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a b s t r a c t

The aim of this paper is to provide a multi-objective model to evaluate the effect of engine working
parameters on the performance characteristics of a beta-type Stirling engine. The second objective of the
study is to enhance the specific power of the engine, which was designed and manufactured in a pre-
vious study, via increasing the compression ratio. The selected independent variables were: charge
pressure (2e9 bar), heating temperature (500e700 �C), and engine speed (550e750 rpm). The engine
was analysed using the design of experiments based on the response surface method, and the most
appropriate model was achieved. The desirability function approach was used to determine the optimum
engine working condition. Optimal engine speed, charge pressure, charge pressure were 700 rpm, 8 bar,
and 700 �C, respectively, with the desirability value of 0.86. At optimal engine working conditions, the
amounts of the brake torque and brake power were found to be 11.95 Nm and 868.13 W, respectively.
Optimized parameters are then compared and validated against the experimental data of the Stirling
engine with an error of 4%. The specific power of the engine was found to be 1100 W/L which is 13%
higher than the previous design.

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

Energy demand is increasing over the world day by day, and
most of this demand is still compensated via fossil fuels. The use of
fossil fuels leads to an increasing environmental concern because of
the harmful exhaust gases to human health and greenhouse gas of
CO2 which responsible for climate change [1e7,74,75]. To eliminate
the harmful effects, renewable biofuels seem to be an alternative to
reduce the consumption of fossil fuels. For this reason, many
studies have been carried out about alternative fuels such as bio-
diesel, ethanol methanol, etc. [8e15,76,77]. However, the current
energy conversion efficiency of the internal combustion engines,
lmaz), m.safieddin@scu.ac.ir
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an@aku.edu.tr (M. Arslan).
which can be poweredwith alternative fuels, is not at an acceptable
level. Low-temperature combustionmodes such as HCCI, RCCI, PCCI
etc. are promising technologies to obtain higher thermal efficiency
and lower soot and NOx emissions from internal combustion en-
gines but these technologies are still in development and couldn’t
use for industrial applications [16e20]. Therefore, high energy
conversion efficiency systems are required to meet energy demand
and reduce environmental impacts simultaneously.

Stirling engines take attention due to their high energy con-
version efficiency level. The thermal efficiency of the regenerative
Stirling cycle is equal to Carnot efficiency [21,22]. The history of
Stirling engines based on 200 years ago, so appeared earlier than
the petroleum engine (1860), electric motor (1869), and diesel
engine (1893) [23,24]. Stirling engines, which were firstly named
hot air or hot gas engine, were invented by Robert Stirling in 1816
and used to prevent the explosion hazard of steam engines [25,26].
Because Stirling engines are external combustion engines and
capable to run at low pressures [27]. Another attractive
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Nomenclature

RSM response surface method
DF desirability function
CCD central Composite design
f response function
CO2 carbon dioxide
NOX nitrogen oxides
CFD computational fluid dynamics
HCCI homogeneous charge compression ignition
RCCI reactivity controlled compression ignition
PCCI premixed charge compression ignition
FPSE free-piston Stirling engine
ANOVA analysis of variance
3 error
dfn overall desirability
Pi importance of each factor
yi response value
wmax

i maximum values for the response

wmin
i minimum values for the response
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specification of the Stirling engine is the flexibility of the required
energy source to run the engine. Many renewable energy resources
such as solar, geothermal, biomass and waste heat can be used to
run Stirling engines [28,29].

Stirling engines are classified into two groups as kinematic en-
gines and free-piston engines according to their drive mechanisms.
In kinematic engines, the synchronization of the displacer and the
power piston is provided by a drive mechanism such as slider-crank
drive mechanism, rhombic drive mechanism, ross yoke mecha-
nism, etc. [30e34]. In free-piston engines, the power piston and
displacer have nomechanical connection andmovement is ensured
by the pressure difference and the stiffness of the springs [35].
There are three types of cylinder configuration used in Stirling
engines. Alpha configuration has two pistons, working at separate
cylinders [36]. In the beta arrangement, a displacer and a piston
operate at the same cylinder [37] while both of them work at
separate cylinders in gamma cylinder arrangement [38]. Among all
of these configurations, the beta-type rhombic drive Stirling engine
stands out due to its high power level [39,40].

The rhombic drive mechanism, which was firstly used by R.J.
Meijer in 1953 for a beta type Stirling engine, has low vibration and
noise levels [41,42]. It is generally used in beta type engines, and the
piston rod of displacer extends inside of the power piston. Owing to
the fact that piston and displacer work at the same axial, there is no
need for lubrication [43]. Also, lateral forces are mutually balanced,
so it assures low friction and wear. Therefore, the rhombic drive
mechanism is used to decrease friction between the moving com-
ponents, remove efficiency losses caused by frictions and obtain
higher power from little size engines [44]. Many studies had been
conducted to design, and manufacture the rhombic drive beta type
Stirling engine till today. For instance, MAN (Maschinenfabrik
Ausburg-Nürnberg) and MWM (Motorenwerke Mannheim),
designed and manufactured a 22 kW Stirling engine with the
rhombic drive mechanism called as 1e400 model. General Motors
and Philips companies designed and built a PD-46 model 3 kW
solar-powered Stirling engine with a rhombic drive mechanism for
American Air Forces to use in space applications [45]. In 1958,
General Motors [44] manufactured a single cylinder 1e98 model
7,3 kW Stirling engine with the rhombic drive mechanism.

Optimization studies on beta type rhombic drive Stirling engine
were mostly focused on determining the dimensions of the engine.
In those studies, it was aimed to obtain high power levels as
possible by performing dimensionless, dynamic, and thermody-
namic analyses. In a study, Cheng and Yu [43] aimed to prepare a
theoretical model for a beta type Stirling engine with a rhombic
drive mechanism. The effect of physical and geometrical parame-
ters on the engine power and efficiency was investigated. Results
showed that optimizing effective parameters such as distance be-
tween gears, regenerative gap, heat source temperature, etc.
enhanced the engine performance. When the regenerative gap was
0.00005 m, the power of baseline cases reached a peak value of
16.75Wand provided 13.1% thermal efficiency. Also, when the heat
source temperature reached from 600 K to 1200 K, power reached
from 7.96W to 32.78W. Furthermore, when an increase of distance
between centers of gears decreased output power and efficiency,
but an increase of offset distance from crank to center of gear
increased output power and efficiency. In a different study,
Shendage et al. [46] studied on the design methodology and phase
angle optimization of a beta type Stirling engine. In the study, the
optimization was based on the numerical thermodynamic analysis.
According to their results obtained, it was concluded that the ec-
centricity ratio of 1.5 was optimum value, but more eccentricity
ratio would harm engine parts. Also, the Stirling engine with a
rhombic drive mechanism provided about 10% more engine power
compared to the Stirling engine with the crank drive mechanism,
having the same sizes and working at the same conditions. El
Hassani et al. [47] theoretically studied a solar-powered beta type
Stirling engine with a rhombic drive mechanism. Also, theoretical
thermodynamic optimization was performed. Dead spaces were
also considered in themodel to estimate engine performance. Their
finding indicated that offset distance from the gear center to gear
radius of the rhombic drive mechanism had to be maximized. On
the other hand, other parameters had to be minimized. It was
finally seen that engine power could be obtained as about 50%more
with optimization.

Later in 2014, Cheng and Yang [48] optimized a beta type Stirling
enginewith a rhombic drivemechanism tomaximize engine power
with the dimensionless model. According to conclusions, it was
seen that the theoretical model verified the experimental data with
a 5.2% deviation. Zainudin et al. [49] developed a numerical model
to predict the performance of a beta type Stirling engine with a
rhombic drive mechanism. The conclusions showed that engine
performance could be increased with the temperature difference
between the heat source and sink. In addition, owing to the fact
that the increase of working fluid pressure meant increasing of
working fluid mass, high pressure increases absorption and rejec-
tion of energy. According to numerical modeling, the engine power
was found to be 805 W at 300 rpm. Ni et al. [50] designed a beta
type Stirling engine with a rhombic drive mechanism and designed
a thermodynamic model named Improved Simple Analytical Model
(ISAM) to predict engine performance. A 100 W beta type Stirling
engine was experimentally tested with helium and nitrogen as the
working fluid at 1.6e3 MPa pressures and 260e1380 r/min rotary
speeds. According to experimental conclusions, maximum cycle
efficiency and maximum engine power were obtained as 16.5% and
165 W with helium at 1120 r/min and 2.96 MPa. The ISAM
confirmed the experimental data with a deviation of 1e7.1 for ni-
trogen and 4.3e13.4% for helium. In a different investigation, Badr
et al. [51] simulated and optimized a beta type Stirling engine with
a rhombic drive mechanism using MSC ADAMS software. Gas
forces, masses, friction forces at the joints, inertias, temperatures of
compression and expansion spaces were considered in the model.
Optimization was carried out by taking account dynamic model of
engine, and it was seen that engine power increased from 42.5W to
135 W with optimization. Similarly, Xiao et al. [52] studied a beta
type Stirling engine with a rhombic drive mechanism to develop a
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methodology for optimization of geometric design and aimed a
combined method for multi-objective optimization of the engine
using data of pressure and volume obtained by Computational Fluid
Dynamics (CFD) analysis. CFD analysis contains parameters such as
matrix mesh, regenerator length, wire diameter. When dead vol-
umes of the regenerator, heater, and cooler were decreased to 54%,
42%, and 24%, respectively, two percentage increase in thermal
efficiency and more than 80 W at engine power were observed.

Yang and Cheng [53] aimed to design a theoretical model that
can predict the performance better for a 500 W beta type Stirling
engine with a rhombic drive mechanism. By taking into consider-
ation themechanical loss and pressure drop in all working spaces, it
was determined that the shaft power was being predicted better,
especially at high engine speeds. Theoretical findings were similar
to experimental results in some particular cases. So, the improved
engine produced 556 W engine power at a heating temperature of
1100 K and an engine speed of 1665 rpm. In another study, Yang
et al. [54] aimed to develop a theoretical model to predict the dy-
namic behavior of a 1 kW beta-type Stirling engine with a rhombic
drive mechanism. All friction losses were considered in the theo-
retical model. A prototype engine was built and tested to validate
the theoretical model. It was concluded that the theoretical model
jointly agreed with experiments. The maximum engine power was
1358 W at 1313 rpm.

Mohammadi and Jafarian [55] developed a second-order ther-
modynamic CFD model for the GPU-3 Stirling engine produced by
General Motors. The data obtained from the model were compared
with the data obtained from experiments. In order to see the effect
of hydrodynamic losses on engine performance, losses such asmass
leakage, regenerator ineffectiveness, shuttle effect, and mechanical
frictions were ignored. It was found that the CFD model verified by
the experiments with an error of 15.1%. In a different study, Ahmed
et al. [56] developed a practically feasible thermodynamic model
that incorporates power and thermal losses for beta type Stirling
engine with a rhombic drive mechanism. Various parameters such
as swept volume, temperature ratio, phase angle, regenerator ma-
trix porosity, engine frequency, and the pressure were studied and
optimized. The optimized model was finally compared with
experimental data obtained from General Motor’s prototype of the
GPU-3 Stirling engine. The thermodynamic model efficiency was
different by 1.56% from experimental efficiency so that power and
efficiency increased by being optimized parameters. In a very
recent study, Elghafour et al. [57] performed a three-dimensional
CFD simulation for the GPU-3 engine. The effect of thermody-
namic and fluid dynamic on the heat transfer event through a cycle
were investigated. The results showed that the deviation between
CFD data and experimental datawas approximately 4%. Cheng et al.
[58], developed, tested a 300 W beta type Stirling engine with a
rhombic drive mechanism, and built a theoretical model to esti-
mate engine performance. In replicated experiments, shaft power
and thermal efficiency were 390Wand 32.2% at 1400 rpm, charged
pressure of 8 bars, and heating temperature of 850 �Cwith a No.120
wire mesh. The power data obtained from the theoretical model
was 12e20% higher than the experimental power data.

The optimization studies were mostly focused on determining
the dimension parameters of the Stirling engine, as it can be seen so
far from the review above. In addition, a large part of those opti-
mization studies was based on numerical thermodynamic analyses
instead of a mathematically based optimization technique. How-
ever, practical operating parameters such as engine speed, charge
pressure, hot and cold end temperatures, etc. have a significant
impact on the engine performance for real-life applications. Sta-
tistical techniques based on experimental data and considered
multi-variable presents better performance than empirical ther-
modynamic optimization techniques. One of the widely used
optimization technique is the response surface method (RSM),
which is a combination of statistical and mathematical methods
[59e61]. It is possible to reach numerous RSM optimization studies
conducted on internal combustion engines. Most of them focused
on enhancing engine performance, reducing exhaust emissions,
determining the optimal fuel blend and the optimal fuel production
process [59e64]. Contrary to this, there are only two Stirling engine
studies that benefited from RSM. One of them was performed by
Gheith et al. [65] to optimize the operating parameters such as flow
rate of cooling water, initial charge pressure, operation duration
and heating temperature to enhance the power output of a gamma
type Stirling engine. The experimental designwas conductedwith a
central composite rotatable design approach by using five levels for
these four parameters. According to optimization results, optimal
operating conditions to obtain maximum engine power output of
355 W were found to be 8 bar charge pressure, 7.3 L/min cooling
water flow and 500 �C heating temperature. Ye et al. [66] used RSM
to optimize the performance of a free-piston Stirling engine (FPSE).
Both the operating and structural parameters for FPSE were opti-
mized. Optimization results for charge pressure, operating fre-
quency, hot end and cold end temperature, length of cooler and
heater, fin thickness of cooler and heater, phase angle were deter-
mined as 3.98 MPa, 84.93 Hz, 920 K, 330.3 K, 0.02 m, 0.017 m,
0.0008 m, 0.004 m and 80.78� respectively.

The above review reveals that the operating parameters have a
significant impact on engine performance, and there is no study
about the optimization of a beta-type Stirling engine before. In the
present study, it was aimed to optimize the operating parameters of
a beta-type rhombic drive Stirling engine by using the RSM. The
rhombic drive mechanism of the engine used in this study was the
same as the study performed by Aksoy et al. [67]. The second goal of
this study is to enhance the specific power level of the engine by
designing and manufacturing a new displacer and displacer cylin-
der assembly to increase the compression ratio of the engine.

2. Experimental setup

2.1. Stirling engine

The rhombic drive Stirling engine consists of a drive mechanism
and a cylinder assembly. The drive mechanism of the engine, which
was assembled in the main block, includes rhombus rods, linkage
elements, helical gears, crankshafts, and bearings. The engine block
was manufactured by C1040 material via welding, and six sides of
the main body were covered. The covers supporting the bearings
were manufactured by C1040 material. The remaining covers were
manufactured by aluminum 5050 to reduce weight. The main block
was grinded smoothly and oring canals placed on the covers to
prevent gas leakages. Because of the high load and speed capacities
and to provide silent working, helical gears were used on the
rhombic drive mechanism. Helical gears were manufactured by
case hardening steel, and hardening to 52 Rockwell C was applied.
Helical gears were placed on crankshafts whichweremanufactured
by C4140 material. Aluminum 7000 was used to manufacture the
Rhombus rods. The drive mechanism and the lower part of the
engine presented here are the same with the study conducted by
Aksoy et al. [67]. Fig. 1 illustrates the drive mechanism.

The upper section of the engine consists of a power piston and
its cylinder, displacer, displacer lower cylinder, and upper cylinder
of the displacer. Fig. 2 shows the assembled version, schematic
view, and displacer driving mechanism of the test motor. In
rhombic drive, Stirling engines, the space between power piston
and displacer is the cold volume, and the space above the displacer
is hot volume. The hot and cold volumes are separated by a ring
placed on the displacement piston. The flow of the working



Fig. 1. Engine block and drive mechanism.
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medium between the hot and cold volumes takes place from the
regenerator volume in the displacer bottom cylinder. The regen-
erator material is placed between the displacer bottom cylinder
and the power cylinder upper part.

The power cylinder and upper part of it were manufactured
8620 hardening steel. 70 cooling channels, 3 mmwide, 8 mm long,
and 45 mm deep, were opened into the power cylinder and the
upper part of the power cylinder. In order to increase the cooling
performance and reduce the dead volume, 70 copper bars with
3 mmwide, 5 mm long, and 45 mm deep were inserted into these
channels. The power piston was made of 7000 series aluminum,
and there was a working gap of 0.07 mm between the power cyl-
inder and the power piston. The displacer rod, which was made of
mercury steel, passes through the center of the power piston, and a
working gap of 0.03 mmwas left between the two parts. The upper
part of the power piston was constructed in steps to facilitate the
flow of the working fluid. The cooler was made of aluminum ma-
terial, and to increase the heat transfer surface areas, the inner side
of it was grooved.

The displacer consists of two parts, the dome, and the lower
part. In the previous version of the engine, the length of both the
upper displacer cylinder and the displacer were longer compared to
  (a)                                  

Fig. 2. (a) Schematic view of the beta type rhombic drive Stirling engine (
this study. The compression ratio of the engine was 2.51 in the
previous engine configuration [67]. The compression ratio of the
presented engine is 2.76 after shortening the displacer cylinder and
the displacer length. Table 1 depicts the dimensions of the displacer
and displacer cylinder. Other specifications of the engine can be
found in the previous study [67]. The bottom part is made of
stainless 304 material. A ring made of for cast material was used on
the lower part to prevent leakage. The displacer dome was made of
stainless ASTM 304 pipe with awall thickness of 1.5 mm because of
its low heat transfer coefficient and reduced heat transfer. A
working gap of 0.7 mm was left between the displacer dome and
the cylinder. The displacer cylinder is made of stainless ASTM 304
steel in two parts, top, and bottom. In order to increase the heat
transfer during the transfer, 80 channels of 3 mm depth and 2 mm
width were grooved on the inner surface of the displacer cylinders.
Because of the shortening of the displacer cylinder, the heat
transfer surface area on the displacer cylinder decreased by almost
20% in comparison with the previous study.
2.2. Experimental procedure and instrumentation

The performance of the prototype Stirling engine was tested at
hot end temperatures of 500, 600, and 700 �C. In order to be sure
that the air in the engine is fully evacuated, the engine block was
filled with helium, the engine was operated 2 min and then dis-
charged again and refilled. This procedure repeated 5 times. The
enginewas started to idle run at almost 350 �C hot end temperature
with a charge pressure of 2 bar. However, initial experiments were
performed with a hot end temperature of 500 �C because there was
no significant power production below that temperature, especially
for lower charge pressures of 2e4 bar. Working fluid charge pres-
sure varied between 2 and 9 bars incrementally. To avoid any gas
leakage, maximum charge pressure was limited to 9 bar. For each
test case, the engine was allowed to run at its maximum speed
freely for awhile and then an external loadwas applied gradually to
the flywheel to slow down the speed and measure the engine
torque. In order to reduce the measurement error, each test case
was repeated three times.

A schematic view of the testbed is shown in Fig. 3. The charge
pressure was measured by a digital pressure gauge, which has an
accuracy value of 0.01 bar, placed on the engine block. The hot-end
temperature was kept constant by setting the gas flow of liquid
               (b)                             (c)

b) manufactured Stirling engine, and (c) displacer driving mechanism.



Table 2
Accuracy of the equipment and uncertainties of the calculated values.

Measurement Accuracy Calculated Uncertainity

Engine Torque ±0.05 kg (from load cell) ±0.017 Nm
Engine speed ±1 rpm e

Engine Power e 0.3% - 0.7%
Temperature ±1.5 �C e

Table 1
Some specific properties of the engine.

Characteristics Previous design [67] This study

Displacer length [m] 0.285 0.213
Length of upper displacer cylinder [m] 0.180 0.110
Compression ratio 2.51 2.76
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petroleum gas (LPG) burner. ESIT BB20 brand load cell was used to
measure engine torque with an accuracy of ±0.05 kg. Cold and hot
end temperatures were measured with TMS DT-8859 infrared
thermometer and NiCreNi type thermocouple. Engine speed in-
formation was obtained by using a 5000 pulse encoder. Engine
speed and torquewere recorded on the computer by utilizing a data
acquisition card. Uncertainties were calculatedwith the root square
method presented by Kline and McClintock [68]. For the uncer-
tainty of the engine power, an error range between minimum and
maximum was given because the engine speed has a range. Un-
certainties of the calculated values and the accuracy of the mea-
surement equipment is given in Table 2.
Fig. 4. Design of experiment (DoE) for Stirling engine performance in RSM.
2.3. Experimental design

This section deals with the determination of optimum engine
performance conditions for maximizing the engine brake power
and minimize the hot-end temperature. The optimization of inde-
pendent parameters was carried out by using the Response surface
methodology (RSM).

The RSM technique offers some advantages in comparison with
full factorial design experimentation, such as requiring fewer tests
and less time-consuming [61].

The Response surface model can be described by its general
form for modeling the dependent variable Y which is influenced by
a number of independent parameters x1, x2, …,xn [69].

Y ¼ f ðX1;X2 ;…; XnÞ þ ε (1)

where f is the response function, and 3denotes the error associated
with the experiments. In the RSM method, a multiple regression
analysis is determined for response parameters that represent the
interaction and themain effects of input variables on each response
separately. Fig. 4 illustrates the different stages of Stirling engine
performance optimization based on the independent and response
variables using RSM techniques.

In this research, the central composite design (CCD)methodwas
Fig. 3. Schematic illustration o
employed to evaluate the effect of engine speed, charge pressure,
and temperature as input parameters on the engine performance,
including engine torque and brake power. For this purpose, engine
speed, charge pressure, and temperature were chosen as the in-
dependent parameters, and the output factors were engine brake
power and torque as the response parameters (Table 3).

The Design Expert v.10 was used to analyze the fitness and the
significance of the DoE model to derive the best equation between
the input and the output parameters. Besides, the analysis of vari-
ance (ANOVA) manifests the effect of independent parameters on
each response variable.

The simultaneous optimizationwas performed by combining all
responses into a desirability function (DF) using the following
equation [70].
f the experimental setup.



Table 3
Independent parameters and their levels applied for CCD design.

Independent variable Xi Codes factor levels

-a �1 0 þ1 þa

Engine Speed (rpm) X1 550 600 650 700 750
Pressure (bar) X2 5 6 7 8 9
Temperature (oC) X3 600 600 e 700 700

Fig. 5. Variation of the engine power with respect to engine speed at 500, 600, and
700 �C of hot end temperatures.

Table 4
ANOVA table for engine power.

Source Sum of square Mean square F-value P-value

Model 2.957Eþ5 18483.31 51.39 < 0.0001
X1 24611.33 24611.33 68.43 < 0.0001
X2 64335.79 64335.79 178.88 < 0.0001
X3 40674.19 40674.19 113.09 < 0.0001
X2� X3 11572.38 11572.38 32.18 0.0003
X2

1 7089.53 7089.53 19.71 0.0016
X2

2� X1 9942.1 9942.91 27.65 0.0005
X2

2� X3 9463.98 9463.98 26.31 0.0006
X2

2� X3� X1 2492.93 2492.93 6.93 0.027
X2

1� X2
2 10601.6 10601.6 29.48 0.0004

Lack of Fit 363.72 359.15 1.01 0.34
Residual 3236.95 359.66
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DF¼ �ðdf1Þp1ðdf2Þp2
…ðdfnÞpn

� 1P
pi ¼

 Yn
i¼1

dfi
pi

! 1P
pi

(2)

where df1; df2…dfn are the overall desirability of the process, n is
the number of the outputs in the experiment, and Pi is the
importance of each factor. In this study, the goals of maximum and
minimumwere obtained to define the desirability function (df i) by
using Eq. (3) and Eq. (4), respectively [60].

dfi ¼

8>>>>>><
>>>>>>:

0 yi � wmin
i 

yi �wmin
i

wmax
i �wmin

i

!wi

wmin
i � yi � wmax

i

1 yi � wmax
i

(3)

dfi ¼

8>>>>><
>>>>>:

1 yi � wmin
i 

wmax
i � yi

wmax
i �wmin

i

!
wi wmin

i � yi � wmax
i

0 yi � wmax
i

(4)

where yi is the ith response value,wmax
i andwmin

i aremaximum and
minimum values for the response, respectively. The goal of opti-
mization was to find a set of engine working conditions that meet
maximum desirability function in the range of input parameters.
3. Results and discussion

3.1. The effects of charge pressure, temperature, and engine speed
on the brake power

Fig. 5 show the power variations of the prototype engine for
different charge pressures of the working fluid and hot end tem-
peratures of 500, 600, and 700 �C.

As depicted in Fig. 5, unloaded engine speed reached over
1000 rpmwith 700 �C hot end temperature and charge pressure of
9 bar. As illustrated in Fig. 5, the engine torque had a maximum
value at a particular value of engine speed. Higher engine speed
clearly led to limited heating/cooling time, and subsequently
leading to inadequate heat transfer. Besides, a further increase in
engine speed over the optimum value causes a decrease in brake
power. A similar trend was also reported by Karabulut et al. [71].
Their results illustrated that maximum power output was reported
at charge pressure of 2.8 bars and an engine speed of 453 rpm. In a
different investigation, Karabulut et al. [72] reported that shaft
power of 51.93 W could be achieved by using hot-end temperature
of 200 �C, charge pressure of 2.8 bar, and the engine speed of
453 rpm.

Table 4 indicates the analysis of variance (ANOVA) for the brake
power.

According toTable 4, the P-value of themodel was less than 0.01,
indicating the model is significant. Ideally, a p-value less than 0.05,
indicating the quantitative model is statistically significant and
acceptable. In addition, the corresponding R-squared is 0.9982 for
the model and it indicates that the mode provided has a large value
of goodness-of-fit. Accordingly, the ANOVA results show that var-
iables X1 Engine Speed (p-value <0.0001), X2 Pressure (p-value
<0.0001), and X3 temperatures are all significant parameters for the
engine brake power.

With consideration of Table 3 and the Eq. (1), the quadratic
model expressed by Eq. (2) was derived, representing the brake
power as a function of independent variables. The large value of
adjusted R2 (0.98) for Eq. (2) demonstrate that the model was able
to predict the response with good accuracy.

Power ðWÞ¼ 627:34� 39:22 X1 þ 63:41X2 þ 59:21X3

þ 26:89X2X3 � 12:45X2
1 þ 43:18X2

2X1 þ 14:37X2
2X3

þ 43:84X2
1X

2
2 þ 21:62X1X3 X2

2 (5)

From the suggested model (Eq. (2)), it is possible to derive the
optimal parameters maximizing the brake power. The interaction
engine power with different engine speeds and charge pressure of
the rhombic drive Stirling engine were illustrated in Fig. 6a and b.
As shown in Fig. 6a, by increasing the engine speed from 550 to
650 rpm, the brake power first followed a dropping trend. When
the power traces were examined, it was seen that the brake power
increased with the engine speed and then started to decrease after



Fig. 6. (a) 2D and (b) 3D representations of the interactions of Engine speed and
pressure on engine power.
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reaching its maximum for almost each hot end temperature and
charge pressure. At low engine speeds, heat loss to the cooler and
the other parts such as piston, displacer, and engine block and gas
leakage between piston and cylinder are high because there is
plenty of time interval to complete a cycle. As depicted in Fig. 6b, as
the engine speed increase, these losses reduce, and as a result,
engine power increases. The reasons for the power decrease at
higher engine speeds are the insufficient time for heating working
fluid, increased pressure loss due to deteriorated flow, especially in
the regenerator section, increased mechanical losses due to the
frictions. It was also seen that the speed range of the engine was
enlarged with increasing charge pressures. Increasing hot end
temperature from 500 to 600 �C provided 367 W power enhance-
ment, and maximum engine power was recorded as 654 W at an
engine speed of 622 rpmwith a similar charge pressure of 8 bar. At
600 �C of hot-end temperature, the maximum power of the engine
was 663W in the previous design of the engine. That power output
was corresponding a specific power of 957 W/L via considering the
total volume of the engine. In the present design, at the same hot
end temperature, the specific power of the engine was increased to
1100 W/L despite the decreased heat transfer surface area. This
result proves that both engine performance and thermal efficiency
were improved with the presented design. Moreover, the empirical
data were analysed using response surface methodology. The peak
power of the engine was obtained at 700 �C hot end temperature as
1020 W at 747 rpm with a charge pressure of 9 bar.

Cheng and Yang [48], also demonstrated that beta-type Stirling
engine power is the function of the geometric parameters, the total
dead volume ratio, the temperature ratio, and pressure in the
chambers. The optimal value of the above-mentioned influential
parameters toward the maximization of the dimensionless shaft
work was reported. Ye et al. [66] also observed a similar increment
rate in output power as a result of the enhancement of the charge-
pressure in the chamber and the rise of hot-end temperature. Their
finding indicated that the increase of the hot end temperature
would increase the Stirling cycle pressure, leading to an increase in
the shaft power. More specifically, they specified that charge
pressure had a more remarkable effect in comparison to that of the
hot end temperature.
3.2. The effects of charge pressure, temperature, and engine speed
on the brake torque

Fig. 7 illustrates the brake torque variations versus engine speed
for different hot end temperatures and charge pressures.

The statistical analysis results for engine torque are given in
Table 5. With regard to the independent variables (temperature,
pressure, and engine speed), the engine torque was significant at
the 1% level. The results obtained showed that the regressionmodel
had a large value of goodness-of-fit (R-squared ¼ 0.9888), indi-
cating only less than 0.1% of the total variation could not be esti-
mated by the quadratic model provided.

According to Table 5, the effect of input factors (i.e., engine
speed, pressure, and temperature) was also significant (p-value
<0.0001) on the engine torque level. The F-value of 49.73 and the p-
value of 0.001 in regression models indicate that the quadratic
model estimates the response parameters very accurately. The
following quadratic model (Eq. (6)) for the engine torque was
generated from the RSM-based multivariate regression analysis.

Torque ðN:mÞ¼9:27� 1:27 X1 þ 0:88 X2 þ 1:1 X3

þ 0:32 X2X3 � 0:13X2
2X3 þ 067X2

3X1 þ 0:54 X2
1X

2
2 (6)

Fig. 8 indicates the 2D and 3D representations of engine torque
against temperature and charge pressure. As it is expected, the
maximum brake torque values were obtained at minimum engine
speeds for almost each hot end temperature and charge pressure
levels. This is because of the improved heating performance at low
engine speeds. At the lower engine speeds, there is plenty of time to
heat transfer by comparing higher engine speeds. As a result of this
phenomenonmaximum engine torque values are obtained at lower
engine speeds in Stirling engines. According to Fig. 8, the modeling
results demonstrate that, by increasing the engine speed from 600
to 700 rpm, engine torque decreases by 28%. As depicted in Figs. 7
and 8, the engine torque was rising as the charge pressure
increased. At 500 and 600 �C, hot end temperatures brake torque
started to decrease after 8 bar charge pressure. The Stirling engine
performance is very sensitive to its operating condition [73]. Higher
charge pressure levels increase the mass of the working fluid in the
cylinder. If sufficient heat transfer can be provided in a limited time
interval, engine performance also improves. However, too much
working fluidmassmay decrease engine performance if there is not
sufficient heat flux. In order to prevent performance loss, hot end
temperature could be increased if it is possible. When the torque
traces at 700 �C are examined, it can be seen that the loss of per-
formance is prevented in that way. According to Fig. 8a and b, the
relation between engine speed and charge pressure seems to be
quadratic.

These findings were in line with those of the other studies in
which the variation of the shaft torque/power with respect to hot
end temperature and the charge pressure were investigated. Kar-
abulut et al. [71] reported that the performance characteristics in-
crease with hot end temperature and the charge pressure. The
maximum torque was reported as ~4 Nm at 260 �C hot end tem-
perature and 4 bars charge pressure.

3.3. Multi-objective optimization and validation

In the present study, the desirability function approach was
used to determine optimal engine working conditions, with the
objective of maximizing the engine torque/engine power. Design
Expert v. 10 was employed to optimize the effects of pressure,
temperature, and engine speed on the performance of the Stirling
engine. The desirability is shown in Fig. 9 is reasonable, considering
the parameter values for the multi-objective optimization. In Fig. 9,
Optimal response prediction values are displayed in red. 2-D plot
for multi-responses and desirability are depicted in Fig. 9.

According to Fig. 9, at optimized values of independent pa-
rameters, the amount of engine brake power and engine torque
were obtained to be 862.53 W and 11.84 Nm, respectively. The
importance of 3 was considered for all parameters, and each
response was weighted equally (w ¼ 1:1:1). In this way, the
desirability functions methodology was utilized to select the opti-
mum engine working condition.



Fig. 7. Variation of the engine torque with respect to engine speed at 500, 600 and 700 �C of hot end temperatures.

Table 5
ANOVA table for engine torque.

Source Sum of square Mean square F-value P-value

Model 86.33 5.40 5.40 < 0.0001
X1 25.86 25.86 25.86 < 0.0001
X2 12.29 12.29 12.29 < 0.0001
X3 13.94 13.94 13.94 < 0.0001

X2� X3 1.65 1.65 1.65 0.0036
X2

1� X3 0.8 0.8 0.8 0.0236
X2

2� X1 2.4 2.4 2.4 0.001
X2

2� X3 0.78 0.78 0.78 0.025
X2

1� X2
2 1.63 1.63 1.63 0.003

Lack of Fit 0.14 0.14 0.14 0.28
Residual 0.98 0.11

Fig. 8. (a) 2D and (b) 3D representations of the interactions of Engine speed and
pressure on Torque.
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Table 6 illustrates the lower/upper limits, weight, and the
importance of each independent and response parameters.

According to the constraints above, the optimal engine speed,
charge pressure, charge pressure were 700 rpm, 8 bar, and 700 �C,
respectively, with the desirability of 0.86. In order to evaluate the
accuracy of the model, an experimental validation was also carried
out under optimum conditions. In this condition, the Stirling engine
provided 11.95 Nm and 868.13. The difference between optimiza-
tion and the experimental result indicates that the RSMmodels are
reliable and accurate with respect to the engine performance
characteristics, with an absolute error of less than 4%. This error can
be due to a lack of experimental measurement resulting in a lack of
combined desirability values.

A similar finding was also reported by other researchers when
the multi-response optimization was used to obtain an optimal
response of various Stirling engine operating conditions. For
instance, Ye et al. [66] reported that the desirability approach could
be employed to predict the output power, thermal and exergy ef-
ficiency of the Stirling engine. Their findings showed that charge
pressure of 3.98 MPa, hot end and cold end temperature of 920 K
and 330.3 K were found to be the optimal value. The corresponding
thermal and output power were reported as 38% and 137 W,
respectively. Also, their errors reported (i.e. 0.37%) were in agree-
ment with the findings of the present work. Similar results were
also reported in a different study conducted by Cheng and Yang [48]
who investigated influential factors affecting the output power in a
beta-type Stirling engine. They reported that prediction deviations
for the experimental data and predicted results were within 5.2%.

As mentioned above, the present work covered the CCD-based
RSM method for optimizing the Stirling engine parameters. How-
ever, Improvement of the performances of multi-objective opti-
mization algorithms continues to be the focus of much research. it
is suggested that future research on the optimization of the Stirling
engine use a hybrid algorithm by combining RSM with other
optimization methods including, adaptive-network-based fuzzy
inference system (ANFIS), artificial neural network approach
(ANN), and GA (genetic algorithm) to improve the RSM-based al-
gorithm compared with previous studies on the Stirling engine.
4. Conclusion

In the present study, the effects of operating parameters such as
heating temperature, charge pressure, and engine speed are
investigated and optimized by CCD based RSM method for a beta-



Fig. 9. 2D plot for responses and desirability.

Table 6
The multi-objective constraints.

Factors Goal Upper limit Lower limit Upper weight Lower weight Importance

A: Engine Speed In range 750 550 1 1 3
B: Pressure In range 9 9 1 1 3
C: Temperature In range 700 600 1 1 3
Brake power Maximize 921.08 439.64 1 1 3
Brake torque Maximize 12.94 5.65 1 1 3
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type rhombic drive Stirling engine. The engine used in this study
was manufactured and tested in a previous study and it was pro-
vided 957 W/L specific engine power. Another goal of the present
studywas to enhance the specific power of the engine by increasing
the compression ratio. Displacer cylinder and the displacer lengths
were shortened and the compression ratio was increased from 2.51
to 2.76. Although the reduced heat transfer surface area due to
shortening the displacer cylinder, specific power increased 13% and
recorded as 1100 W/L. C was employed to analyze the statistical
significance and the effect of independent parameters (i.e. engine
speed, charge pressure, and temperature) on the output brake
power and engine torque. The results illustrated that:

(1) The regression models for the engine brake power and en-
gine torque are developed. The ANOVAwas employed to find
the best quadratic regression model. The results obtained
showed that all independent factors have significant impacts
on the performance characteristic of the Stirling engine.

(2) The interactive effect of the input variables which had a
significant effect (p-value <0.0001) on the output brake
power and engine torque were depicted in detail. Moreover,
the effect of the input parameters on the response variables
was determined using the statistical results of predicted
models. The p-values and F-values of the quadratic models
illustrated that model-derived were statistically significant
for both response parameters, indicating the effectiveness of
multi-objective optimization.

(3) The maximum power of the engine was recorded at 700 �C
hot end temperature as 1020 W at 747 rpm with a charge
pressure of 9 bar.

(4) An engine speed of 700 rpm and a charge pressure of 8 bar
and heating temperature of 700 �C were found to be optimal
values. The results of this study indicated that at optimal
engine working conditions, the amounts of the brake torque
and brake power were found to be 11.95 Nm and 868.13 W,
respectively. While the end temperature is varying from
500 �C to 600 �C, the engine power increases up to 654W at
an engine speed of 622 rpm and charge pressure of 8 bar.

(5) The errors obtained between experiments data and pre-
dicted values of RSM for brake power and engine torque was
less than 4%, indicating high accuracy of the optimal results.
(6) Desirability approach based RSM was employed as a reliable
technique to optimize the performance of a beta-type Stir-
ling engine. The outcomes of the study could effectively be
implemented for efficient designing Stirling engine perfor-
mance and further optimizing its performance.
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