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Abstract

:

This article deals with the geometrical deviation measurements of crankshafts of large marine engines fuelled with conventional or alternative fuels, taking into account the problem of their deformability. Since the detectability of geometrical deviations of a crankshaft supported by prisms depends largely on the support conditions assumed and the parameters of the method, the study was carried out for two cases of crankshaft support. The first case concerned measurements of the main journals of a crankshaft seated on a set of supports pre-positioned at an equal height. In contrast, the second case involved measurements of the main journals of a crankshaft seated on supports pre-positioned at various heights. In particular, the research focused on evaluating the effect of sensor location angle on the results of measurements of deviations and contour profiles of the crankshaft main journal system. The results of the research are the developed procedures, the application of which in practical measurements under workshop conditions, where there is no access to coordinate measuring machines, enables correct interpretation of the measurement results and evaluation of the geometrical state of the measured crankshaft.
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1. Introduction


A characteristic feature of marine power plant machinery and equipment is the prevalence of large-size components. Among such machine elements, a specific group of parts characterised by low and variable stiffness and, consequently, high susceptibility to bending deformations can be distinguished. This group includes crankshafts of power engines of a ship’s main propulsion machinery as well as auxiliary engines and generator sets. The accuracy of crankshafts [1,2,3,4,5] largely determines the correct functioning of the crank-piston system and, as a result, of the whole working machine [6,7,8,9].



With regard to crankshafts, high criteria are imposed in terms of geometrical execution, given in the product specifications. For this reason, the modern technological process of crankshafts requires constant quality control of the manufactured surfaces [10]. A full and consistent assessment of the geometrical state of the product [11] can be guaranteed only if measurement methods and techniques are used that allow their correct implementation from a metrological point of view, as well as instrumentation whose accuracy is adapted to the tolerances specified in the product specification.



Various methods for measuring and evaluating the circularity profiles of cylindrical machine components have been described in the literature. Mostly, however, they cannot be directly applied to the case of assessing the geometrical state of large-sized crankshafts. Generally, there are two methods of measuring circularity using either a rotary sensor instrument or a rotary table instrument [2]. In the first method, the measured cylindrical element is stationary, and a sensor mounted in a special holder is rotated. In the second method, the measured cylindrical element turns (for example, on a rotary table), while the sensor remains stationary. The second method is simpler to implement. Examples of its use were described by Mekid and Vacharanukul [12], who used a special probe with two laser beams to measure circularity, and by Liu et al. [13], who applied an inductive sensor probe for the same purpose. The studies described in our paper were also carried out according to the second method but were performed for a full-scale large-size crankshaft.



The aforementioned papers deal with measuring the circularity of cylindrical surfaces. In contrast, in a paper published by Li et al. [9] on measuring the diameter of the crankshaft of a 6-cylinder heavy-duty truck engine, a precise measurement method based on a dual-camera system is described. This system consists of two double telecentric lenses, two high-resolution cameras, and two telecentric back light sources. On the other hand, Pavlenko et al. [14] presented a bench to determine the contour errors in the axial direction (such as obliquity, crowning and saddle shape) in the case of an agricultural tractor crankshaft. In a subsequent paper by Wang et al. [15], a method of measuring and evaluating cylindricity error based on a step acceleration algorithm using a machine adapted to small crankshafts is described. The methods described in this paragraph refer to crankshafts fixed and unmoved on external journals [9] or fixed in tusks on a measuring machine [14,15]. They therefore do not take into account the case of a crankshaft seated on supports, which is the subject of our paper.



One of the key issues during the machining of large-size crankshafts is the change in distance between adjacent crank arms. This phenomenon involves opening up the arms that connect two adjacent main journals to the corresponding connecting rod journal and is related to the flexibility of the shaft, its weight, and the fact that the axis of rotation does not correspond to the axis of the shaft. A prototype control support system for straightening elastic deformations of a bent crankshaft occurring due to this phenomenon during machining operations was described by Jeřábek et al. [10]. An automatic alignment system integrated with a non-circular grinding machine for large-size crankshafts presented by Shen et al. [7] operates on a similar principle. These methods concern the measurement of crankshafts during their machining. The method presented in our paper for evaluating the geometrical state of a crankshaft can be carried out under workshop conditions for a shaft after machining has been completed.



Taking into account the imposed accuracy requirements, it should be stated that a comprehensive description of the geometrical state of a crankshaft requires the determination of contour deviations and the no less important deviations of axis position. Due to unavoidable errors resulting from the technological process of machining, misalignment is an inherent element accompanying crankshaft measurement procedures [15,16,17,18,19]. However, the resulting eccentric displacement of the main journals’ axes during the rotation of a measured crankshaft mounted on an assembly of rigid prism supports makes the evaluation of its geometrical state unreliable. This applies to both contour deviations and axis position deviations, as there are limits to the ability to detect geometrical deviations during measurements due to the support conditions adopted [20,21,22], as demonstrated in the authors’ earlier papers [23,24,25,26].



The studies presented in the papers cited above did not take into account the influence of all the parameters of the measurement system on the results of measurements of geometrical magnitudes. In the case of crankshaft measurements based in prisms, the parameters of the measuring system include not only the adopted support conditions but also the parameters of the method.



The parameters of the method (characteristic for reference measurements of deviations and circularity profiles of cylindrical machine elements based in prisms) are defined as the angular magnitudes of the location of support points and measurement points in the adopted coordinate system [27]. From a practical point of view, these magnitudes correspond successively to the opening angle of the fixing prisms 2γ and the angle α determining the direction of movement of the sensor stylus. Observations made during the implementation of previous studies suggested that changes in these parameters could significantly affect the final evaluation of crankshaft geometry. These suggestions have guided the direction of further work undertaken and implemented by our research team.



Taking into account that different method parameters may be used in practical measurements, the research problem required linking the change of method parameters to the developed procedures for determining geometrical deviations of the crankshaft with limited possibilities of their detection caused by the assumed conditions of its support. In particular, the research described here focused on evaluating the effect of the angle of sensor location on the results of measurements of geometrical magnitudes, changing the support conditions of the crankshaft. Two ways of supporting the shaft were adopted: on supports pre-positioned at an equal height and on supports pre-positioned at various heights. Details of the adopted assumptions, the research material, and the results of analysis in this regard are presented in this paper.




2. Materials and Methods


The case of measuring crankshaft main journals seated on supports pre-positioned at an equal height was considered first. The diagram shown in Figure 1 was used to solve the problem adopted.



Figure 1 shows the characteristic points corresponding to the displacement of the tip of a sensor stylus measuring the eccentric displacement of a journal profile loaded with axial position deviation, during crankshaft rotation in 30° steps from 0° to 360°. The positioning of the direction of displacement of the sensor stylus relative to the measured profile is determined by the angle α. The angle of crankshaft rotation is indicated by the parameter φ, while the segment e corresponds to the eccentricity (see Figure 2). As shown, the displacement path of the sensor stylus tip is described by two segments. The first segment is described by an arc contained between points 1′ to 6′ and 12′ to 1′. The second is a rectilinear segment contained between points 6′ to 12′. The curved part of the displacement path corresponds to the measurement of the eccentric displacement of the journal when the journal was not in contact with the formers of the locating prism, where the measurements were not limited by the support of the journal. The rectilinear part of the displacement path corresponds to measurements limited by the journal support.



Based on the auxiliary diagrams shown successively in Figure 2 and Figure 3, mathematical relationships were then established linking the angular magnitude α, which is one of the parameters of the method, with the record of the measured profile of the eccentric displacement of the journal loaded with axial position deviation. These relationships can be expressed by the following equations:




	
On the curved segment between points 1′ to 6′ and 12′ to 1′ (Figure 2)








The measured parameter corresponding to the segment w (shown in Figure 2) can be described by the relation


  w = e + R − e ×   cos  ⁡    φ − α   − R   ×     cos  ⁡  δ    



(1)







Since


  R ≫ e ⟹ δ ≅ 0  



(2)







Then


  w = e + R − e ×   cos  ⁡    φ − α   − R   = e − e ×   cos  ⁡    φ − α      



(3)







	
On a straight segment between points 6′ and 12′ (Figure 3)






Since


  x = e ×   1 −   cos  ⁡  φ      



(4)







Then


  w = x ×   cos  ⁡  α   = e ×   1 −   cos  ⁡  φ     ×   cos  ⁡  α    



(5)
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Figure 3. Auxiliary diagram adopted to determine the mathematical relationships linking the method parameter α with the record of the measured eccentric displacement profile of the journal subjected to axial position deviation on the rectilinear segment, contained between the points 6′ to 12′ (illustrated in Figure 1). 






Figure 3. Auxiliary diagram adopted to determine the mathematical relationships linking the method parameter α with the record of the measured eccentric displacement profile of the journal subjected to axial position deviation on the rectilinear segment, contained between the points 6′ to 12′ (illustrated in Figure 1).
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Equations (1)–(5) are functional relationships enabling the measured eccentricity profile to be represented as a dependence of the change in angular position of the sensor stylus during crankshaft rotation. In accordance with the assumed interpretation of the geometrical features of the measured circularity profiles based on harmonic analysis, each profile can be represented as the sum of expressions of a trigonometric Fourier series, most commonly in the form of the so-called finite Fourier transform. The first expression of the Fourier series expansion of the function describing the measured profile corresponds to the axis position deviation, i.e., the eccentricity [28,29,30,31,32,33,34,35,36]. Eliminating this component from the measured total profile allows the sum of the other components to be treated as theoretically corresponding to a record of the measured circularity profile.



However, the demonstrated limitation in the ability to detect geometrical deviations due to the support conditions adopted means that taking the first harmonic component as corresponding to eccentricity is a major simplification. Indeed, the eccentricity profile is in this case described by the sum of the harmonics. Characteristically, these are harmonics with even numbers. By eliminating the harmonics associated with the eccentricity profile from the discrete amplitude spectrum of the measured total profile, the harmonics associated with the real circularity profile of the examined journal can be selected.



Graphical interpretation of the formulated relationships allows the measured eccentric profile of the journal displacement to be represented over the full angle of rotation of the shaft from 0° to 360°. An example of such an interpretation for an assumed eccentricity of e = 30 μm and a sensor stylus location angle of α = 60° is shown in Figure 4a. A discrete amplitude spectrum image corresponding to the presented eccentric journal displacement profile is shown in Figure 4b. Changing the location angle of the sensor α obviously varies the measured eccentric journal displacement profiles and, thus, the images of the amplitude spectrums.



Table 1 shows the values of the first harmonic amplitude spectra for an assumed eccentricity e = 30 μm, with a change in 10° increments of the sensor location angle α, within its practical application range of ±90°.



This table also lists the ratio between the successive values of the amplitudes of the first harmonics C1α when changing the angle α and the value of the amplitude of the harmonic component C1 = 30 μm, corresponding to the regular eccentricity profile e.



For any eccentricity e, the proportions between the successive values of the harmonics C1α and the value of C1 equal to the full eccentricity e remain constant. By expressing the successive harmonics C1α in relative form, it is possible to make them independent of the specific value of eccentricity e and to apply this interpretation in general form. Such an interpretation of the test results is shown in Figure 5.



In order to determine the eccentricity e, in the case of a deviated journal profile measurement, with the sensor stylus angled at α to the profile to be measured and the supports positioned at an equal height, the algorithm presented in Figure 6 can be used.
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Figure 5. Change in quotient C1α/C1 as a function of angle of rotation α. 






Figure 5. Change in quotient C1α/C1 as a function of angle of rotation α.
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Figure 6. Algorithm to determine the real eccentricity value ei from the known value of the amplitude of the first harmonic of the spectrum of the measured total journal profile C1αI and the angle α, for the case in which the supports are positioned at an equal height. 






Figure 6. Algorithm to determine the real eccentricity value ei from the known value of the amplitude of the first harmonic of the spectrum of the measured total journal profile C1αI and the angle α, for the case in which the supports are positioned at an equal height.
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In the second case adopted for consideration, it was assumed that the supports to provide contact with the main journals were pre-positioned at various heights.



Based on the auxiliary diagrams shown in Figure 7 and Figure 8, mathematical relationships were determined for this case, linking the method parameter α and the parameter y representing the displacement of the support relative to the other supports maintaining the same height position, with the parameter w representing the measured profile of the eccentric displacement of the journal subjected to the axial position deviation. These relationships can be expressed by the following formulas:




	
In the angle range     φ   0   < φ < 180 −   φ   0     (Figure 7)








The measured parameter w can be described with the relation:


  w = e + R − e ×   cos  ⁡    φ − α   − R   ×     cos  ⁡  δ    



(6)







Since


  R ≫ e ⟹ δ ≅ 0  



(7)







Then,


  w = e + R − e ×   cos  ⁡    φ − α   − R   = e − e ×   cos  ⁡    φ − α      



(8)
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Figure 7. Auxiliary diagram adopted to determine the mathematical relationships linking the method parameter α and the parameter y representing the offset of the support with respect to the other supports maintaining the same height position, with the parameter w representing the measured profile of the eccentric displacement of the journal subjected to the axial position deviation, within the angle range     φ   0   < φ < 180 −   φ   0    . 






Figure 7. Auxiliary diagram adopted to determine the mathematical relationships linking the method parameter α and the parameter y representing the offset of the support with respect to the other supports maintaining the same height position, with the parameter w representing the measured profile of the eccentric displacement of the journal subjected to the axial position deviation, within the angle range     φ   0   < φ < 180 −   φ   0    .
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In the angle range     180 − φ   0   < φ < 360 +   φ   0     (Figure 8)






The measured parameter w can be described by the relation


  w = x ×   cos  ⁡  α    



(9)







Since


  x = e ×     cos  ⁡    φ   0     −   cos  ⁡  φ      



(10)







And


    cos  ⁡    φ   0     =  1 −     sin   2    ⁡    φ   0      =  1 −       y   e       2     



(11)







Then,


  w = x ×   cos  ⁡  α   = e ×    1 −       y   e       2    −   cos  ⁡  φ     ×   cos  ⁡  α    



(12)







The case adopted for consideration can be treated as a general one. A special version of this case is the case considered earlier, in which it was assumed that the supports were located at an equal height (y = 0). For a given eccentricity e and the support offset y, which can be defined by measurements, the value of the amplitude of the first harmonic component C1α, determined by harmonic analysis of the measured profile, is assigned. The course of the C1α changes for eccentricity e = 10 μm, with a change in support offset y within ±10 μm and angle α of ±90°, is shown in Figure 9.
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Figure 8. Auxiliary diagram adopted to determine the mathematical relationships linking the method parameter α and the parameter y representing the offset of the support with respect to the other supports maintaining the same height position, with the parameter w representing the measured profile of the eccentric displacement of the journal subjected to the axial position deviation, within the angle range     180 − φ   0   < φ < 360 +   φ   0    . 






Figure 8. Auxiliary diagram adopted to determine the mathematical relationships linking the method parameter α and the parameter y representing the offset of the support with respect to the other supports maintaining the same height position, with the parameter w representing the measured profile of the eccentric displacement of the journal subjected to the axial position deviation, within the angle range     180 − φ   0   < φ < 360 +   φ   0    .
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Additionally in this case, independently of the value of the full eccentricity e, the ratio of the value of the support offset y to the value of the amplitude of the first harmonic component of the measured circularity profile C1α assumes a constant value. The course of the variation of the quotient y/C1α for eccentricity e = 10 μm, with a change in support offset y within ±10 μm and angle α of ±90°, is shown in Figure 10.



The quotient y/C1α has the property of being a universal parameter, enabling the true circularity profile to be determined from the total profile, measured in the direction of the sensor stylus displacement relative to the profile measured at an angle of α and the position of the support on which the eccentrically loaded journal under test is seated, with the displacement relative to the other journals by the magnitude of the parameter y.
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Figure 9. Change in C1α for eccentricity e = 10 μm, with a change in support offset y within ±10 μm and angle α of ±90°. 






Figure 9. Change in C1α for eccentricity e = 10 μm, with a change in support offset y within ±10 μm and angle α of ±90°.
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Figure 10. Change in quotient y/C1α for eccentricity e = 10 μm, with a change in support offset y within ±10 μm and angle α of ±90°. 






Figure 10. Change in quotient y/C1α for eccentricity e = 10 μm, with a change in support offset y within ±10 μm and angle α of ±90°.
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The desired value of the eccentricity e of the analysed profile can be determined taking into account that, when comparing the parameters of this profile with those of a profile with eccentricity e10 = 10 μm, the following relation is valid:


    e     e   10     =     C   1 α       C   1 ( 10 ) α      



(13)







Thus,


  e =       e   10   × C   1 α       C   1 ( 10 ) α      



(14)







In order to determine the eccentricity e, in the case of measuring a journal profile subject to an axial deviation, with the sensor stylus at an angle α to the profile to be measured and the support positioned at a height offset from the other supports by a value y, a helpful calculation program was developed in the MATLAB environment. The algorithm of this program is shown in Figure 11.



The calculation program developed can also be applied when the supports are positioned at an equal height, i.e., when y = 0.




3. Procedures for Determining the Real Circularity Profile


As a result of the research, procedures have been proposed to determine the real circularity profile of the journal based on the total profile of the journal, measured in the direction of displacement of the sensor stylus relative to the profile measured at an angle α. These procedures have been developed both for the case where the supports are positioned at an equal height and for the case where, to ensure contact with the main journals, they are pre-positioned at various heights. The procedures were used to measure the crankshaft of a medium-speed main propulsion engine of a ship treated as an energy machine. This shaft was 3630 mm long, weighed 9280 N, and had ten 149 mm diameter main journals and eight 144 mm diameter crank journals.



3.1. Example Procedures for Determining the Real Circularity Profile from the Measured Total Profile for the Case of Supports Located at an Equal Height


Example procedures for determining the real circularity profile of a journal showing eccentric displacement based on the measured total profile for the case where the sensor stylus was positioned relative to the measured profile at angle α = 30° are presented in Figure 12, Figure 13 and Figure 14 as well as in Table 2, Table 3 and Table 4.



Figure 12a illustrates the measured total profile, which includes the profile of journal marked with number 4 burdened by an unknown eccentricity value e. The amplitude spectrum produced for the total profile, with the amplitudes of the separated harmonics corresponding to the values given in Table 2, is shown in Figure 12b.
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Figure 12. Measured total profile of journal marked with number 4 when the sensor stylus was at angle α = 30° to the measured profile (a) and the amplitude spectrum of the measured total profile of this journal (b). 
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Table 2. Separated harmonic values of the amplitude spectrum of the measured total profile of journal marked with number 4 when the sensor stylus was at angle α = 30° to the measured profile.






Table 2. Separated harmonic values of the amplitude spectrum of the measured total profile of journal marked with number 4 when the sensor stylus was at angle α = 30° to the measured profile.





	
i-Harmonic Amplitude (μm)




	
i

	
0

	
10

	
20

	
30

	
40






	
i + 0

	
–

	
1.549

	
0.073

	
0.047

	
0.142




	
i + 1

	
15.770

	
0.962

	
0.167

	
0.131

	
0.207




	
i + 2

	
10.899

	
0.916

	
0.431

	
0.094

	
0.258




	
i + 3

	
8.502

	
0.203

	
0.447

	
0.267

	
0.359




	
i + 4

	
2.899

	
0.463

	
0.377

	
0.013

	
0.053




	
i + 5

	
4.507

	
0.280

	
0.613

	
0.278

	
0.142




	
i + 6

	
2.029

	
0.119

	
0.479

	
0.198

	
0.087




	
i + 7

	
1.780

	
0.215

	
0.524

	
0.170

	
0.071




	
i + 8

	
2.542

	
0.025

	
0.282

	
0.132

	
0.117




	
i + 9

	
1.777

	
0.407

	
0.156

	
0.098

	
0.282









According to the previously presented Table 1, the quotient of the value of the first harmonic component C1(30) and its full value for the angle α = 30° is C1(30)/C1 = 0.901. Considering that for the measured profile C1(30) = 15.77 μm, the value of the first harmonic component C1 corresponding to the real eccentricity e, calculated based on the quotient given, is equal to 17.5 μm. For this amplitude value, the eccentricity profile determined from the total profile when the sensor stylus is located at an angle of α = 30° is illustrated in Figure 13a. The amplitude spectrum of this profile and the corresponding values of the separated harmonics are shown in Figure 13b and Table 3.



By knowing the amplitude values of the harmonics of the eccentricity profile, it is possible to select, from the amplitude spectrum of the total profile, the harmonics associated with the profile of the examined journal. The theoretical profile of the examined journal obtained using the proposed procedures is presented in Figure 14a, and its discrete amplitude spectrum is shown in Figure 14b. The separated harmonic values of the amplitude spectrum are listed in Table 4.
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Figure 13. Eccentricity profile determined from the measured total profile of journal marked with number 4 (a) and the amplitude spectrum of the determined eccentricity profile of this journal (b). 
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Table 3. Separated harmonic values of the amplitude spectrum of the eccentricity profile determined from the measured total profile of journal marked with number 4.






Table 3. Separated harmonic values of the amplitude spectrum of the eccentricity profile determined from the measured total profile of journal marked with number 4.





	
i-Harmonic Amplitude (μm)




	
i

	
0

	
10

	
20

	
30

	
40






	
i + 0

	
–

	
0.057

	
0.014

	
0.006

	
0.004




	
i + 1

	
15.770

	
0.002

	
0.001

	
0.001

	
0.002




	
i + 2

	
1.870

	
0.039

	
0.012

	
0.005

	
0.001




	
i + 3

	
0.010

	
0.002

	
0.001

	
0.001

	
0.003




	
i + 4

	
0.374

	
0.029

	
0.010

	
0.005

	
0.001




	
i + 5

	
0.005

	
0.002

	
0.001

	
0.001

	
0.002




	
i + 6

	
0.160

	
0.022

	
0.008

	
0.003

	
0.000




	
i + 7

	
0.004

	
0.002

	
0.001

	
0.001

	
0.001




	
i + 8

	
0.089

	
0.017

	
0.007

	
0.005

	
0.000




	
i + 9

	
0.003

	
0.001

	
0.001

	
0.002

	
0.000
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Figure 14. Circularity profile determined from the measured total profile of journal marked with number 4 (a) and the amplitude spectrum of the determined circularity profile of this journal (b). 
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Table 4. Separated harmonic values of the amplitude spectrum of the circularity profile determined from the measured total profile of journal marked with number 4.






Table 4. Separated harmonic values of the amplitude spectrum of the circularity profile determined from the measured total profile of journal marked with number 4.





	
i-Harmonic Amplitude (μm)




	
i

	
0

	
10

	
20

	
30

	
40






	
i + 0

	
–

	
1.554

	
0.059

	
0.052

	
0.146




	
i + 1

	
–

	
0.964

	
0.168

	
0.131

	
0.207




	
i + 2

	
12.587

	
0.948

	
0.436

	
0.088

	
0.257




	
i + 3

	
8.494

	
0.204

	
0.446

	
0.267

	
0.360




	
i + 4

	
2.848

	
0.485

	
0.369

	
0.018

	
0.050




	
i + 5

	
4.505

	
0.279

	
0.612

	
0.278

	
0.142




	
i + 6

	
1.869

	
0.133

	
0.471

	
0.194

	
0.087




	
i + 7

	
1.783

	
0.217

	
0.525

	
0.170

	
0.071




	
i + 8

	
2.478

	
0.008

	
0.276

	
0.128

	
0.119




	
i + 9

	
1.780

	
0.409

	
0.156

	
0.098

	
0.000










3.2. Example Procedures for Determining the Real Circularity Profile from the Measured Total Profile for the Case of Supports Located at Various Heights


In the case under consideration, the support, according to the assumption made to enable contact with the eccentrically loaded journal, is pre-positioned with an offset relative to the other supports by a value y.



Example procedures for determining the real circularity profile of a journal showing eccentric displacement based on the measured total profile for the case where the sensor stylus was positioned relative to the measured profile at angle α = 30° and with support offset y = 25 μm are shown in Figure 15, Figure 16 and Figure 17 as well as in Table 5, Table 6 and Table 7.



Figure 15a shows the measured total profile of journal marked with number 3 for the previously stated measurement conditions. An image of the discrete amplitude spectrum of this profile is presented in Figure 15b.
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Figure 15. Measured total profile of journal marked with number 3 (a) and the discrete amplitude spectrum of the measured total profile of this journal (b) (α = 30°, y = 25 μm). 






Figure 15. Measured total profile of journal marked with number 3 (a) and the discrete amplitude spectrum of the measured total profile of this journal (b) (α = 30°, y = 25 μm).
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The separated harmonic values of the amplitude spectrum of the measured total profile of journal marked with number 3 are shown in Table 5.



Considering that the first harmonic amplitude C1α of the measured total profile of the journal marked with number 3 takes the value equal to 43.471 μm, then for support offset y = 25 μm, the quotient y/C1α = 0.575. The value of the amplitude of the first harmonic component of the eccentricity profile with the eccentricity value e10 = 10 μm, determined for this value of the quotient, is C1(10)α = 8.694 μm. The eccentricity value for the analysed profile, determined based on Equation (14), is therefore e = 50 μm.
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Table 5. Separated harmonic values of the amplitude spectrum of the measured total profile of journal marked with number 3 (α = 30°, y = 25 μm).






Table 5. Separated harmonic values of the amplitude spectrum of the measured total profile of journal marked with number 3 (α = 30°, y = 25 μm).





	
i-Harmonic Amplitude (μm)




	
i

	
0

	
10

	
20

	
30

	
40






	
i + 0

	
–

	
0.214

	
0.177

	
0.204

	
0.103




	
i + 1

	
43.471

	
0.152

	
0.031

	
0.321

	
0.192




	
i + 2

	
13.669

	
0.111

	
0.256

	
0.195

	
0.185




	
i + 3

	
1.099

	
0.298

	
0.305

	
0.177

	
0.018




	
i + 4

	
0.692

	
0.744

	
0.213

	
0.153

	
0.146




	
i + 5

	
2.197

	
0.332

	
0.149

	
0.261

	
0.097




	
i + 6

	
0.958

	
0.193

	
0.089

	
0.046

	
0.165




	
i + 7

	
0.821

	
0.507

	
0.298

	
0.048

	
0.180




	
i + 8

	
0.796

	
0.452

	
0.203

	
0.117

	
0.075




	
i + 9

	
0.303

	
0.233

	
0.341

	
0.013

	
0.191









The eccentricity profile subsequently determined from the measured total profile is illustrated in Figure 16a, while its amplitude spectrum is presented in Figure 16b.



The values of the amplitudes of the separated harmonics of the eccentricity profile determined from the measured total profile of journal marked with number 3 are summarised in Table 6.
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Figure 16. Eccentricity profile determined from the measured total profile of journal marked with number 3 (a) and the discrete amplitude spectrum of the determined eccentricity profile of this journal (b). 
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The final profile of journal marked with number 3 obtained from the measured total profile and its discrete amplitude spectrum, as a result of the developed procedures, are presented in Figure 17a,b, successively.



The values of the amplitudes of the separated harmonics of the amplitude spectrum obtained by applying the developed procedures for profile of journal marked with number 3, obtained from the measured total profile, are summarised in Table 7.
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Table 6. Values of the amplitudes of the separated harmonics of the eccentricity profile determined from the measured total profile of journal marked with number 3.
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i-Harmonic Amplitude (μm)




	
i

	
0

	
10

	
20

	
30

	
40






	
i + 0

	
–

	
0.070

	
0.023

	
0.013

	
0.007




	
i + 1

	
43.471

	
0.046

	
0.041

	
0.023

	
0.016




	
i + 2

	
3.493

	
0.099

	
0.016

	
0.016

	
0.012




	
i + 3

	
1.794

	
0.054

	
0.037

	
0.010

	
0.013




	
i + 4

	
0.359

	
0.037

	
0.035

	
0.016

	
0.017




	
i + 5

	
0.369

	
0.072

	
0.021

	
0.004

	
0.010




	
i + 6

	
0.398

	
0.032

	
0.038

	
0.013

	
0.016




	
i + 7

	
0.111

	
0.014

	
0.024

	
0.008

	
0.014




	
i + 8

	
0.119

	
0.033

	
0.024

	
0.010

	
0.010




	
i + 9

	
0.158

	
0.021

	
0.029

	
0.014

	
0.015
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Figure 17. Circularity profile determined from the measured total profile of journal marked with number 3 (a) and the discrete amplitude spectrum of the determined circularity profile of this journal (b). 
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Table 7. Separated harmonic values of the amplitude spectrum of the circularity profile determined from the measured total profile of journal marked with number 3.
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i-Harmonic Amplitude (μm)




	
i

	
0

	
10

	
20

	
30

	
40






	
i + 0

	
–

	
0.193

	
0.160

	
0.215

	
0.098




	
i + 1

	
–

	
0.196

	
0.054

	
0.317

	
0.188




	
i + 2

	
11.920

	
0.032

	
0.266

	
0.196

	
0.181




	
i + 3

	
1.907

	
0.291

	
0.305

	
0.169

	
0.020




	
i + 4

	
0.867

	
0.716

	
0.236

	
0.146

	
0.147




	
i + 5

	
2.258

	
0.352

	
0.160

	
0.261

	
0.101




	
i + 6

	
1.122

	
0.211

	
0.090

	
0.052

	
0.160




	
i + 7

	
0.847

	
0.476

	
0.278

	
0.054

	
0.181




	
i + 8

	
0.885

	
0.444

	
0.191

	
0.117

	
0.078




	
i + 9

	
0.323

	
0.245

	
0.333

	
0.018

	
0.196









The procedures for finding the auxiliary values of y/C1α and C1(10)α to determine the eccentricity e for the profile under consideration are presented in tabular form in Appendix A.




3.3. Comparative Evaluation of Test Results and Their Validation


To allow a comparative evaluation of the accuracy of the theoretical circularity profiles achieved using the procedures recommended in Section 3.2, reference measurements were made of the deviations and contours of the main journals of the object accepted for investigation. These reference measurements were conducted by means of a system with the MUK 25-600 measuring head and the SAJD software, providing a full qualitative evaluation of the measured circularity contours by the reference method [1,4,28]. The MUK 25-600 measuring head was seated directly on the surface of the tested journal during the measurements. As a result, the evaluation of the shape contours was independent of the support conditions of the crankshaft being measured (see Figure 18).



The circularity contours measured in this way were analysed harmonically and evaluated comparatively with the results of measurements of deviations and contours of the shape of journals, conducted on a test bench adapted to measure geometric deviations of crankshafts supported by a set of prisms with the possibility of their height positioning, as well as the possibility of changing the angular position of the sensor in relation to the measured profile.



Based on the measurement results achieved, the circularity deviation values of the measured journals were determined. The calculation of the circularity deviation RONt follows the traditional way of interpreting it, in which it is assumed that, when it is determined relative to the mean circle, it is equal to the sum of the absolute values of the maximum elevation of the recorded profile RONp and the maximum cavity depth of the recorded profile RONv [4,11,31]:


  R O N t = R O N p + R O N v  



(15)







Example results of the application of the proposed procedures and reference measurements realised for one of the selected main journals showing eccentric displacements during the rotation of the crankshaft under test are shown in Table 8. The table shows the results of the comparative evaluation between the theoretical profiles and the reference profile of the tested journal. The indicator for the evaluation was the value of the coefficient of determination R2. The resulting values for the coefficient R2 are greater than 0.93, indicating that the developed procedures are highly effective.





4. Conclusions


The article discusses the results of studies focused on the improvement of applied measurement techniques for large-size crankshafts of marine engines treated as energy machines. Based on the analysis of these results, the following conclusions have been drawn:




	
It has been demonstrated that, in the case of crankshaft measurements subjected to deviations in the position of the main journals’ axes and with limited possibilities of detecting its geometrical deviations resulting from the adopted support conditions, knowledge of the initial positioning of the supports and the parameters of the method makes it possible to correctly determine the actual values of the geometrical deviations of the crankshaft on the basis of the measured total profile;



	
The application of the conventional method of supporting the crankshaft with a set of fixed stiff supports results in limitations in the ability to detect their geometrical deviations;



	
The recommended procedures make it possible to select the eccentricity profile and the real circularity profile from the total profile of the examined main journal. In parallel, they eliminate the effect of support conditions on the deviation and contour profile measurements of the examined crankshaft main journal system;



	
By applying the prepared procedures to practical measurements, it is feasible to perfect the applied measurement techniques and thus increase the effectiveness and reliability of the evaluation of the geometrical state of the crankshaft.
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Appendix A


The determination of the amplitude of C1(10)α from the angle α and the quotient y/C1α can be carried out using the data in Table A1. An example reading is indicated by bolding the fonts in the relevant cells in the table. For an angle of α = 30° and a value of y/C1α = 0.575, the amplitude value of C1(10)α = 8.69.
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Table A1. Determination of the amplitude of C1(10)α from the angle α and the quotient y/C1α.
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y (μm)




	
−10

	
−9

	
−8

	
−7

	
−6

	
−5

	
−4

	
−3

	
−2

	
−1

	
0

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
C1 (μm)




	
α (°)

	
−90

	
10.0

	
9.82

	
9.49

	
9.07

	
8.57

	
8.05

	
7.01

	
6.56

	
6.25

	
5.60

	
4.98

	
4.32

	
3.71

	
3.09

	
2.47

	
1.91

	
1.38

	
0.91

	
0.30

	
0.17

	
0




	
−75

	
10.0

	
9.83

	
9.53

	
9.13

	
8.68

	
8.20

	
7.66

	
7.12

	
6.57

	
6.00

	
5.46

	
4.89

	
4.41

	
3.93

	
3.50

	
3.16

	
2.88

	
2.71

	
2.64

	
2.57

	
2.50




	
−60

	
10.0

	
9.87

	
9.62

	
9.31

	
8.95

	
8.58

	
8.18

	
7.77

	
7.37

	
6.97

	
6.61

	
6.23

	
5.93

	
5.65

	
5.41

	
5.24

	
5.11

	
5.04

	
4.95

	
4.94

	
4.93




	
−45

	
10.0

	
9.91

	
9.75

	
9.55

	
9.32

	
9.08

	
8.78

	
8.58

	
8.34

	
8.11

	
7.91

	
7.69

	
7.53

	
7.38

	
7.26

	
7.18

	
7.11

	
7.08

	
6.94

	
7.04

	
7.02




	
−30

	
10.0

	
9.95

	
9.87

	
9.77

	
9.67

	
9.55

	
9.42

	
9.32

	
9.21

	
9.10

	
9.02

	
8.92

	
8.85

	
8.79

	
8.74

	
8.69

	
8.67

	
8.66

	
8.65

	
8.63

	
8.61




	
−15

	
10.0

	
9.98

	
9.96

	
9.93

	
9.91

	
9.88

	
9.85

	
9.82

	
9.80

	
9.77

	
9.75

	
9.72

	
9.70

	
9.69

	
9.68

	
9.67

	
9.66

	
9.65

	
9.64

	
9.63

	
9.62




	
0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0

	
10.0




	
15

	
10.0

	
9.98

	
9.96

	
9.93

	
9.91

	
9.88

	
9.85

	
9.82

	
9.80

	
9.77

	
9.75

	
9.72

	
9.70

	
9.69

	
9.68

	
9.67

	
9.66

	
9.65

	
9.64

	
9.63

	
9.62




	
30

	
10.0

	
9.95

	
9.87

	
9.77

	
9.67

	
9.55

	
9.42

	
9.32

	
9.21

	
9.10

	
9.02

	
8.92

	
8.85

	
8.79

	
8.74

	
8.69

	
8.67

	
8.66

	
8.65

	
8.63

	
8.61




	
45

	
10.0

	
9.91

	
9.75

	
9.55

	
9.32

	
9.08

	
8.78

	
8.58

	
8.34

	
8.11

	
7.91

	
7.69

	
7.53

	
7.38

	
7.26

	
7.18

	
7.11

	
7.08

	
6.94

	
7.04

	
7.02




	
60

	
10.0

	
9.87

	
9.62

	
9.31

	
8.95

	
8.58

	
8.18

	
7.77

	
7.37

	
6.97

	
6.61

	
6.23

	
5.93

	
5.65

	
5.41

	
5.24

	
5.11

	
5.04

	
4.95

	
4.94

	
4.93




	
75

	
10.0

	
9.83

	
9.53

	
9.13

	
8.68

	
8.20

	
7.66

	
7.12

	
6.57

	
6.00

	
5.46

	
4.89

	
4.41

	
3.93

	
3.50

	
3.16

	
2.88

	
2.71

	
2.64

	
2.57

	
2.50




	
90

	
10.0

	
9.82

	
9.49

	
9.07

	
8.57

	
8.05

	
7.01

	
6.56

	
6.25

	
5.60

	
4.98

	
4.32

	
3.71

	
3.09

	
2.47

	
1.91

	
1.38

	
0.91

	
0.30

	
0.17

	
0




	

	
y/C1




	
α (°)

	
−90

	
−1.0

	
−0.916

	
−0.843

	
−0.772

	
−0.700

	
−0.621

	
−0.571

	
−0.457

	
−0.320

	
−0.179

	
0

	
0.231

	
0.539

	
0.971

	
1.619

	
2.618

	
4.348

	
7.692

	
26.67

	
52.94

	
–




	
−75

	
−1.0

	
−0.916

	
−0.839

	
−0.767

	
−0.691

	
−0.610

	
−0.522

	
−0.421

	
−0.304

	
−0.167

	
0

	
0.204

	
0.454

	
0.763

	
1.143

	
1.582

	
2.083

	
2.583

	
3.030

	
3.502

	
4.0




	
−60

	
−1.0

	
−0.912

	
−0.832

	
−0.752

	
−0.670

	
−0.583

	
−0.489

	
−0.386

	
−0.271

	
−0.143

	
0

	
0.161

	
0.337

	
0.531

	
0.739

	
0.954

	
1.174

	
1.389

	
1.616

	
1.822

	
2.028




	
−45

	
−1.0

	
−0.908

	
−0.821

	
−0.733

	
−0.644

	
−0.551

	
−0.456

	
−0.350

	
−0.240

	
−0.123

	
0

	
0.130

	
0.266

	
0.407

	
0.551

	
0.696

	
0.844

	
0.989

	
1.153

	
1.278

	
1.425




	
−30

	
−1.0

	
−0.905

	
−0.811

	
−0.716

	
−0.620

	
−0.524

	
−0.425

	
−0.322

	
−0.217

	
−0.110

	
0

	
0.112

	
0.226

	
0.341

	
0.458

	
0.575

	
0.692

	
0.808

	
0.925

	
1.043

	
1.161




	
−15

	
−1.0

	
−0.902

	
−0.803

	
−0.705

	
−0.605

	
−0.506

	
−0.406

	
−0.305

	
−0.204

	
−0.102

	
0

	
0.103

	
0.206

	
0.310

	
0.413

	
0.517

	
0.621

	
0.725

	
0.830

	
0.935

	
1.040




	
0

	
−1.0

	
−0.900

	
−0.800

	
−0.700

	
−0.600

	
−0.500

	
−0.400

	
−0.300

	
−0.200

	
−0.100

	
0

	
0.100

	
0.200

	
0.300

	
0.400

	
0.500

	
0.600

	
0.700

	
0.800

	
0.900

	
1.0




	
15

	
−1.0

	
−0.902

	
−0.803

	
−0.705

	
−0.605

	
−0.506

	
−0.406

	
−0.305

	
−0.204

	
−0.102

	
0

	
0.103

	
0.206

	
0.310

	
0.413

	
0.517

	
0.621

	
0.725

	
0.830

	
0.935

	
1.040




	
30

	
−1.0

	
−0.905

	
−0.811

	
−0.716

	
−0.620

	
−0.524

	
−0.425

	
−0.322

	
−0.217

	
−0.110

	
0

	
0.112

	
0.226

	
0.341

	
0.458

	
0.575

	
0.692

	
0.808

	
0.925

	
1.043

	
1.161




	
45

	
−1.0

	
−0.908

	
−0.821

	
−0.733

	
−0.644

	
−0.551

	
−0.456

	
−0.350

	
−0.240

	
−0.123

	
0

	
0.130

	
0.266

	
0.407

	
0.551

	
0.696

	
0.844

	
0.989

	
1.153

	
1.278

	
1.425




	
60

	
−1.0

	
−0.912

	
−0.832

	
−0.752

	
−0.670

	
−0.583

	
−0.489

	
−0.386

	
−0.271

	
−0.143

	
0

	
0.161

	
0.337

	
0.531

	
0.739

	
0.954

	
1.174

	
1.389

	
1.616

	
1.822

	
2.028




	
75

	
−1.0

	
−0.916

	
−0.839

	
−0.767

	
−0.691

	
−0.610

	
−0.522

	
−0.421

	
−0.304

	
−0.167

	
0

	
0.204

	
0.454

	
0.763

	
1.143

	
1.582

	
2.083

	
2.583

	
3.030

	
3.502

	
4.0




	
90

	
−1.0

	
−0.916

	
−0.843

	
−0.772

	
−0.700

	
−0.621

	
−0.571

	
−0.457

	
−0.320

	
−0.179

	
0

	
0.231

	
0.539

	
0.971

	
1.619

	
2.618

	
4.348

	
7.692

	
26.67

	
52.94

	
–
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Figure 1. Diagram showing the path of movement of the tip of the stylus of the sensor, positioned in relation to the profile to be measured at an angle of α, for the case where the supports of the main journals of the crankshaft are pre-positioned at an equal height. 
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Figure 2. Auxiliary diagram adopted to determine the mathematical relationships linking the method parameter α with the record of the measured eccentric displacement profile of the journal subjected to axial position deviation on the curved segment contained between the points 1′ to 6′ and 12′ to 1′ (illustrated in Figure 1). 
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Figure 4. Eccentricity profile for an assumed value of e = 30 μm and α = 60° (a) and the discrete amplitude spectrum of the eccentricity profile (b). 
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Figure 11. Algorithm to determine the real eccentricity value ei from the known value of the amplitude of the first harmonic of the spectrum of the measured total journal profile C1αI and the angle α, for the case when the support is offset in height from the others by the value yi. 
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Figure 18. General view of the crankshaft measuring bench (a) and diagram of the measuring system (b) (designations: 1—MUK 25-600 measuring head, 2—crankshaft journal, 3—drive motor, 4—displacement sensor, F—measuring head processing force [28]). 
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Table 1. Values of the first harmonic amplitude spectra for an assumed eccentricity e = 30 μm, with a change in 10° increments of the sensor location angle α, within its practical application range of ±90°.
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	α (°)
	C1α (μm)
	C1α/C1





	0
	30.00
	1.0000



	10
	29.67
	0.9890



	20
	28.66
	0.9553



	30
	27.03
	0.9010



	40
	24.90
	0.8300



	50
	22.41
	0.7470



	60
	19.80
	0.6600



	70
	17.37
	0.5790



	80
	15.60
	0.5200



	90
	15.00
	0.5000
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Table 8. Theoretical circularity deviations of a journal showing eccentric displacements during crankshaft rotation determined for the measured total profiles and the value obtained during reference measurements, depending on changes in the angular position of the sensor in relation to the measured profile.
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Eccentricity e = 53 μm




	
α

(°)

	
Theoretical Profile

	
Reference Profile

	
R2

(-)




	
RONpt

	
RONvt

	
RONtt

	
RONtr




	
(μm)

	
(μm)

	
(μm)

	
(μm)






	
0

	
22.52

	
−22.21

	
44.73

	
48.03

	
0.932




	
30

	
22.76

	
−23.29

	
46.05

	
0.953




	
60

	
23.86

	
−23.16

	
47.02

	
0.972




	
90

	
24.07

	
−23.30

	
47.37

	
0.986
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