exergy loss to flow
friction and heat flow, etc.

Exergy loss analysis

The method of exergy analysis is based on the Second law of thermodynamics and
the concept of irreversible production of entropy. Similar to most Stirling engines, the major
loss occurs within the regenerator. Figure 2 depicts important parameters used in quantifying
the interaction of pressure with regenerator. The parameters M and p are the amplitudes of
mass flow and pressure, respectively.
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There are three exergy losses to 'n['et E>|<it

conduction heat transfer between the hot i, = Msin(wt) i, = Msin(wt + 6,)

B — e _
end and cold end because of huge tem- . REGEHHIEE
perature gradient. The entropy generation P, =P, +psinwt + ¢)) P,= P, + psin(wt + ¢,)
of heat flow can be expressed:

qAT Figure 2. Regenerator schematic with important
Seond =—¢ @ (1) modeling parameters

dt dv

where q is the normal heat flow (conduction heat transfer) and AT represents the temperature
difference. Entropy generations are expressed as exergy outputs by multiplying the entropy
integrals by To, the normalization temperature of the root Stirling model component:

qAT

cond -

)
dt dv

The porous metals used in the regenerator could also cause the flow resistance loss
due to the generation of inevitable pressure drop. The entropy generation of viscous friction,
in 1-D flow, may be calculated:

UAVP
flow - Eﬁg& T (3)
dt dx

where UA is the volumetric flow rate and VP represents that part of the pressure gradient due
to viscous friction. Then the exergy output is defined:

UAVP
Eflow = _Toé SB

dt dx

(4)

According to the previous equations, the exergy balance for the regenerator system
is defined:

E. =E, —E, =E_,+Eqy, (5)

loss — in out con

where Ej, and Eq; are the inlet and outlet exergy, respectively, and Ejqs; is the total exergy loss
of the regenerator.

In order to evaluate the performance of the Stirling engine, we define the percentage
of Carnot efficiency:

Wne
r]eff = Ent (6)
n= 77eff (7)
nCarnot

where Qj, is the absorbed heat by the heater, Wy — the net power of compressing consump-
tion, and expanding work, 7. — the actual thermal efficiency, and #camet is the Carnot cycle
efficiency.

Results and discussion

Figure 3 shows that the pressure drop varies with different lengths of regenerator
when the regenerator diameter is fixed in the whole model. For the operating frequency of 50 Hz,
the amplitude value of pressure drop in oscillating flow increases from 0.036 MPa to 0.098
MPa when the length increases from 0.025 m to 0.07 m. The reason is that the flow friction in
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the regenerator is proportional to its length, resulting in the increase of the flow friction while
the axial pressure drop increases. In short, the change of axial pressure drop will affect the
exergy loss to flow friction.
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Figure 3. Pressure drop variation with length for (a) oscillating flow and (b) amplitude value

Figure 4 shows the total exergy loss, E s, and exergy loss distribution of heat con-
duction and flow friction of the regenerator at different regenerator lengths. In fig. 4(a), the
exergy loss to flow friction, Egqy, increases with the increase of the regenerator’s length. The
pressure drop in the regenerator is mainly affected by its length. If neglecting the change of
physical property and keeping other parameters unchangeable, the pressure drop and exergy
loss in the regenerator varies almost linearly with its length. The exergy losses to heat conduc-
tion of matrix and fluid, Enaix and Egyig, is also related to the length, and the temperature
difference between the inlet (hot-end) and outlet (cold-end) decreases with the increase of its
length. The exergy loss to heat conduction of wall, E,.;, decreases much more rapidly than
Esnuig and Enayrix, the reason is that the temperature difference, AT, of hot end and cold end of
wall is not changed so much, while the AT of fluid and matrix increases. Therefore, the total
exergy loss decreases when the length changes from 0.025 m to 0.035 m, and then increases.

In fig. 4(b), the description of Eq,q accountes for the largest proportion of 72% to
21% as evidenced by a large regenerator length and a short temperature difference. However,
the description of Egq, accounts for 28% to 79%, which can surely be reduced by improving
the design of the regenerator. This result above indicates that Efqy and Eg.ng are sensitive to
regenerator length.
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Figure 4. Exergy loss variation with length for (a) exergy losses and (b) exergy loss distribution
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Figure 5 shows the total exergy loss,

E\ss, and the percentage of Carnot efficien- 640 o
cy, n, of Stirling engine at different regen- 620, 63
erator lengths. The Ejoss increases with the _ 600 f X
decrease of regenerator length from 0.025 2 sg0 | 1-o-E,, 60 >
m to 0.04 m and then increases rapidly. 8 .o, | 2= [ 578
The y firstly increases. When the length & _ | | ~ &
reaches approximately 0.035 m, it reaches 545
its maximum value and then decreases 520 ‘ i -
rapidly with the increase of regenerator 500 f T
length. These results indicate that the 480 48
length of regenerator is an important pa- 0.02 003 004 005 006 007 008 0.09

rameter that should be optimized in the Length of regenerator [m]
design to obtain a preferred thermal effi-
ciency. Furthermore, for the regenerator
with a specific diameter, there should be an
optimal length of the regenerator where the minimal total E,. can be achieved.

In the model, the matrix diameter and the length of regenerator are fixed. The mass
flow under oscillating flow is nearly not changed. Figure 6 shows the pressure drop under oscil-
lating flow and the amplitude value of pressure drop with porosity ranging from 0.7 to 0.85.
From fig. 6, it can be seen that when increasing porosity, pressure drop will decrease from 0.17
MPa to 0.038 MPa. The reason is that the large porosity leads to the increase of the free flow
area and low friction factor. Therefore, flow friction loss will also decrease. However, the per-
formance of heat transfer will be worse because of the decrease of the heat transfer area. In sum,
porosity becomes increasingly sensitive to pressure drop. These results above suggest that the
suitable porosity should be considered to improve the performance of the regenerator.

Figure 5. Exergy loss and percentage of Carnot
efficiency variation with length
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Figure 6. Pressure drop variation with porosity for (a) oscillating flow and (b) amplitude value

Figure 7 shows the exergy 10sses, Ejoss, Efiows Ematrix» Efiuids Ewan, @nd exergy loss dis-
tribution, Esiow, Econg, at different porosity. In fig. 7(a), Eqow and Ejess in the regenerator de-
crease with the increase in porosity. The reason is that the pressure drop in the regenerator
decreases with the reducing of the flow velocity because of big porosity. The exergy losses to
heat conduction of the wall, the fluid and the matrix change slightly. For instance, Efqy and
E\oss decrease from 734 W to 55 W and from 998 W to 308 W, respectively. In fig. 7(b), the
distribution of Egq accountes for 75 % to 15 % because of a large pressure drop. The distri-
bution of exergy loss to heat conduction, E.,ng, increases from 25% to 85%. This result indi-
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cates that Egy is much more sensitive to the porosity of the regenerator. The capacity of heat
storage decreases with the porosity increasing. In other words, when the number of filled
screen decreases or the porosity decreases, the heat transfer area per unit volume will decrease
quickly. At the same time, the flow area increases, and the pressure drop decreases, then Egqw
decreases. Therefore, several requirements on the regenerator are contradictory, focusing on
the requirements of the porosity. The pressure drop should be reduced by increasing porosity
while the porosity should be reduced to achieve a good thermal performance. Consequently,
porosity should be chosen rationally during the practical work in subsequent.
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Figure 7. Exergy loss variation with porosity for (a) exergy losses and (b) exergy loss distribution

Figure 8 plots the total exergy loss,
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According to the previous results, the Porosity

optimum design between Egqoy and Egong IS
determined by both the porosity and the ma-
trix diameter. The change of matrix diameter
affects the porosity simultaneously. For a given regenerator length of 0.4 m, the relationship
between the matrix diameter and pressure drop of the regenerator is studied in this section.
Figure 9 reveals the pressure drop at different matrix diameters from 1.5-10° m to
3.0-10"° m. As can be seen in fig. 9, increasing matrix diameter results in the decrease of pres-
sure drop. For instance, the amplitude value of pressure drop is 0.14 MPa for the dy, of 1.5.10°
m, and the 0.41 MPa for the 3.0-10° m, respectively, as shown in fig. 9(b). It should be noted
that the decrease of matrix diameter leads to the change of the resistance structure. Therefore,
the heat transfer area of the matrix becomes larger, resulting in a better characteristic of heat con-
duction and less pressure drop. It is helpful to increase the performance of the Stirling engine.
Figure 10 shows the diagram of the exergy losses vs. matrix diameter. The exergy
loss to flow friction, Egqew, and total exergy loss, E o, decreases gradually with the increase of
matrix diameter, and other exergy losses to heat conduction increase slowly in fig. 10(a). As a

Figure 8. Exergy loss and percentage of Carnot
efficiency variation with porosity
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matter of fact, Eong iS proportional to the cross-sectional area, the temperature difference at
inlet and outlet, and the regenerator length while the change of temperature difference is near-
ly small. Consequently, Eqyiq l0ss increases from 27 W to 40 W.
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In addition, the decrease of pressure drop (shown in fig. 9) leads to the reduction
of Eqow. Hence, the E,oss decreases. In fig. 10(b), the distribution of Ege, accountes for
72% to 42% and the Eong ratio changes from 28% to 58%. These previous results indicate
that the increase of the matrix diameter can reduce the pressure drop. The pressure drop
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Figure 11. Exergy loss and percentage of Carnot
efficiency variation with matrix diameter

loss decreases rapidly, which can effec-
tively reduce the Ego, Of the regenerator.
However, it should be noted that design-
ing a regenerator with such a big matrix
diameter might bring some problems in
practice.

Figure 11 shows that E;,s and 7
vary with the matrix diameter. As shown
in fig. 11, the matrix diameter ranges
from 1.5:10° t0 3.0-10 ° m, at which Ejss
varies from 850 W to 435 W, and # of
Stirling engine varies from 48% to 65%
when the length is 0.04 m.
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Conclusions

This study is used to quantify losses in an annular regenerator of Stirling engine by
changing the length, the porosity and matrix diameter using exergy loss analysis. Results
showed that the three parameters of the regenerator of a solar Stirling engine had a significant
impact on the total exergy loss statistically. The total exergy loss first increased and then de-
creased as the length of the regenerator increased. It decreased with an increase of both the
porosity and matrix diameter of the regenerator. According to the optimal design and actual
operation of the Stirling engine, it reveals that suitable performance can be achieved when the
optimal value of the regenerator is with porosity of 0.85, the length of about 0.04 m. Howev-
er, the results above are preliminary design parameters, and the regenerator is affected by
multi-parameters, and its performance needs to be measured in the later experiment. Further-
more, this paper proposes the optimizing design guidelines of the Stirling engine and regener-
ator to promote its utilization in solar energy.
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Nomenclature

A — cross-sectional area, [m?] T — temperature, [K]

L — length of regenerator, [m] U — velocity, [ms™]

M — amplitudes of mass-flow rate, [kgs™] w — net power, [W]

m — mass flow rate, [kgs™?]

P — pressure amplitude, [Pa] Greek symbols

q — heat flow, [Wm™] n — efficiency, [-]

Q — heat, [W] ® — angular frequency, [rads ]
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