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Abstract

Knowing the optimal operating parameters of Stirling engines is important for efficient combustion through adaptability to changed pressures
and oxygen atmospheres. In this study, the optimum operating conditions for efficient combustion in a singular Stirling engine combustor at
different oxygen atmospheres were investigated and determined. Numerical simulations were performed to investigate the effects of ejection
ratio and pressure on combustion performance. In an oxygen/carbon dioxide atmosphere, the results show that increasing the ejection ratio
substantially alters the flame distribution in the Stirling engine combustor, increasing heat transfer and external combustion efficiency. In
contrast, increasing the ejection ratio reduces the average and maximum temperatures of the Stirling engine combustor. Increased pressure
affects the flame distribution in the Stirling engine combustor and impedes the flow and convective heat transfer in the combustor, reducing
the overall external combustion efficiency at pressures above 6.5 MPa. In an air/carbon dioxide atmosphere, an increased ejection ratio
reduces the average and maximum temperatures in the Stirling engine combustor. However, the overall flame distribution does not change
substantially. The external combustion efficiency tends to increase and then decrease because of two opposing factors: the increase in the
convective heat transfer coefficient and the decrease in the temperature difference. Increasing pressure inhibits forced convection heat
transfer in the Stirling engine combustor, reducing external combustion efficiency, which drops from 78% to 65% when pressure increases
from 0.2 MPa to 0.5 MPa.
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1 Introduction

Article Highlights

 The study provides insight into the ideal operating conditions for
efficient combustion of Stirling engine combustors in different
oxygen environments.

» The effects of ejection ratio and pressure on combustion perfor-
mance are investigated through a series of numerical simulations,

The Stirling engine is a type of external heating engine
(Solomon and Qiu, 2018). Theoretically, the Stirling engine
has the highest thermal efficiency of all heat engines because
its ideal efficiency is equal to the Carnot efficiency (Thom-

providing new insights into the combustion processes within these
engines.

* Varying the ejection ratio in different atmospheres affects the flame
distribution, as well as changing the heat transfer and the external
combustion efficiency of the Stirling engine.

» Higher pressures adversely affect flame distribution and convective
heat flow within the combustor, thereby reducing overall external
combustion efficiency.
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bare and Verma, 2008). Stirling engines offer several unique
advantages, including high efficiency, low noise, stability,
and low emissions, as well as the flexibility to use different
fuels (Ahmed et al., 2020; Kongtragool and Wongwises,
2003; Hachem et al., 2018).

An optimization direction of future Stirling engines is
toward increasing the conversion efficiency of heat to
mechanical or electrical energy (Buhre et al., 2005; Gao
et al., 2019; Kongtragool and Wongwises, 2007), building
more accurate mathematical models (Petrescu et al., 2002;
Campos et al., 2012), and developing more sophisticated
and accurate algorithms (Gheith et al., 2015; Costea and
Feidt, 1998; Xiao et al., 2014). Cardozo et al. (2014) evalu-
ated the effect of pressure on combustion efficiency. They
found that the pressure affected temperature and heat absorp-
tion, and the optimization of these factors achieved an over-
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all system efficiency of 72%. Researchers have studied the
heat transfer medium and heating tube configuration of
Stirling engines. Zhang et al. (2016) investigated the feasi-
bility of using powder as a heat transfer medium in a Stir-
ling engine for a renewable combined heat and power sys-
tem and demonstrated that particle motion and mixing in a
fluidized bed is not hindered by finned heat exchanger
tubes and that high-efficiency particle motion and mixing as
well as good external heat transfer can be achieved. Another
direction of optimization is to expand the application range
of Stirling engines in industry and applications. Because of
its unique advantages, the Stirling engine is an ideal solution
for efficient energy conversion, e.g., power generation
(Cheng and Huang, 2021), medical devices, waste-to-energy
conversion (Song et al., 2015), space propulsion, high-alti-
tude power supplies, and cogeneration systems (Hafez et al.,
2016; Mancini et al., 2003). Using different fuels or oxi-
dizers, Stirling engines can be adapted for use in different
industries and applications. For instance, Nishiyama et al.
(2007) designed a combined heat and power system using
a pulverized coal combustion process. They verified the per-
formance and efficiency of this system using wood powder
as fuel through combustion tests. In most application scenar-
ios, Stirling engine burners can draw air directly from the
external environment for combustion; no special storage
or delivery systems are required, and air combustion is safer
and less likely to cause fires or explosions. High-pressure
oxygen combustion can recover and recycle more heat
energy, thus improving the external combustion efficiency
(Hong et al., 2009). Tu et al.(2015) performed numerical
simulations and experimental studies on oxygen-fuel flame-
less combustion and found that oxygen combustion results
in higher thermal efficiency and better flame stability and ig-
nition characteristics. Meanwhile, pressurized oxygen
combustion has a higher potential for carbon capture and
storage (Deng et al., 2022; Xia et al., 2016).

As discussed, the existing literature primarily addresses
the performance of Stirling engines within a singular atmo-
spheric condition, typically air or oxygen. However, consid-
ering the distinct advantages associated with air and oxy-
fuel combustion, how to strategically leverage these advan-
tages based on real-world operational scenarios remains an
open question. In this study, the performance of a multi-
atmosphere Stirling engine combustor is investigated using
numerical simulation, focusing on the effects of ejection
ratio and pressure on the performance in different oxygen
atmospheres. The results guide the development of Stirling
engine combustors adapted to different oxygen atmospheres.

2 Numerical methods

Numerical analysis is performed using Ansys Fluent with
the finite volume method. The basic set of conservation

equations includes the conservation of mass (Li and Ju,
2022), conservation of momentum (Kazemi et al., 2021),
and conservation of energy (Jia and Zong, 2022).

The governing equations of conversation of mass are
given as Eq. (1):

aplat + (pv,)/ox, = O (1)

where p is the density of matter; v, is the velocity in the
direction of scale i; Q is the mass source term; ¢ is time.

The governing equations of conversation of momentum
are given as Eq. (2):
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where p is the static pressure; v, is the velocity in the direc-
tion of scale 7; p is the density of the mixture; G is the mass
source term; ¢ is time; pg; denotes the buoyancy-affected

gravitational term. z ,& (v = v;) +v,G + F, denotes the
g Trk

interacting force source term, and dz; denotes the stress
tensor.
The governing equation for energy conservation is Eq. (3):

IPT) | Giv(pvT) = div(ckgrad T
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where S;=S5,+ ¢, S,=pq is the heat contribution per unit
volume from the heat source or due to radiation or other phys-
ical and chemical causes. ¢ is the portion of mechanical
energy converted to thermal energy because of viscous
action, called the dissipation function.

The model based on the Reynolds-averaged N—S system
of equations is used in this paper (Rizk et al., 2023). The
sub-model of the turbulence model adopts the most widely
used realizable &k —¢ model, a deformation of the standard
k—¢& model. Mathematical constraints are used to improve
the performance of this model, which can predict the cyclonic
flow more accurately (Nagao et al., 2020).

The k—¢& equation requires a regularized wall function,
and in this study, we chose to use the standard wall function
that is most widely used at high Reynolds numbers, which
uses the typical logarithmic law (Li et al., 2023).

U= in(5) @
U C1/4k1/2
* P~u P (5)
Tw/p
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where k = 0.418 7 is the Kamen constant; £ = 9.793 is an
empirical constant; U, and k, are the velocity turbulent
kinetic energy, respectively, at the center of the grid immedi-
ately adjacent to the wall; u is the kinetic viscosity (Zhang
et al., 2022).

In this paper, oxygen, carbon dioxide, and water are chosen
as detection values, and the calculation converges when their
absolute errors are set to less than 0.001 (Ghamari et al.,
2022).

The Stirling engine combustor comprises several compo-
nents: cyclone chamber, injector, igniter, combustion cham-
ber, heat exchanger, flame baffle, and exhaust gas recircula-
tion. To facilitate calculation, this study simplifies the struc-
ture of the Stirling engine combustor based on practical con-
siderations. Figure 1 depicts a schematic of the combustor.
The upper portion of the computational domain represents
the cyclone chamber, with a mass flow inlet set as the inlet
boundary condition. The lower portion of the combustor
corresponds to the compact heat transfer tube region and is
replaced by a porous media zone. The porous media model
is used to simulate the influence of the heater tube on flow
and heat transfer. The flue gas outlet and the flue gas recir-
culation outlet of the combustor are defined as pressure
outlets.

In this study, the combustion system introduces high-
pressure oxygen or air through the injector. However, oxy-
fuel combustion or air-fuel combustion leads to high temper-
ature inside the combustor, so to control the combustion
temperature inside the combustor, a certain amount of recir-
culated flue gas must be introduced to form a mixture to
participate in the combustion, forming two combustion
atmospheres: an oxygen/carbon dioxide atmosphere and an
air/carbon dioxide atmosphere. The study sets the air/carbon
dioxide atmosphere pressure range between 0.2 MPa and
0.6 MPa and the oxygen/carbon dioxide atmosphere pres-
sure range between 5.0 MPa and 7.0 MPa. These pressures
consider external combustion efficiency; meanwhile, CO,
at 5.0—7.0 MPa can be directly liquefied at room tempera-
ture and compressed under much lower energy consump-
tion (Yan et al., 2012). The ejection ratio is the ratio of the
recirculated exhaust gas to the intake gas (air or oxygen).

Injector
Inlet — ooy T

[\

Cyclone
chamber

Front
tube

Figure 1 Structure of the combustor

According to the existing Stirling engine combustor and
certain experimental calculations, the ejection ratio is 7.0-9.0
in the oxygen/carbon dioxide atmosphere and 0.2—0.6 in
the air/carbon dioxide atmosphere. The gas phase boundary
conditions for these models are found in Tables 1 and 2.
Table 1 presents the parameters for the oxygen/carbon
dioxide atmosphere, whereas Table 2 describes those for
the air/carbon dioxide atmosphere. In conditions 1-5, the
ejection ratio is adjusted without changing the pressure,
fuel, or oxidizer supply. In conditions 6—8, the pressure
is changed without changing the ejection ratios, fuel, or
oxidizer supply.

To ensure accurate calculations, a grid-independence anal-
ysis is conducted. Because of the complex geometry and the
considerable size differences between each part, four differ-
ent grid cell numbers are tested for verification: 4.3 million
cells, 4.6 million cells, 5.0 million cells, and 5.6 million
cells. Grid independence is assessed by examining the
magnitude of the average temperature within the combus-
tor. Figure 2 displays the average temperature inside the
combustor for the various grid cell numbers. The difference
remains below 1% with changed cell numbers. Consider-
ing accuracy and computational efficiency, 4.3 million grid
cells are used for all the subsequent numerical simulations.

Table 1 Boundary conditions of the gas phase in the oxygen/carbon dioxide atmosphere

Condition No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8
Ejection ratio 7.0 7.5 8.0 8.5 9.0 8.0 8.0 8.0
Pressure (MPa) 6.5 6.5 6.5 6.5 6.5 5.0 6.0 7.0
Fuel intake (kg/h) 32 32 32 32 32 32 32 32
Oxygen intake (kg/h) 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8
Recirculating flue gas intake (kg/h) 82.9 88.9 94.8 100.0 112.0 94.8 94.8 94.8
Percentage of oxygen (%) 16.4 15.7 15.1 14.5 13.6 15.1 15.1 15.1
Percentage of carbon dioxide (%) 57.7 58.1 58.6 59.0 59.6 58.6 58.6 58.6
Percentage of water vapor (%) 25.9 26.1 26.4 26.5 26.8 26.4 26.4 26.4
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Table 2 Boundary conditions of the gas phase in the air/carbon dioxide atmosphere

Condition No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8
Ejection ratio 0.2 0.3 0.4 0.5 0.6 0.5 0.5 0.5
Pressure (MPa) 0.2 0.2 0.2 0.2 0.2 0.3 0.4 0.5
Fuel intake (kg/h) 32 32 32 32 32 32 32 32
Air intake (kg/h) 66.7 66.7 66.7 66.7 66.7 66.7 66.7 66.7
Recirculating flue gas intake (kg/h) 133 20.0 26.7 333 40.0 333 333 333
Percentage of oxygen (%) 19.5 18.1 16.9 159 15.0 15.9 15.9 15.9
Percentage of carbon dioxide (%) 2.9 4.0 5.0 5.8 6.5 5.8 5.8 5.8
Percentage of water vapor (%) 13 1.8 22 2.6 29 2.6 2.6 2.6
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The temperature distribution in the combustor has an
important effect on the combustion performance of the 200
Stirling engine. To verify the accuracy of the simulation, a 0 -
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specific type of Stirling engine combustor is tested using
multi-point thermocouple temperature measurements. Six
measurement points are selected at three different heights
between the front and rear rows of heating tubes, as depicted
in Figure 3. The experimental conditions include a fuel injec-
tion flow rate of 3.2 kg/h, an ejection ratio of 8.5, and a pres-
sure of 6.5 MPa. Diesel is used as the fuel in the temperature
measurement tests. Figure 3 compares the experimental and
the simulated results. The maximum error obtained is 7.4%,
which satisfies the calculation requirements and confirms
the accuracy of the simulation results.

3 Results and discussion

Combustor performance evaluation involves temperature
and velocity distribution analyses as well as external com-
bustion efficiency. In this study, we examined the tempera-
ture and velocity distributions at different ejection ratios
and pressures to identify the optimal distributions for favor-
able heat transfer characteristics. In addition, we analyzed
the heat transfer process and external combustion efficiency
to improve external combustion efficiency.

Figure3 Temperature at multiple measurement points

3.1 Effect of the ejection ratio on the temperature
and velocity fields

Figure 4 illustrates the temperature distribution in the
combustor at different ejection ratios in the oxygen/carbon
dioxide atmosphere. For ejection ratios of 7.0, 7.5, and 8.0,
the high-temperature region is concentrated in the cyclone
chamber and the top region of the combustor. In contrast,
for the ejection ratios of 8.5 and 9.0, the flame assumes a
horn shape within the combustor, with the high-temperature
area concentrated at the center. Generally, as the ejection
ratio increases, the flame gradually moves from the top to
the center of the combustor. This shift is due to the higher
inlet gas flow and greater axial velocity after the cyclone
chamber, resulting in the relocation of the combustion area
toward the center. Table 3 presents the average and maxi-
mum temperatures in the combustor for different ejection
ratios. The average and maximum temperatures decrease
with increasing ejection ratio.

Figure 5 shows the velocity distribution for different
ejection ratios in the oxygen/carbon dioxide atmosphere,
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(a) Ejection ratio=7.0 (b) Ejection ratio=7.5

(c) Ejection ratio = 8.0 (d) Ejection ratio = 8.5

(e) Ejection ratio =9.0
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Figure 4 Temperature distribution with different ejection ratios in the oxygen/carbon dioxide atmosphere

Table3 Maximum and average temperatures in the combustor in the oxygen/carbon dioxide atmosphere

Ejection ratios 7.0 7.5 8.0 8.5 9.0
Maximum temperature (K) 2280.3 2258.1 22153 2267.4 2 150.1
Average temperature (K) 12354 1220.9 1167.1 1062.4 1 052.6

(a) Ejection ratio=7.0 (b) Ejection ratio=7.5

9

(c) Ejection ratio = 8.0 (d) Ejection ratio = 8.5

(e) Ejection ratio =9.0

B T T T

05 10 15 20 25 3.0 35 40 45 50 55 6.0 65 70

Figure 5 Velocity distribution of different ejection ratios in the oxygen/carbon dioxide atmosphere
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clarifying the flow characteristics within the combustor as
the ejection ratio increases. Compared to the temperature
distribution, the velocity distribution shows a more pro-
nounced reflux at the bottom of the combustor for ejection
ratios above 8.5, which exerts a greater influence on the bot-
tom region. Figure 6 presents the axial velocity at different
ejection ratios. The maximum velocity within the combustor
increases with the ejection ratio. For all ejection ratios, the
velocity increases and then decreases as the height decreases,
reaching its peak at a height of 0.12 m. When the ejection
ratios are 7.0, 7.5, or 8.0, the velocity remains almost con-
stant at 0.2 m/s below a height of 0.11 m. However, for
ejection ratios of 8.5 and 9.5, the velocity at a given height
increases substantially.

Figure 7 shows the temperature distribution in the air/
carbon dioxide atmosphere for different ejection ratios, and
the high-temperature region presents a similar distribution
for all the ejection ratios. The temperature at the top of the
combustor and the porous medium is maintained at approxi-
mately 1 000 K. In contrast, the center of the combustor is
maintained at over 1 600 K. Table 4 provides the maximum
and average temperatures in the combustor for the air/carbon
dioxide atmosphere. Increasing the ejection ratio from 0.2
to 0.6 decreases the maximum and average temperatures by

(a) Ejection ratio=0.2

(c) Ejection ratio =0.4

Velocity (m/s)
oW s

[

012 016

0.08
Height from the bottom (m)

0 0.04

Figure 6 Axial velocity distribution at different ejection ratios in
the oxygen/carbon dioxide atmosphere

520 K and 210 K, respectively.

Figure 8 shows the velocity distribution at different ejec-
tion ratios in the air/carbon dioxide atmosphere. In contrast
to the velocity distribution of the oxygen/carbon dioxide
atmosphere, the velocity distribution remains similar with
different ejection ratios. Figure 9 shows the axial velocity
distribution of the combustor at different ejection ratios. For
all ejection ratios, the velocity increases and then decreases
as the height decreases, reaching its peak at a height of
0.12 m. At the same time, the velocity at a given height
increases with the ejection ratio.

(b) Ejection ratio =0.3

A e,

(d) Ejection ratio =0.5

(e) Ejection ratio =0.6

B e

1000 1200 1400 1600

1800 2000 2200 2400 2600

Figure 7 Temperature distribution at different ejection ratios in the air/carbon dioxide atmosphere

Table4 Maximum and average temperatures in the combustor in the air/carbon dioxide atmosphere

Ejection ratios 0.2 0.3 0.4 0.5 0.6
Maximum temperature (K) 25124 2129.1 2 085.1 20574 1992.1
Average temperature (K) 1361.4 1248.9 1169.2 1162.4 1151.6
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Figure 8 Velocity distribution at different ejection ratios in the air/carbon dioxide atmosphere
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Figure 9 Axial velocity distribution at different ejection ratios in
the air/carbon dioxide atmosphere

3.2 Effect of pressure on the temperature and
velocity fields

Figures 10 and 11 illustrate the temperature distributions
under different atmospheres as a function of pressure. In the
oxygen/carbon dioxide atmosphere, at pressures of 5.0 MPa,
6.0 MPa, and 6.5 MPa, the flames have irregular shapes
and are concentrated at the top of the combustor. When the
pressure reaches 7.0 MPa, the flame distribution suddenly
changes, and the flame shifts from the top of the combustor
to being concentrated in the center of the combustor. Pres-
sure has less influence on the temperature field in the air/
carbon dioxide atmosphere. The temperature distribution

@ Springer

remains largely constant at different pressures.

Figure 12 shows the velocity distribution at different
pressures in the oxygen/carbon dioxide atmosphere. At
a pressure of 5.0 MPa, the Stirling engine combustor is
divided into several velocity regions distributed at the top,
middle, and near the heater tubes in the combustor. As the
pressure increases to 6.0 MPa, the flow becomes more con-
centrated. As the pressure continues to increase to 7.0 MPa,
the airflow is separated from the top of the combustor and
flows toward the center of the combustor. Figure 13 shows
the axial velocity distribution in the combustor. The change
in pressure unsubstantially affects the velocity distribution
within the combustor. At all pressures, the axial fluid velocity
initially increases and then decreases with decreasing height,
peaking at 0.12 m.

Figure 14 shows the velocity distribution at different
pressures in the air/carbon dioxide atmosphere. Despite
the similar velocity field patterns at different pressures, the
flow velocity in the combustor decreases considerably with
increasing pressure. Figure 15 shows the axial velocity
distribution in the combustor at different pressures in the
air/carbon dioxide atmosphere. Pressure limits the velocity
inside the combustor. As the pressure increases, the maxi-
mum velocity in the combustor decreases considerably, and
the axial velocity decreases more rapidly at pressures of
5.0, 6.0, and 6.5 MPa than at 7.0 MPa. Moreover, the axial
velocity inside the combustor initially increases and then
decreases with decreasing height.
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(a) Pressure =5.0 MPa (b) Pressure =6.0 MPa

(c) Pressure =6.5 MPa (d) Pressure =7.0 MPa
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Figure 10 Temperature distribution at different pressures in the oxygen/carbon dioxide atmosphere
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(a) Pressure=0.2 MPa (b) Pressure =0.3 MPa
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Figure 11 Temperature distribution at different pressures in the air/carbon dioxide atmosphere
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Figure 12 Velocity distribution at different pressures in the oxygen/carbon dioxide atmosphere

@ Springer



642

Journal of Marine Science and Application

>
=
)

—— 5.0 MPa

Velocity (m/s)
=
(=) W (=) W

=
h

0 0.04 0.08 0.12 0.16
Height from the bottom (m)

Figure 13  Axial velocity distribution at different pressures in the
oxygen/carbon dioxide atmosphere
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Figure 14 Velocity distribution at different pressures in the air/
carbon dioxide atmosphere

3.3 Effect of a changed oxygen atmosphere on
external combustion efficiency

The heat exchange in the combustor depends mainly on
the heating tubes, which are divided into three parts: the
front-, rear-, and top-row heating tubes. The front-row
heating tubes have the greatest effect on heat exchange, and
the front-row heating tubes have the least effect.

@ Springer
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Figure 15 Axial velocity distribution of the combustor at different
pressures in the air/carbon dioxide atmosphere

Figures 16(a) and (b) show the trend of heat exchange
and external combustion efficiency with respect to variation
in the ejection ratio in the different atmospheres. In the
oxygen/carbon dioxide atmosphere, for lower ejection
ratios, the flame is concentrated at the top of the combustor,
resulting in incomplete heat transfer from the front-row
tubes and lower overall external combustion efficiency. As
the ejection ratio increases, the flame gradually moves
toward the center of the combustor. At an ejection ratio of
8.5, the flame is completely concentrated at the center of the
combustor, and the external combustion efficiency reaches
a maximum value of 89%. This result is obtained because
of constant heat exchange from the top tube, limited heat
exchange from the rear exhaust tube, and considerably
increased heat exchange from the front exhaust tube. This
increase in heat exchange from the front tube plays a crucial
role in the overall heat exchange and external combustion
efficiencies.

In the air/carbon dioxide atmosphere, heat exchange and
external combustion efficiency initially increase with the
ejection ratio, peaking at 78% when the ejection ratio is 0.5.
Thereafter, heat exchange and external combustion effi-
ciency decline. This trend is influenced by two opposing
factors. First, the average temperature inside the air com-
bustor decreases with increasing ejection ratio, limiting heat
exchange. Second, the enhanced gas flow inside the com-
bustor enhances the convective heat exchange. These two
factors lead to the initial increase and subsequent decrease
in heat exchange and external combustion efficiency.

Figures 16(c) and (d) show the trend of heat exchange
and external combustion efficiency with pressure variation
at different atmospheres. In the oxygen/carbon dioxide atmo-
sphere, external combustion efficiency increases and then
decreases with increasing pressure, reaching a maximum
value of 89% at 6.5 MPa. Higher pressure enhances com-
bustion completeness, increasing external combustion effi-
ciency. However, the increased pressure also restricts gas
flow in the combustor, thereby inhibiting heat transfer and
reducing external combustion efficiency at pressures above
6.5 MPa. In the air/carbon dioxide atmosphere, front-row
exchange, rear-row exchange, top-row exchange, and total
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Figure 16 External combustion efficiency and heat exchange in the oxygen/carbon dioxide and air/carbon dioxide atmospheres

heat exchange decrease progressively with increasing pres-
sure. The external combustion efficiency hence decreases
rapidly as pressure increases. Increasing the pressure from
0.2 MPa to 0.5 MPa causes a 13% decrease in external
combustion efficiency. This decrease occurs because the
speed of the combustor considerably decreases as the pres-
sure increases, which weakens the convective heat trans-
fer, and the pressurization cannot offset the promotion of
combustion.

In summary, the ejection ratio indirectly influences the
heat transfer and external combustion efficiency by affecting
the flame distribution in the combustor. Changes in pres-
sure have two opposite effects on external combustion effi-
ciency, i.e., promoting more complete combustion but poten-
tially restricting gas flow and weakening heat transfer within
the burner.

4 Conclusions

In this study, a numerical model of a Stirling engine com-
bustor is developed to study the distribution of temperature
and velocity fields in different oxygen atmospheres with dif-

ferent ejection ratios and pressures and the effects of ejec-
tion ratio and pressure on the amount of heat transfer and
external combustion efficiency. This research has implica-
tions for Stirling engine applications in the industrial sec-
tor. Integrating the portability of air combustion with the
increased efficiency of oxy-fuel combustion may enhance
the utility of Stirling engines in challenging conditions. The
main conclusions are as follows:

1) Varying the ejection ratio and pressure can effectively
change the flame distribution in the oxygen/carbon dioxide
atmosphere but has little effect on that in the air/carbon
dioxide atmosphere. Appropriate flame distribution can pre-
vent the occurrence of localized high temperatures that
could cause burnouts in the Stirling engine combustor and
additionally improve the heat exchange capacity and lead
to higher external combustion efficiency.

2) In the oxygen/carbon dioxide atmosphere, the external
combustion efficiency increases with the ejection ratio,
reaching a maximum value of 89% at an ejection ratio of
8.5. In the air/carbon dioxide atmosphere, the external com-
bustion efficiency increases and then decreases as the ejec-
tion ratio increases, reaching a maximum value of 78% at
an ejection ratio of 0.5.

3) In the oxygen/carbon dioxide atmosphere, a pressure

@ Springer



644

Journal of Marine Science and Application

increase initially leads to more complete combustion, and the
external combustion efficiency reaches a maximum value
of 89% at 6.5 MPa. A further increase in pressure begins
to inhibit the heat exchange in the combustor, thus reducing
the external combustion efficiency. In the air/carbon dioxide
atmosphere, the external combustion efficiency decreases
rapidly as pressure increases. An increase in the pressure
from 0.2 MPa to 0.5 MPa decreases external combustion
efficiency by 13%.
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