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Abstract: There are two kinds of working mechanisms for the Stirling cycle, i.e., the positive and
the reverse cycles, and a Stirling engine (SE) can be operated as a Stirling refrigerator (SR). This
indicates that a probable practical method for evaluating the performance of a Stirling engine is
to run it as a refrigerator, which is much easier to operate. For this purpose, an improved Simple
model for both the positive and the reverse Stirling cycles, considering the various loss mechanisms
and actual operating conditions, is proposed and verified by a self-designed Stirling engine. As
to the positive cycle with helium and nitrogen at 2.8 MPa, the model errors range from 5.4-11.3%
for the indicated power, and 1-10.2% for the cycle efficiency. As to the reverse cycle with helium
and nitrogen, the errors of the predicted input power range from 7.9-15.3% and from 2.5-10.9%,
respectively. The experimental cooling temperatures can reach —92.2 and —53.6 °C, respectively,
for the reverse cycle with the helium and nitrogen at 2.8 MPa. This Stirling-cycle analysis model
shows a good adaptability for both the positive and the reverse cycles. In addition, the p-V maps of
the positive and reverse cycles are compared in terms of “pressure ratio” and “curve shape”. The
pressure ratio of the reverse cycle is significantly higher than that of the positive one at the same mean
pressure. A method is proposed to predict the indicated work of the positive Stirling cycles using the
reverse ones. A mathematical model to predict the indicated power of the positive Stirling cycles
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based on the reverse ones is proposed: _Vg(’;“” =A (7 szgcz) . The most critical issue with this
cooll gcl gel

method is to establish an associated model of the temperatures of the expansion and the compression

space. This model shows a good adaptability for both the positive and the reverse cycles and can
provide detailed information for deep discussion between the positive and the reverse cycles.

Keywords: stirling engine; Stirling refrigerator; analysis model; p-V map; working gas; temperature

Highlights:

An analysis model is proposed for positive and reverse Stirling cycles.

Positive and reverse cycles are analyzed at different gases and rotary speeds.
Maximum relative error is <15.3% for both the Stirling engine and the refrigerator.
A method to predict performance of positive cycles is based on reverse ones.

1. Introduction

It is imperative to search for other alternative sources of energy on account of the finite
amount of fossil fuels in the world. Solar energy is an attractive option due to its availability
in a large portion of the world. The Stirling engine is a reciprocating piston power machine
driven by flexible heating sources, which has a broad potential for application in the fields
of solar thermal power, waste-heat utilization, and combined cooling, heating, and power
systems [1-4].

The Stirling-cycle analysis methods can be divided into five categories (zeroth-order,
first-order, second-order, third-order, and fourth-order analysis methods). Recently, some
models have been developed to accurately predict the performance of Stirling engines.
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However, most of these models are not suitable for wide speed range, especially at a high
rotational speed. Fawad et al. [5] analyzed the heat-transfer and flow-friction effects of
the heater, cooler, and regenerator on the performance of the engine using a quasi-steady
flow approach. Tlili [6] proposed an optimization method for an endoreversible Stirling
heat engine with finite heat-capacitance rates of the external fluids in the heat source/sink
reservoirs, which provided a finite time thermodynamic for the design, performance evalu-
ation, and improvement of the Stirling heat engine. Hosseinzade, H. and H. Sayyaadi [7]
established an analysis model called CAFS, which combined adiabatic analysis with finite
speed thermodynamics. Stirling engines can be designed in different types and capaci-
ties, and most performance tests need flexible, stable heat sources, whose heat-exchange
efficiency is relatively high, especially for some engines with a high power level, such as
the V-160 [8], Cummins Power Generation [9], I-98 [10], I-365 [11], Mod I [8], and some
double-acting Stirling engines [4,8]. It is noted that tests at high temperatures are not easy
to fulfil. Cinar et al. [12] tested an «-type Stirling engine heated with an electrical heater
within the range of a heater temperature of 800-1000 °C with 50 °C increments; however,
the maximum output power was only 30.7 W at 1000 °C. Cheng et al. [13,14] developed
and tested a beta-type 300 W Stirling engine whose results showed that the shaft power
can reach 390 W at 1400 rpm with 32.2% thermal efficiency. They also studied a 1-kW class
prototype Stirling engine heated by a 3-kW electric infrared heater whose results showed
that the output power may reach a maximum value at a certain rotational speed when
the control pressure of the working gas is not higher than 1 MPa. In addition, the Stirling
engine with a low temperature difference can be realized easily, and many researchers have
designed and tested different Stirling engines with a low temperature difference [15-18].

There are two kinds of working mechanisms for the Stirling cycle, i.e., the positive
and the reverse cycles, and a Stirling engine can be also operated as a refrigerator based
on a reverse Stirling cycle. Batooei et al. [19] optimized a y-type Stirling refrigerator
using a multi-objective optimization method and found out that the cooling capacity
increased with the rotational speeds while the COP had a maximum value. Guo et al. [20]
proposed a general analytical model for various types of Stirling refrigerators with a
good agreement with the experiment. Hachem et al. [21] studied a B-type Stirling engine
under different operating and geometrical parameters and investigated the effect of the
geometric parameters. The results showed that regenerator porosity should be about 85%
for the maximum refrigeration power, and the optimal values of the regenerator length
and diameter for the prototype were about 60 mm and 22 mm, respectively. Tekin et al. [22]
performed a thermodynamic analysis of a V-type refrigerator with air, Hy, and He, and the
instantaneous pressure and the COP were calculated. The results showed that the COP
for the H, was higher than that for the He or air due to the low pressure drop and high
specific heat. Cheng et al. [23] developed a (3-type Stirling refrigerator that could reach
93 K with He at 1000 r/min and 3 atm. In addition, the total heat losses and the input
power increased with the cooling temperature decreasing, while the COP decreased. Li
et al. [24] built a free-piston Stirling refrigerator with an experimental cooling power of
350 W at 80 K and a relative Carnot efficiency of 26.8%. Smirnov et al. [25] developed an
a-type Stirling refrigerator with a high-tolerance, lubricated piston-cylinder pair and a
Ross-yoke transmission structure, finding that the loss of the ideal cooling capacity due to
gas leakages amounted to 2.2%.

A Stirling engine usually works with a stable heating source of 500-800 °C to produce
power, while a motor is required to drive a Stirling refrigerator in order to produce a cold
source of usually less than —80 °C. Generally, the operation of a Stirling refrigerator is more
convenient than that of a Stirling engine, whereby an operation can be easily regulated by
a motor. It is probably a practical method to test the design and test characteristics of a
Stirling engine run as a refrigerator, i.e., from a reverse cycle to a positive cycle.

However, most of the models were mainly used in a positive cycle or a reverse cycle.
Most of the models of a Stirling refrigerator were more concerned with the acquisition and
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optimization of the cooling temperature. It is worthy of research if a reverse Stirling cycle
can provide useful information for a positive cycle.

In the present work, a Simple model was improved to analyze the performance of both
the Stirling engines and the refrigerators by modifying various power and heat losses. An
experimental system based on a 3-type Stirling prototype was built to study the positive
and reverse Stirling cycles. The performance was further analyzed by experiment and
model to understand the effects of the rotational speed, pressure, and working gases. The
indicated power difference of the Stirling engine and the refrigerator is mainly caused by
the upper and lower temperature limit, and it is possible to use the temperature ratio to
establish the relationship between the positive and the reverse Stirling cycles, which means
the performance of a Stirling engine can be predicted by a Stirling refrigerator. A novel
method was developed to predict the performance of the positive Stirling cycles based on
the reverse ones.

2. Modeling and Experimental System of Positive and Reverse Stirling Cycles
2.1. Improved Simple Model Combined with Various Heat and Power Losses

Figure 1 illustrates a schematic diagram for a framework of an improved Simple model
combined with various heat and power losses, which was developed based on an ISAM
model [26,27] and can be applied to Stirling engines and refrigerators simultaneously. The
Stirling-cycle analysis model mainly consists of four parts: the adiabatic analysis module,
the loss analysis module, and the temperature and pressure check modules. Based on
an ideal adiabatic model, the power/heat losses of engine components and the actual
heat-transfer processes are fully considered. The control equations of the adiabatic analysis
model [4] are shown in Appendix A. The heat/power losses considered in the model
mainly include the heat conduction loss, regenerative heat loss, displacer shuttle heat loss,
flow resistance loss of the heat exchanger, cross-section mutation power loss, gas spring
hysteresis power loss, and seal leakage power loss.

(1) Heat conduction loss: heat conduction through the engine body.

(2) Regenerative heat loss: the temperature difference between the fillers and gas
cannot be neglected for an actual regenerator, indicating that more heat is needed for a
thermal cycle.

(3) Shuttle heat loss of the displacer: the displacer brings some heat from the hot
chamber into the cold one, which means the heater should absorb more heat.

(4) Flow resistance power loss of the heat exchanger: pressure drops in the heat
exchangers, especially in the regenerator, reduce the final power output.

(5) Cross-section mutation power loss: the velocity direction and pressure distribution
of the gas flow, due to the sudden expansion or contraction of the pipe section, which
makes a drop in the output power.

(6) Gas spring hysteresis power loss: for an ideal gas, the pressure/volume relationship
is either isothermal or adiabatic. For real gas, this imperfect thermodynamic process
dissipates some work.

The corresponding calculation equations of these losses are shown in Table 1. In the
model, the actual mass of the working gas calculated by the Schmidt model was corrected,
and the change of the physical parameters of the gas and the change of pressure and
temperature were coupled. The convergence criterion is achieved when the temperature
error is less than 1 °C and the relative error of the pressure is less than 0.1%. The smaller
values (such as 0.1 °C and 0.01%) were adopted, and the convergence results were almost
the same when calculating the convergence results. The above values (1 °C and 0.1%) were
adopted in order to save calculation time.
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Figure 1. Framework of the improved Simple model combined with various heat and power losses. O-Parameter initializa-
tion, I-adiabatic analysis module, II-loss analysis module, IlI-temperature check module, IV-pressure check module.

Table 1. Heat and power losses in analytical model.

Category

Equation

Description

heat conduction loss (W) [28]

Qu = kmAwAT
w = 1

Quw: heat conduction loss (W)
ky: material thermal conductivity (WK=3)
Ay: cross-sectional area (m?)
I: component length (m)

regenerative heat loss (W) [29]

Heat
losses

eross = ng - S)
_ _NT
&€= TINTU
NTU = $StAug/Ar
St = 0.46Re~04pr1

Qyoss: Tegenerative heat loss (W)
Q;: heat transferred to the regenerator (W)
e: regenerator effectiveness
St: Stanton number
Auwyg: regenerator internal wetted area (m?)
A,: regenerator internal free-flow area (m?)

displacer shuttle heat loss (W) [30]

2 2
p Spkg(Th—Tk)Dcy ( 140

1+A2

_ Ly Lip
A*Hm(ﬁiﬂm

— / 2kme
Ltc =2 panngZﬂw

_ 2kmp
Lt!’ = 2”\/ PmpCpp2miw

Qi =% oL,
kg

Qqp: shuttle heat loss (W)
Sp: displacer stroke (m)
K;: gas heat conductivity coefficient (Wm~1K™1)
Ly: displacer length (m)
o: gap between displacer and cylinder wall (m)
Ls: thermal wavelength (m)
Lic: thermal wavelength of cylinder wall (m)
Lip: thermal wavelength of displacer wall (m)
Kie: material thermal conductivity of cylinder (Wm~1K™1)
kmp: material thermal conductivity of displacer (Wm 1K ~1)




Energies 2021, 14, 7040 5of 25

Table 1. Cont.

Category Equation Description
Wy flow resistance loss of heat exchanger (W)
. 2C,erpgpgugV C,.r: Reynolds friction factor
flow resistance loss of heat Apr = *% f v Y id vol (m?)
exchanger (W) [31 2 - void volume {m
ger (W) [31] We = Jg 8 (Apr%)de Ay: cross-sectional (free flow) area (m?)
hj=1- %2 . ’z‘i hj: cross-sectional loss coefficient
cross-section mutation power 4 3 fig {Jggug Aq: small free flow area (m?)

loss (W) [28,32] Apj=1- Ay 2 Aj: large free flow area(m?)

Wiy = J (Ap 5 )0

Wep: gas spring hysteresis power loss (W)

Il’ower <: insulation factor
osses
) . _ Ty: average wall temperature (K
gas spring hysteresis power Wep = 5 Zlu?m,g,m: agerage presspure (MP;) )
loss (W) [331 \/éw“ﬁ (’Y - 1)Twpmmnkg(%) Aw AV:volume amplitude (m3)

Vp: mean volume of the gap spring cavity (m3)
Ay: mean wetted area (m?)

Wieak: seal leakage power loss (W)
Gmleak: leakage mass flow (kg-s’l)
Tieak: leakage gas temperature (K)
seal leakage power Wieak = ieak - CPS " Tieak AP: pressure difference (MPa)
loss (W) [33,34] _ APhg | uphy D¢: cylinder diameter (m)
mteake = PTEDe ( L T2 ) ho: cyl}i/nder wall roughness
u,: piston velocity (ms~?)
L: piston ring axial length (m)

As for the positive cycle, power losses directly affect the engine power whilst heat
losses affect its ability to absorb heat directly, impacting the working gas temperature of
the compression/expansion space and the cycle efficiency of the engine. However, for the
reverse cycle, the power losses directly affect the input power, with heat losses affecting the
actual cooling power of a cold head. This will also affect the temperature of the working
gas and COP. The heat absorption/cooling capacity and cycle power equations of positive
and reverse can be expressed as follows.

For the positive cycle:

Qach = Qudn + Quw + Qrioss + Qs (1)
Qacco = Qudco + Qu + Qrioss + Qsn + Wfr + Wf] + ng + Wieak 2)
Wacipo = Wadip — Wfr - ij - ng — Wieak 3)

While for the reverse cycle:

Qace = Qadn — Qu — Qrloss — Qs 4

Qacco = Quadco + Qu + Qrioss + Qsn + Wfr + ij + ng + Wieak (5)

Wacipi = Wadip — W — Wyj — Wep — Wigak (6)

The heat transfer process is implemented to obtain the actual gas temperature in the
hot/cold ends. 0

T — T _ acc 7

ge wh han @)

Tgc = ka - Qacco /hAco (8)

h=Nu-A/d ©)

Nu = 0.023-Re-0.8-Pr" (heat : n = 0.4, cool : n =0.3) (10)
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where Q,, is the actual heat input (W) of SE; Q.4 is the adiabatic analysis heat input (W);
Qucco is the actual cooling power (W); Q4. is the adiabatic analysis cooling power (W);
Wacipo 18 the actual cycle power (W) of SE; W4, is the adiabatic analysis cycle power (W);
Tge/ Tqc is the working gas temperature in the expansion/compression space (°C); Typ, / Tk
is the heater (heat absorber)/cooler wall temperature (°C); Aj,/Ac is the heater (heat
absorber)/cooler convection heat transfer area (m?); Q. is the actual cooling power of
SR (W); Wacipi is the actual cycle input power (W) of SR; Qy is the heat conduction loss (W);
Qyloss 18 the regenerative heat loss (W); Qg is the displacer shuttle heat loss (W); Wy, is the
flow resistance loss of the heat exchanger (W); Wy is the cross-section mutation power
loss (W); Wgy is the gas spring hysteresis power loss (W); and Wi, is the seal leakage
power loss (W).

2.2. Experimental System

The performance of the Stirling engine and the refrigerator was studied to verify the
accuracy and applicability of the improved Simple model. The three-dimensional structure
of the engine and the measuring point arrangement are shown in Appendix A, with
detailed parameters of the Stirling engine and the measuring instruments. Figure 2 shows
the Stirling engine and the refrigerator-performance test system, consisting of three parts:
a salt bath heating system, a 3-type Stirling engine, and a data acquisition system [26].
The Stirling engine was heated by a salt bath whose temperature was maintained at
535 °C £ 2 °C. The internal working gas of a Stirling engine experiences a Stirling cycle,
and the outputs work externally, driving a generator to create electricity. The Stirling
refrigerator-performance test system also included three main parts: a servo motor, a
refrigerator, and a data acquisition system. The measuring points of the Stirling engine
and the refrigerator mainly included the gas temperature in the expansion/compression
space, the gas pressure in the compression space, the temperature of the cooling water, the
engine speed, and the crank angle of the flywheel.

Figure 2. Stirling engine and refrigerator-performance test system. 1-molten salt heater, 2-heat tube, 3-regenerator, 4-gas

cylinder, 5-cooler, 6-displacer, 7-power piston, 8-buffer chamber, 9-Hall element, 10-flywheel, 11-diamond transmission,

12-generator, 13-compression space, 14-expansion space, 15-flow meter, 16-power meter, 17-electric load, 18-data acquisition

instrument, 19-computer, 20-motor, 21-motor controller. (I) salt bath, (II) Stirling engine, (III) data acquisition system,

(IV) Stirling refrigerator, (V) servo motor.



Energies 2021, 14, 7040

7 of 25

3. Verification of the Model with GPU-3 Stirling Engine

The model was validated and analyzed by taking the GPU-3 Stirling engine, which
was developed by General Motors [2,4], as a case. Some second-order analysis mod-
els [4,5,7,26,30] produced good results and exhibited good agreement with the experimental
data when compared with the original Simple model proposed by Urieli and Berchowitz [4].
Timoumi’s team [30] considered five kinds of energy losses, i.e., regenerator heat transfer
loss, shuttle heat loss, flow resistance loss, gas spring hysteresis loss, and heat conduction
loss. The finite speed thermodynamics principles were incorporated in the CAFS model [7].
The quasi-steady flow approach was adopted to analyze the heat-transfer and flow-friction
effects of the heater, cooler, and regenerator on the performance of the engine in Fawad'’s
optimization model [5]. Table 2 shows the model results compared with those of some
previous methods under rated conditions (a heat source temperature of 977 K, a heat sink
temperature of 288 K, an average pressure of 4.14 MPa, a rotational speed of 2500 r/min,
and a total mass of working gas of 1.1362 g). Compared with the ISAM model [23], the
cycle’s average pressure was corrected, and the accuracy was greatly improved with
the average pressure reduced from 4.26 MPa to 4.14 MPa and the mass from 1.255 g
to 1.137 g.

Table 2. Comparison of different models’ results with experimental data of the GPU-3 Stirling engine.

Type of model Cycle Power (W) Errolljrc:)vaecrycle Cycle Efficiency (%) Er]r;;ft:i;)ifegzr;le

Experiment [2] 3958 35

Adiabatic model (Urieli and Berchowitz [4]) 8300 109.7% 62.5 78.6%
Simple model (Urieli and Berchowitz [4]) 6700 69.3% 52.5 50.0%
Dynamic best model (Timoumi [30]) 4273 8.3% 38.49 10.0%
CAFS model (Hosseinzade [7]) 4107 3.8% 36.2 3.4%
Fawad’s optimization model [5] 4507 13.9% 36.56 4.5%
Improved Simple analysis model in this paper 4256 7.5% 35.3 0.9%

The model has a good applicability with a wide operating range. Figures 3 and 4
compare the indicated power and the cycle efficiency between the model values and the
experimental ones of the GPU-3 Stirling engine when working at different conditions.
The indicated power for Hj increases, while the cycle efficiency increases at first and
then decreases with the rise of rotational speed. The optimal rotational speed of Hj
is around 1500-2500 r/min. In general, the greater the pressure, the greater the corre-
sponding indicated power and cycle efficiency. As to He, the indicated power increases
at first and then gradually decreases with the increasing of the rotational speed, while
the cycle efficiency shows an overall downward trend. This is due to the sharp increase
in the flow resistance loss of the heat exchanger and the cross-section mutation power
loss as the rotational speed increases. Indicatively, the predicted errors of the power
and cycle efficiency are within 12% and 14%, respectively, when the rotational speed
is in a range of 1000-3500 r/min with the H, at a constant pressure of 1.38 MPa and
2.76 MPa. The predicted errors of the indicated power and cycle efficiency are within 9%
and 13%, respectively.
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Figure 3. Variation of operating performance with rotational speed (Hj; 1.38 MPa, 2.76 MPa).

Figure 4. Variation of operating performance with rotational speed (He; 2.76 MPa and 4.14 MPa).

4. A Method to Predict the Performance of Positive Stirling Cycles Based on Reverse
Stirling Cycles

The Stirling cycle, which consists of two isothermal processes and two isochoric
processes, can be used as a prime mover, a refrigerator, and a heat pump depending on the
direction of the cycle and the difference in the temperature of the hot and cold end. When
used as the prime mover, the Stirling cycle goes along the clockwise direction and absorbs
heat at a higher temperature. When used as a refrigerator, the direction of cycle is exactly
the opposite. The refrigerator is driven by a motor and requires an external input of electric
energy. Moreover, the cycle absorbs heat from the outside at a lower temperature.

Figure 5 shows the p-V map and the T-S map of the ideal Stirling cycle, showing
the cycle direction and temperature domain of the ideal Stirling cycle. The 1-2-3-4-1
positive cycle is the prime-mover cycle, and the 1-2-3’-4’-1 reverse cycle is the refrigerator
cycle. Based on the ideal Stirling cycle, the positive and reverse cycles have the same
compression work, but the expansion work of the positive cycle is much larger than the
compression work, and the area of 1-2-3-4-1 is the indicated work of the Stirling engine. As
to the refrigerator, the expansion work of the cycle is much smaller than the compression
work, and the area of 1-2-3’-4’-1 is the indicated work input; that is the reason why the
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refrigerator needs a motor to drag. According to the ideal Stirling-cycle map, the cycle
thermal efficiency of the prime-mover cycle and the coefficient of the performance of the
refrigerator are shown in Equations (11) and (12), respectively. The efficiency of the Stirling
cycle is the same as that of the Carnot cycle at the same temperature.

_ Cyclepower (W) _ _ Tc
= Absorbed heat (Qr) 1 Tk ()

T,
COP,; = Absorbed heat (Qg) _ ref (12)

Cycle power (W) Tc — Trer

where nc is the cycle thermal efficiency of the Stirling engine, COP,, is the coefficient
of the performance of the Stirling refrigerator, T¢ is the temperature of the gas in the
compression space, TE is the temperature of the gas in the expansion space, and T is the
refrigerator temperature.

Figure 5. Cyclic PV and TS diagrams of the Stirling cycle as prime mover and refrigerator.

The internal working gas of the Stirling engine carries on the complex oscillating
flow-heat and mass-transfer process, and in the applicability and accuracy of the Stirling
cycle model similar problems also exist. Some problems of the performance evaluation of
the Stirling engine caused by testing difficulties can be solved if the indicated work of the
Stirling refrigerator can be used to predict the Stirling positive-cycle results. Figure 6 is the
logic graph of the method to predict the performance of the positive Stirling cycles based
on the reverse ones. The method mainly includes three parts:

L. Carry out the positive and reverse Stirling cycles at the same low conditions according
to the same Stirling engine working as both a prime mover and a refrigerator.

II.  Establish a mathematical model based on the positive and reverse Stirling cycles in
part L.

III.  Carry out reverse Stirling cycles at high conditions and predict the performance of
the positive Stirling cycles based on the mathematical model in part I
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Figure 6. Method to predict performance of positive Stirling cycles based on reverse ones.

Specifically, the Stirling positive- and reverse-cycle experiments were carried out
under the same low conditions (mean pressure and rotational speed) to obtain the upper
and lower temperature limits of the Stirling cycle, including the gas temperature of the
expansion and compression space as well as the cyclic p-V diagram, which can be used
to calculate the indicated work. The most important part is to use mathematical models
to establish the relationship between the work of the positive and reverse Stirling cycles.
The mathematical model to predict the indicated power is shown in Equation (13). The
difference between the cycle works of the positive and the reverse Stirling cycles is mainly
affected by the cycle temperature difference in the case of controlling the same mean
pressure and the rotational speed. Equation (13) is used to establish a dimensionless
parameter based on temperature difference.

B
Wheat2 — A (Tgez - T8C2> (13)
—Weoont Tgcl - Tgel

where Wiea12/Weoor1 is the cycle power (W) of the positive/reverse Stirling cycle, Tgez/ Tge2
is the gas temperature in the expansion/compression space for the positive Stirling cycle,
and Tge1/Tgc1 is the gas temperature (K) in the expansion/compression space for the
reverse Stirling cycle, where A is the pressure term coefficient, related to the pressure.
When A < 1, the control pressures of the positive/reverse Stirling cycles are equal, and
the average temperature of the reverse Stirling cycle is lower, which means that the mass
of corresponding working fluid is larger. B is the temperature term coefficient, which is
assumed to be unchanged for the same Stirling engine. The Stirling engine cycle power
results under the needed conditions are predicted by performing a refrigeration cycle under
the required operating conditions and the indicated work relationship model.

5. Results and Discussion
5.1. Positive and Reverse Stirling Cycles” p-V Maps

As shown in Figure 7a, there is a “cusp phenomenon” in the p-V map obtained by the
ideal adiabatic model, which is more remarkable in the experimental results (Figure 7b).
The “cusp phenomenon” refers to the fact that the minimum volume part of the p-V map
is sharper than the maximum volume part. Figure 8 shows the variation between the total
volume of the expansion and compression spaces with the crank angle. The change rate
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of the volume near the minimum volume point is greater than that near the maximum
volume point, which contributes to the “cusp phenomenon”.

Figure 7. P-V map of different working gases (He, N, CO,; 1.96 MPa).

Figure 8. Variation of total volume and its differentiation of positive cycle.

Figure 9a shows the p-V maps of the positive and reverse Stirling cycles at the same
mean pressure. The distinction between the p-V maps is mainly reflected in the “pressure
ratio” and “curve shape”. The pressure ratio of the reverse Stirling cycle is significantly
higher than that of the positive one, and the p-V map of the Stirling engine is asymmetric,
while relatively harmonious, for the refrigerator.
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Figure 9. Performance variation of positive and reverse cycles.

For the positive cycle, the expansion-space volume continues to increase while the
compression-space volume decreases after the minimum volume point, and the tempera-
ture of the working gas increases overall; thus, the maximum pressure of the positive cycle
is ahead of the minimum volume point. Similarly, the maximum pressure of the reverse
cycle lags behind the minimum volume point, as shown in Figure 9b. The maximum
pressure of the positive cycle is smaller than that of the reverse one, as shown in Figure 9b.
In addition, the minimum pressure of the positive cycle is ahead of the minimum volume
point; however, that of the reverse cycle lags behind the maximum volume point. The mini-
mum pressure of the positive cycle is larger than that of the reverse one. The peak pressure
occurs at the expansion progress for the positive cycle and the compression progress for
the reverse cycle, while the trough pressure occurs at the compression progress for the
positive cycle and the expansion progress for the reverse cycle. The effect of the minor
loss caused by the sudden change of the cross-section area and flow resistance loss on the
positive cycle is more remarkable than on the reverse cycle, which is a possible reason for
the obvious “higher pressure ratio” phenomenon of the reverse cycle.

5.2. Performance of Stirling Engine

Figure 10a,b shows the changes in the indicated work and power with the rota-
tional speeds at a constant pressure of 2.84 MPa. Both the model and the experimen-
tal results demonstrate that the indicated work gradually decreases while the indicated
power increases, with a relative error range of 6.2-11.3%, as the rotational speed increases
with He.

Figure 10c shows that the cycle efficiency for He increases with the rotational speed,
while the slope of the increase gradually slows down. However, the cycle efficiency for N,
and CO; increases at first and then decreases, indicating that there is an optimal rotational
speed for a certain pressure. The value of the optimal rotational speed is ordered as
He > N; > CO; and decreases with the increasing pressure, as shown in Figure 10d. The
flow resistance loss of the heat exchangers and the regenerative heat loss of the regenerator
increases sharply as the rotational speed increases, resulting in a decrease for the indicated
power and a dramatic increase in the heat-absorption rate. The model’s predicted errors
are within 10.2%, 7.5%, and 13.7% for the He, N, and CO;, respectively.
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Figure 10. Variation of performance with rotational speed.

The indicated work and cycle efficiency are mainly influenced by temperature ratio,
pressure ratio, regenerative heat loss, flow resistance loss, and minor loss. The leakage
loss is independent whilst the flow resistance loss increases exponentially along with the
increase in the rotational speed, as shown in Figure 11; thus, the cycle power increases
slowly and even decreases. The total flow resistance loss increases from 1.0 W to 18.9 W,
from 4.42 W to 51.2 W, and from 8.26 to 63.1 W for the He, N, and CO, at 2.84 MPa,
respectively. The flow resistance for CO; is larger than that for He and N, and the
difference is more noticeable with the increase in rotational speed. The regenerator is the
largest flow-resistant component in the Stirling engine and has a great influence on the
cycle efficiency. About 50% of the power and heat losses are related to the regenerator [35].
Gheith et al. [36] proposed that the regenerator is a key component of the Stirling engines.
Furthermore, the flow asymmetry should be considered for a deep analysis of the internal
flow and temperature fields. The researcher put much focus on the inner structure of a
regenerator, filling porosity, or material [37,38]. Here, we focus on the internal heat and
mass transfer with different working gases, as shown in Table 3.
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Figure 11. Variation of some power losses with rotational speed.
Table 3. Stirling engine operating characteristics of different working gases.
. Mean Cycle Cycle . Shaft Electric Pressure
Exp‘e;:ir::ntal Pressure (f/l:; ff) Power Efficiency I‘I/Ivilrcljt(;i Power Power Difference tge (°O) tgc °C)
(MPa) W) (%) (W) W) (MPa)
He 2.84 1040 148.02 13.98 8.54 82.65 51 0.77 469 53.8
N, 2.84 1011 138.06 12.08 8.19 53.5 24 0.73 4722 48.2
CO, 2.84 1040 140 11.26 8.1 46.37 12 0.71 473.9 40.7
. . Cycle Heat Con- Regenerative Shuttle Flow Re- Spring Flow Resistance
Nl;'mle r:cal POS’};:_ITW) I‘I}vc(l)lr‘i(at&;i Efficiency duction Heat Loss Heat Loss sistance I]j:;((a‘%e) Hysteresis Loss of
a (%) Loss (W) W) W) Loss (W) Loss (W) Regenerator (W)
He 161.34 9.31 15.22 407.5 41.6 62.5 8.7 424 4 5.3
N, 150.17 8.91 12.53 407.1 132.5 10.8 30.9 274 1 10.6
CO, 157.1 9.06 12.96 407.3 182.4 114 46.6 16.6 0.9 13.6

5.3. Performance of Stirling Refrigerator

The gas temperature of the expansion space reaches a relatively stable state after a
certain period when the Stirling engine is connected with a servo motor. Both the model
and the experimental results show that the cooling temperature for He decreases as the
rotational speed increases, while the cooling temperature for N, decreases at first and then
maintains a flat level with even a slight increase, as shown in Figure 12. The minimum
cooling temperatures for He are smaller than those for N; at same mean pressures. The
minimum cooling temperatures are —92.2 °C and —53.6 °C for He and N at 2.84 MPa,
respectively. The regenerative heat loss of He is much smaller than that of N, which
leads to a significant decrease in the cooling power of N,. Furthermore, there is an
optimal rotational speed for the minimum cooling temperature, which is related to the
type of working gases and pressures. It can be seen from Figure 12a that the optimal
rotational speed for He is higher than that for N; and decreases as the mean pressure
increases, as shown in Figure 12b. In addition, the cooling temperatures for He and N,
are similar at lower rotational speeds (500 r/min), and the cooling temperature for He
is lower compared with that of N; at higher rotational speeds, which indicates that He
and other small molecule refrigerants have a greater refrigeration capacity in the Stirling
refrigerator. Figure 13 shows the temperature variation of the gas in the compression space
and the wall of cold head at different rotational speeds. The mass-flow rate increases as the
rotational speed increases, resulting in an overall increase in the heat-exchange rate, and
the temperature of the working gas in the compression space also increases. The minimum
wall temperatures of the cold head are —87.2 °C and —46.1 °C for He and Ny, respectively.
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Figure 12. Variation of cooling temperature with rotational speed.

Figure 13. Variation of temperature with rotational speed.

It can be found from Figure 14 that the pressure ratio of the p-V map for He increases
with the rotational speed, while for the N it is almost invariant, which is closely related
to the temperature ratio. The pressure difference for the He increases with an increase in
the rotational speed, while that for the N, increases first and then decreases, as shown in
Figure 15a. The indicated work reduces from —4.64 J to —7.20 ], and the cycle input power
increases from 38.6 W to 144.0 W for He when the rotational speed increases from 500 to
1200 r/min at 1.96 MPa, as shown in Figure 15b,c, while for the Ny, it reduces from —3.59 |
to —4.68 ] (660 r/min) and then increases to —4.35 ] when the rotational speed increases
from 360 to 1200 r/min at 1.96 MPa. The cooling power for the He increases when the
rotational speed increases, while the cooling power for the N increases at first but then
gradually decreases, as shown in Figure 15d. The predicted errors of the cycle input power
and cooling power are within 10.9% and 14.5%, respectively, for the He and N at different
mean pressures.
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Figure 14. P-V map of reverse Stirling cycle (He, N»).
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The decrease in cooling power is mainly caused by an increase in heat conduction loss
and regenerative heat loss. Figure 16 shows the variation of the cycle input power and the
heat/power losses in the model at different rotational speeds. With the increasing of the
rotational speed, the displacer shuttle heat loss is practically unchanged, while the heat
conduction loss and the regenerative heat loss increase significantly. The regenerative heat
loss for N is greater for a lower thermal conductivity and a higher heat capacity compared
with that of He. This indicates that the performance of the Stirling refrigerator is worse for
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N; at a high rotational speed. The COP coefficient (defined as: COP = COli;?:din?ﬂi;gvfgy )
gradually decreases with the rotational speeds with a relative error of <4.5%, as shown in
Figure 17, which is a combined result of an increase in the cycle input power and an overall

decrease in the cooling power.

Figure 16. Variation of the cycle input power and the heat/power loss of the model.

Figure 17. Variation of COP and shaft power with rotational speed.

5.4. Relationship between the Indicated Work of Stirling Engine and Refrigerator of the 100 W
Stirling Engine

The partial experimental results of the Stirling engines and refrigerators at 1.96 MPa
and 800 r/min are listed in Tables 4 and 5. According to the numerical model given by
Equation (13), detailed relations between the cycle work of the 100 W beta-type Stirling
engine and the refrigerator are obtained according to Figure 18, as shown in Equation (14).

0.8321
WheuZ _ TgeZ — Tgc2> (14)

—Weoo1 - (Tgcl - Tgel
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Table 4. Stirling engines and refrigerators results with rotational speed (1.96 MPa, He).

Working P?:::l;lre Speed Tc-Co Te-Co Indicated Cycle Te-He ()  Te-He (K) Indicated Cycle
Gas (MPa) (r/min) (K) (K) Work-Coo (J) Power-Coo (W) Work-He (J) Power-He (W)
He 1.96 650 299.30 222.11 5.46 59.19 746.39 315.74 6.31 68.35
He 1.96 800 301.02 214.73 5.99 79.89 746.42 318.62 6.28 83.69
He 1.96 1058 304.26 198.33 6.84 120.55 744.32 322.20 6.03 106.50
He 1.96 1200 306.50 194.20 7.20 144.00 743.43 323.36 591 117.30

Table 5. Stirling engines and refrigerators results with mean pressure (800 r/min, He).

Working P?::::re Speed Tc-Co Te-Co Indicated Cycle Te-He (K)  Te-He (K) Indicated Cycle
Gas (MPa) (r/min) (K) (K) Work-Coo (J) Power-Coo (W) Work-He (J) Power-He (W)
He 1.42 800 298.61 224.00 4.32 57.66 747.25 316.05 3.93 60.40
He 1.96 800 301.02 214.73 5.99 79.89 746.42 318.62 6.28 83.69
He 2.15 800 301.39 205.64 6.52 86.96 745.52 319.63 6.70 89.36
He 241 800 302.30 197.80 7.28 97.07 745.47 320.02 7.39 98.53
He 2.84 800 304.10 191.00 8.30 110.67 743.58 322.27 8.70 116.03

Figure 18. Relationship between of the indicated work of Stirling engine and refrigerator.

Furthermore, combined with the characteristics under different pressures, the pressure
coefficient A is obtained, referring to Table 6. The reason for the pressure coefficient A <1is
due to the mass of the working gas difference on account of the difference of the temperature
at the same mean pressure.

Table 6. The relationship between the pressure factor coefficient A and the pressure (He).

Mean Pressure (MPa) A
1.42 0.211
1.96 0.276
2.15 0.297
241 0.316
2.84 0.351

Figure 19 shows the experiment and model results for He at the constant pressure
of 2.84 MPa. The error between the model and the experimental value is at the range
of —0.5-7.4%. Based on the results of the reverse cycle, the cycle power of the Stirling
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engine is predicted relatively accurately (the cycle-power result error is the same as with
the cycle-indicated work on account of the same rotational speed).

Figure 19. Experimental and predicted indicated work of Helium under2.84 MPa.

6. Conclusions

In order to develop a practical method to evaluate the performance of a Stirling engine
by it running as a refrigerator, an improved Simple model was proposed at first for positive
and reverse Stirling cycles simultaneously. A self-designed (-type Stirling engine was
tested and the experimental results verified the good applicability and accuracy of the
model. As to the positive Stirling cycles, the model errors of the indicated power and the
cycle efficiency were within 11.3% and 13.7%, respectively. The indicated power maximum
was 189.3 W, with a cycle efficiency of 14.7% at 1406 r/min for He. As to the reverse cycles,
the predicted errors of the cycle input power and cooling power were within 10.9% and
14.5%, respectively. The experimental cooling temperatures could reach —92.2 °C and
—53.6 °C, respectively, for He and N; at 2.8 MPa.

The p-V maps of the positive and reverse Stirling cycles were obtained at the same
control pressures. The distinction between the positive and reverse Stirling cycles” p-V
maps was mainly reflected in the “pressure ratio”. The pressure ratio of the reverse cycle
was higher than that of positive one at the same mean pressure. The peak pressure occurred
at the expansion progress for the positive cycle and the compression progress for the reverse
cycle, while the trough pressure occurred at the compression progress for the positive cycle
and the expansion progress for the reverse cycle.

In addition, a method was proposed to predict the indicated work of the positive
Stirling cycles based on the reverse ones. The most critical issue with this method was
to establish an associated model of the gas temperatures in the expansion/compression
space. A mathematical model to predict the indicated power of the positive and reverse

B
T . Whearo _ . ngszgcz)
Stirling cycles was proposed: —jf2-= A (Tgclnga . The error between the values of

the model and the experiment with He at 2.8 MPa was at the range of —0.5-7.4%. These
results indicate that the model can provide much useful information for studying a Stirling
engine and a refrigerator simultaneously and will probably bring a practical method for
forecasting a positive cycle through a reverse one.
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Nomenclature

A
Ap/Aco
Aw

Qacc
Qacco
Qach
Qadn
Qacco
Qudco
Qresh
Qu
Qrioss
Qs
Aco
Amleak

Gco
R

Re

54

SE

SR

5p

St

Ton/ Tek
Tge/ Tgc
Twh/ Tuk
Ty/ Ty
Tleak
Tresh

Ve/Ve
Wacip

pressure term coefficient

heat transfer area of the heater/cooler (m?)
cross-sectional area (m?)

ank angle (°)

temperature term coefficient

displacer piston rod length (m)

power piston rod length (m)

heat capacity of water (J/(kg-K))

Reynolds friction factor

cylinder diameter (m)

displacer piston rod diameter (m)
regenerator shell diameter (m)

eccentricity (m)

cross-sectional loss coefficient

material thermal conductivity (WK—3)
connecting rod length (m)

regenerator shell height (m)

thermal wavelength (m)

material thermal conductivity (Wm~IK™1)
rotational speed (r/min)

pressure (MPa)

actual cooling power (W) of SR

actual cooling power (W) of SE

actual heat input (W) of SE

adiabatic analysis heat input (W)

actual cooling power (W) of SE

adiabatic analysis cooling power (W)
regenerator shell natural convective heat loss (W)
heat conduction loss (W)

regenerative heat loss (W)

shuttle heat loss (W)

cooling water flow (kg/s)

leakage mass flow (kg-s’l)

cooling water flow (kg/s)

the universal gas constant (J/(mol-K))
Reynolds number

expansion space height (m)

Stirling engine

Stirling refrigerator

compression space height (m)

Stanton number

gas temperature in the heater/cooler (°C)
gas temperature in expansion/compression space (°C)
wall temperature of the heater/cooler (°C)
adiabatic analysis gas temperature in heater/cooler (°C)
leakage gas temperature (K)

regenerator shell average temperature (°C)
velocity of working gas (m/s)

volumes of expansion/compression space (m?)
actual indicated power output (W)



Energies 2021, 14, 7040

21 0f 25

Wocipi actual cycle input power of SR (W)
Wacipo actual cycle output power (W) of SE
Wadip adiabatic analysis indicated power (W)
Wey indicated work (J)

Wi minor power loss (W)

W flow resistance power loss (W)

Wep gas spring hysteresis power losses (W)
Wieak seal leakage power loss (W)

Wy, shaft power (W)

A heat conduction coefficient (W /(m-K)
0% insulation factor

€ regenerator effectiveness

o gap between displacer and cylinder wall (m)

Appendix A

Table A1. Equations of the ideal adiabatic model.

p =
MR/ [Ve/ T + Vi / T + Vi In(Ty, / Ti) / (T3 / Tie) + V3 / Ty + Ve /Ty]  pressure
d — 'Yp(dVC/Tck+dvz’/The)
P = VT (G T Vi /T4 Vi /1) 7 Ve The
me = pVe/(RT,)
my = pVi/ (RTy)
my = pV+/(RT}) masses
my, = pVy/(RTy)
me = pVe/(RTe)

dme = (pdVe + Vedp/ )/ (RTx)
dme = (pdVe + Vedp/7y)/ (RTje)

dmy = mydp/p mass accumulations
dm, = mydp/p

dmy, = mydp/p

mej = *dmc

My = Moy — dmy

my = dme mass flow

My = Mpe + dmy,

if my > 0then Ty = T, else Ty = Ty
if my, > 0 then Ty, = Ty, else Ty, = T,

dT, = T (dp/p +dVe/ Ve —dm/m;)

conditional temperature

dT, = T.(dp/p +dVe/V, — dm,/m,) temperatures
ko = dePCv/R — CP(TCkka — Tkmk,,)

er = Vrdey/R — cp(Tkmk, — Thmrh)

th = VthCv/R - Cp(Thmrh — Themhe)

AW, = pdV, energy

AW, = pdV,
AW = dW, + dW,
W =W+ W,
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Figure Al. (-type Stirling engine measuring point arrangement and 3D structure. 2—heating

tube, 3—regenerator, 5—gas piston, 6—cooler, 7—buffer chamber, 8—power piston, 10—flywheel,

11—diamond transmission. A—working gas temperature of expansion space, B—working gas

temperature of regenerator near expansion space, C—working gas temperature of regenerator

near compression space, D—inlet cooling water temperature, E—cooling outlet water temperature,

F—working gas temperature of compression space/working space pressure measuring point.

Table A2. Detailed parameters of -type Stirling engine.

Basic Working Condition Transmission Parameters Heater Regenerator Cooler
Diameter of Internal Internal
Heat source dis- . . .
temperature 535 placer/power 45 d1ameter of 3 Outer diameter 7 dlameter of 3
e iston cvlinder heating tube (mm) cooling tube
p (mr}r]1) (mm) (mm)
Cooling water Ci);net;hcl;fg dri:ij Outer diameter Internal Outer diameter
temperature 13 1 8 42 of heating tube 4 di 51 of cooling tube 4
©0) placer/power (mm) iameter (mm) (mm)
piston (mm)
Eccentricity Number of Axial length Number of
Pressure (Mpa) -3 (mm) 7 heating tube 30 (mm) 2 cooling tube 40
. . Length of . Stainless Length of
Rotation speed 300-1500 Crank radius 11 heating tube 140 Matrix steel wire cooling tube 49
(r/min) (mm) material
(mm) mesh (mm)
Ambient . . . . .
temperature 510 Piston stroke 243 N M.aterlalb Stamlelzss Porosity 071 I\/iaterlalb Chroml'ulm
©0) (mm) eating tube stee’ cooling tube materia
Cooling water 3.842 Phase 109 Number 1 Mesh number 200 Number 1

flow (L/min)

difference (°)
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Table A3. Detailed parameters of measuring instruments.

Acquisition Signal

Acquisition Instrument

Model

Measurement Accuracy
and Range

Picture

TJ120-CAXL-116U-18

Temperature Thermocouple Omega K-type 0°C-1200 °C, 0.1
e
Pressure Pressure transducer HMO0C2-1-A2-F1-W1 0-5 MPa, 0-5 VDC,
Nanjing HongMu 0.5% FS
. Accuracy: 0.5%
Flow Turbine flowmeter DN10 Signal output: 4-20 mA
+5N-'m
Torque The torque sensor KR-803 0-5-10V
24 VDC
. HY194E-9S1 o
Electric power Power meter Shanghai HongYing 0-220V, 020 A, AC-0.5%

Speed and phase angle

Hall sensor

CL12-3005NA

Maximum current 200 mA
1-20,000 rpm

Data acquisition
instrument

Agilent data acquisition
Instrument

34972A

20 channels eleven
different signals are
available

NI data acquisition Card

NI 9215

4 channels, +10 V
Resolution: 16 bit
Acquisition
frequency:100 KHz

NI acquisition instrument
cabinet

NI cDAQ-9174

Four universal 32-bit
counters/timers
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Figure A2. Equipment photograph.
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