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Abstract The article concerns the testbed research of a micro cogeneration system
based on a Stirling engine equipped with an automatic load-applying system. The
article presents the influence that the load current has on acceleration of vibration of
a micro cogeneration system’s body. The research was conducted while using
nitrogen as the working gas. Significant number of tests offered the possibility of
providing the description of the results in statistical terms while using such mea-
sures as kurtosis, coefficient of variation, the asymmetry coefficient as well as the
probability density function. The research offers the possibility of concluding
whether the completed experiment is repeatable as well as for determining the
impact that selected load changes have on acceleration of the micro cogeneration
system’s vibration.
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1 Introduction

The paper presents the research related of a micro cogeneration system based on a
Stirling engine. This paper presents the influence that loads (with a value of 7, 29,
50, 73 and 93 % of the maximum load) have on acceleration of vibration of a
Stirling engine’s body in three mutually perpendicular directions.

The tests and the analysis of their results enabled determination of the influence
exerted by the analyzed parameters which accompany the system’s operation
[1-21].

The paper analyzes the repeatability of the obtained values of the body’s
acceleration in three mutually perpendicular directions while using statistical
measures (the average value, the standard deviation of kurtosis, skewness and
coefficient of variation as well as the probability density function).

2 Presentation of the Testbed with an Automatic
Measuring System

The laboratory testbed used for conducting the tests was described in detail in [1,
16]. The experimental data obtained during the research was subjected to analysis
while using the statistical measures for the recorded parameters of acceleration of
the body’s vibration (Fig. 1) in the following directions: x (parallel to the axis of the
cylinders), y (parallel to the axis of the shaft) and z (perpendicular to the plane
formed by the axis of the shaft).

The system used for applying the loads was constructed while relying on a
programmable source of electrical current which is described and presented in detail
in [1].

Fig. 1 Picture of the testbed with a tri-axle vibration acceleration sensor (for capturing vibration
of the body)
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3 Testbed Research

3.1 Results of the Testbed Research

The obtained data was subjected to analysis while using the statistical measures
(described in detail in [1] for the recorded parameters) of vibration acceleration in
three mutually perpendicular directions. The presentation of the results of the
analyses has been restricted to five load values applied to the micro cogeneration
system (5, 29, 50, 73 and 93 % of the maximum load).

The further part of the article presents the time runs for the load values ranging
from 7 to 93 % of the maximum load for the following items: vibration acceleration
in respective directions: x (Fig. 2a), y (Fig. 2b), z (Fig. 2c) as well as their statistical
measures.

As expected, the highest acceleration values occur in the direction x, which is
associated with the motion of the piston-crank system. The highest value of the
acceleration occurs for the load of 50 %, and in the case of positive acceleration it is
Amax20 % = 33.08 m/s> (Fig. 2a) while in the case of negative acceleration it is
lower and it has the value of a,ins0 % = —30.8 m/s>. For the direction x the values
of vibration acceleration decrease for loads higher than 50 %, and for the load of
93 % they do not exceed 26.2 m/s”.
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Fig. 2 Vibration acceleration signal curves for directions a, (a), a, (b) and a, (c)
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Figure 2b presents the change of vibration acceleration a, in the direction y for
loads ranging from 7 to 93 % of the maximum load. The highest acceleration value
occurred for the load of 7 %, with the maximum value being aymax7 % = 19.8 m/s”
for positive acceleration (Fig. 2b). In the case of negative acceleration, the value
was higher and amounted ayyin7 o = —17.67 m/s>.

Values of vibration acceleration for the direction y decreased as the load
increased and they did not exceed 16.15 m/s* for 93 % of the maximum load.

Figure 2c presents the changes of vibration acceleration for loads ranging from 7
to 93 % of the maximum load. The highest value of vibration acceleration was
recorded for the positive load of 7 % and amounted a,,,x7 o = 25.47 m/s’ (Fig. 2¢),
while the lowest value was recorded for the load of 93 % (a,mino3 % = 19.85 m/s>).

The values of vibration acceleration for this direction decrease as the load
increases and in the case of the load of 93 % they do not exceed 20 m/s”.

Figure 3a presents the graphs showing the standard deviation for vibration
acceleration a,, while the values of statistical measures are presented in Table 1.
The analysis of graph Fig. 3a and the analysis of the figures found in Table 1
demonstrate that the standard deviation 6, from the mean value p,, decreases as
the load increases. The decreasing standard deviation values for the growing load
affect the nature of the growing and positive value of mean kurtosis pg,, (Fig. 3b
and Table 1). The distribution is more concentrated than normal (with smaller
scatter of the results) It should be also stressed that the scatter of kurtosis for the
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Fig. 3 Diagrams showing respective measurement values: a standard deviation, b kurtosis, and
¢ skewness for acceleration in the direction x

Table 1 Test results for vibration acceleration a,

Load (%) | Max Oax CVax | Mkax OKax CVkax |Mskiax | Oskax | CVsKEax
7 4913 |0.301 [0.061 |1.364 |0.229 |0.168 |—0.183 |0.082 —0.447
29 4.673 |0.188 [0.040 |1.501 |0.179 |0.119 |-0.169 |0.089 —0.528
50 4.466 |0.210 (0.046 |1.735 |0.270 |0.155 |-0.101 |0.105 —1.045
71 4.086 |0.239 [0.059 |1.826 |0.293 |0.161 —-0.001 [0.074 |-242.61
93 3.778 [0.252 |0.067 |2.335 |0.442 |0.189 |-0.119 |0.130 —1.094
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acceleration in the direction x is decreasing, and it decreases as the load increases
(from 7 to 93 %).

The mean value of skewness Uskgax, the scatter around the mean value 6sggax as
well as the coefficient of variation CVgkgax (Fig. 3c and Table 1) grow along with
the increase of the system’s load.

Figure 4a presents the graphs showing standard deviation for acceleration in the
direction y along with the detailed numerical values which are shown in summary
Table 2. Analysis of graph Fig. 4a and of the values found in Table 2 show that as
the load increases above 7 %, the standard deviation c,, from the mean value of p,,
also increases. It is also the coefficient of variation CV, that increases. Growth of
the load causes increase of the standard deviation, leading to growth of the positive
mean value of kurtosis pg,, (Fig. 4b and Table 2). It is worth adding that the mean
value of kurtosis is positive, which means that the distribution is more concentrated
than normally (smaller scatter of the results). It should be also stressed that the
scatter of kurtosis for the acceleration a is decreasing and it decreases along with the
growth of the load (from 7 to 93 %), which is indicated by the decreasing value of
CVkay coefficient of variation (Table 2).

While analyzing the values of skewness for the acceleration in the direction y
(Fig. 4c and Table 1.) one may notice that there occurs right-hand side asymmetry
whose mean value Uskgay grows along with the growth of the load (Table 1.) while
the standard deviation oskg, and the coefficient of variation CVgkga, are nearly
constant
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Fig. 4 Diagrams: a standard deviation, b kurtosis, and ¢ skewness for acceleration in the
direction a,

Table 2 Test results for vibration acceleration a,

Load (%) Mp Op CV, HUkp OKp CVg, Mskep | Oskep | CVskep
7 1.187 [0.011 |0.008 |—-1.464 |0.016 |-0.011 |0.262 |0.021 |0.079
29 1.182 |0.015 [0.013 |-1.464 |0.017 |-0.011 |0.266 |0.021 |0.078
50 1.183 [0.016 |0.013 |-1.472 |0.018 |-0.012 |0.261 |0.023 |0.088
71 1.179 [0.019 |0.017 |-1.472 |0.017 |-0.011 |0.275 |0.022 |0.080
93 1.174 |0.025 |0.022 |-1.483 |0.014 |-0.009 |0.270 [0.021 |0.078
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Fig. 5 Graphs: a standard deviation, b kurtosis, and ¢ skewness for the acceleration in the
direction a,

Figure 5 presents the graphs showing standard deviation (Fig. 5a), kurtosis
(Fig. 5b) and skewness (Fig. 5c) for the value a, of acceleration in the direction z as
the acceleration increases from 7 to 93 % of its maximum value. As the load
increases, the mean value of standard deviation ,, (Table 3) decreases. It is also the
mean value of kurtosis (Fig. 5b) that increases and it is positive.

The mean value of skewness pgkg, is positive for the loads of 29 and 50 %, and
it is negative for the remaining values of the load, while the standard deviation of
skewness, Gskgy, increases for all load values (Table 3).

Figure 6 shows the influence that the load current has on the value of the
probability density function for accelerations in three mutually perpendicular
directions.

The results of the examination and the analyses demonstrate that as the load
applied to the system grows, so does the value of the probability density function
for accelerations in all directions (Fig. 6a—c), which means that the probability of
occurrence of a value close the modal value increases along with the growth of the
load.

The highest value of the probability density function exists for the acceleration in
the direction y for a load equal to 93 % of the maximum load.

Table 3 Test results for vibration acceleration a,

Load (%) |1, G CV, MKz OKz CVk, | Mskez oskez | CVske,
7 3464 |0.156 |0.045 |1.102 |0.086 |0.078 |-0.012 |0.036 |-3.012
29 3.339 |0.126 [0.038 |1.213 |0.260 |0.215 0.029 [0.045 1.555
50 3260 |0.106 [0.033 |1.208 |0.200 |0.166 0.077 [0.047 0.608
71 3.103 |0.121 [0.039 |1.241 |0.177 |0.143 |[-0.032 |0.075 |-2.376
93 2.896 |0.160 [0.055 |1.524 |0.205 |0.134 |-0.006 |0.058 |-9.027
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Fig. 6 Graphs showing the probability density function for acceleration of vibration in respective
directions: a in direction x, b in direction y, ¢ in direction z

4 Conclusions

Use of statistical measures enabled interpretation of recurrence of results of mea-
surements for a conducted series of measurements. The probability density function
has been used to illustrate the probability of occurrence of specific values of
acceleration of the engine body’s vibration in the tree mutually perpendicular
directions. What should also be stressed is that as the load on the system increased,
so did the values of the probability density function for acceleration of the engine
body’s vibration in all the directions (there occurred smaller standard deviation
from the mean value and broader variability range). Based on the conducted
research and analyses, one can state that the obtained results are recurrent.

It is extremely important from a cognitive point of view to note that as the
system’s load increased from 7 to 93 % of the maximum load, the vibration
acceleration in all directions had lower values, which means that vibration accel-
eration decreased as the load on the micro cogeneration system increased. The
reason was the longer work cycle which was accompanied by decrease of crank-
shaft’s rotational speed. It is also worth noting that as the load increased from 7 to
93 %, the density probability functions achieved higher values, which is indicative
of bigger recurrence and predictability of operation of such a system.
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In no direction had the vibration acceleration exceeded the value of 3.4 g,
nonetheless it is worth noting that the highest values of vibration existed in the
direction which is parallel to the axis of the cylinders (direction x), with vibration
coming from the movement of the piston-crank system. It should be added that the
highest values of vibration acceleration occurred when the pistons were in their
extreme positions while the working liquid (gas) was forced between the heat
exchangers (the process is described in detail in [3, 6, 13, 14]).

The conducted research offers grounds for concluding that there exists a pos-
sibility of diagnosing the level of load of a micro cogeneration system by looking at
the vibration acceleration trends. Decrease of vibration acceleration is indicative of
more load being applied to a system, which indicates a greater repeatability and
predictability of the work of such a system (the growing value of the probability
density function for vibration acceleration). The research shows that in the case of
bigger workloads (which correspond to higher efficiency), the micro cogeneration
systems demonstrate lower values of vibration acceleration, which is very important
for users of such systems.
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