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Abstract

:

The problem solved in this research is the diagnosis of the radial clearances in bearing supports and the loosening of fastening bolts due to their plastic elongation (creep) or weak tightening using vibration signals. This is an important issue for the maintenance of the heavy-duty gearboxes of powerful mining machines and rolling mills working in non-stationary regimes. Based on a comprehensive overview of bolted joint diagnostic methods, a solution to this problem based on a developed nonlinear dynamical model of bearing supports is proposed. Diagnostic rules are developed by comparing the changes of natural frequency and its harmonics, the amplitudes and phases of shaft transient oscillations. Then, the vibration signals are measured on real gearboxes while the torque is increasing in the transmission during several series of industrial trials under changing bearings and bolts conditions. In parallel, dynamical torque is measured and its interrelation with vibration is determined. It is concluded that the radial clearances are the most influencing factors among the failure parameters in heavy-duty gearboxes of industrial machines working under impulsive and step-like loading. The developed diagnostics algorithm allows condition monitoring of bearings and fastening bolts, allowing one to undertake timely maintenance actions to prevent failures.
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1. Introduction


The rolling (ball, roller) and journal bearings have a wide implementation in numerous industrial machines. Although bearings are the most standardized elements of transmissions, they are probably the most difficult to tune elements in the assembly units. Together with rotating shafts, bearings constitute a complex thermo-mechanical system, which performance greatly depends on the radial and axial clearances. Any deviations of ring position caused by improper installation or shaft misalignment, or violation of shaft diameter tolerances may interrupt foreseen lubrication flows and homogeneous cooling that in its turn provokes thermal deformations and reduction of bearing life. In addition, clearances may cause excessive dynamical loading in the case of gaps re-opening under non-stationary or reverse loading of a machine’s driveline.



Therefore, clearances may be considered as the most important operational parameters of drivelines because of their direct influence on bearing life and the overall reliability of rotating machines. Every producer of rolling bearings has a specification for axial and radial clearances. Neglecting the recommended maintenance rules, installation procedure, revision schedule, lubricant type and its supply rate cause the majority of failures, even more so than external loading. The influence of an oversized shaft diameter on the bearing life taken from work [1] is shown in Figure 1. This deviation in size can be caused, e.g., by heating of shaft itself or the bearings.



As it follows from the ISO Standard 5753-1981 (ANSI/AFBMA Standard 20), limits for clearances in the unmounted radial ball and roller bearings are categorised into five “Classes” or “Groups”, which are denoted as “Normal,” “greater than Normal,” (C3 suffix), “less than Normal” (C2) [2]. Class C3 is used to avoid too little internal bearing clearance in machine operation and applied for mining and metallurgical machines.



One of the most important factors determining accurate clearances in bearings are the bolted joints, which fasten the shaft and the bearings covers to the gearbox housing. The fundamental principle of bolted joints assumes that the designers of machines should predict their operational loads and avoid opening of any joint contacted surfaces when forces are greatly increasing and additional components of stresses (torsional, bending, shear) appear in the bolt shank [3]. The greater the preloading (limited by yield stress), the less chance of bolt failure. Although bolted joints preloading has great importance, their tightening torque is not always available for control during repairs and shafts replacement in the transmissions, especially for large-scale industrial plants where bolt diameters can reach 100–150 mm and even more.



The metric bolts for heavy-duty gearboxes should have property classes 10.9 or 12.9 (ASTM F568M) and are made of alloy steels (see Table 1).



The strength and durability of high-grade bolt steels (40Cr, 30CrMnSi) are usually improved by quenching and tempering. Application of deep cryogenic treatment is also available like in other important parts of industrial plants [4], but rarely used in practice. An over-elastic pre-load of the screw-nut pair allows one to obtain a significantly higher load capacity, and a self-forming screw is proposed in this regard in [5] to achieve residual compressive stress at the thread root.



However, the bolts of heavy-duty gearboxes of mining and metallurgical machines are subjected to fatigue damage due to frequent overloading beyond the allowed yield limits of steel parts.



1.1. Dynamical Models of Gearbox Shafts and Bearing Supports


In the dynamics of rotating machines, the complex system of “rotor-bearing-housing” is commonly considered to reflect the existing internal relations and coupling effects of natural modes. Radial clearance and waviness of bearings are investigated in a 4-DOF model in [6]. A study of the effect of the radial internal clearance of a ball bearing on the dynamics of a rotor is given in [7]. Many studies are conducted on regular and chaotic dynamics and stability regimes estimation under the action of imbalances, external and parametric excitation. These studies of heavy rotor and bearings interaction dynamics are related to constant conditions of speed and loading, mainly found in power generation units. Transient resonances under gradually changing rotation speed are also investigated using parameters maps and Campbell diagrams. Nonlinear vibration of a two-DOF rotor supported by rolling bearings with clearance is investigated in [8] where the inner and the outer race centres are assumed to not be collinear. As noted in [9], all mining machines are operated in dusty environments causing quick contamination of any lubricant by hard sharp particles and resulting in the wear of bearings and inner gearbox shaft and gear misalignment (IGSGM), which is difficult to account for in gearbox modelling [10] under non-stationary loading conditions. Therefore, transient vibrations of shafts in bearing supports are less investigated, e.g., in pinion stand [11] and gearboxes [12]. The effect of bolt loosening on the torsional dynamics during the operation of machines in industrial plants is investigated in [13] and split path gearbox dynamics with parametrical excitation are represented in [14]. An advanced 16-DOF dynamical model of a gearbox with radial clearances in the bearings is developed and simulated in [15], where the authors noted that bearings contribute to natural modes of vibration.



To understand the interaction of bolted joints parts, a simulation of a 3D finite-element model was conducted in [16] and the authors concluded that a creep slip phenomenon exists at the contact surface, which causes bolt self-loosening. Other different effects which influence self-loosening of bolted joints have been investigated, e.g., the repetition of small slippages at the bearing surface [17] and the effect of hole clearance and thread fit [18]. Transverse displacements and shear stress are considered as the main factors of self-loosening, hence, friction forces created by pretension forces in a thread and joined contacts are the main remedy against it. Usually, bolts are prevented from loosening by different methods, e.g., Grover washers, split-pins, second nuts. However, reliable fixing does not eliminate the creep and plastic deformation of bolts and threaded studs under severe axial loading. Details of joints simulation are presented in the book [19]. Dynamic shear stress represents the main contribution to self-loosening of bolted joints [20]. The authors discovered that there is a critical shear load amplitude, below which loosening would not happen and bolted joints made of quenched and tempered steel and stainless steel have a significant anti-loosening performance.




1.2. Diagnostics of Bearing Supports and Bolts Loosening


The diagnosis of bolts loosening, not only in gearboxes but also in structural elements of buildings or bridges is a complicated scientific and engineering task taking into account the potentially huge number of bolted joints and the dramatic consequences of their loosening which leads to unpredicted redistribution of internal loads between other bolts in joints.



There are several approaches to health monitoring of bolted joints. They can be classified into two big groups: based on the use of local sensors or “smart bolts” and the modal analysis of the whole structure or machine. Local contact surface sensors, e.g., by electrical conductivity [21], tension stress measurement by ultrasonic waves [22,23] high-frequency acoustic emission of low-speed rotating machinery [24], using high-order harmonics and spectral sidebands [25], wave energy dissipation (WED) and vibroacoustic modulation (VM) [26,27,28]. Sensing instrumentation also includes piezoelectric active sensing [29,30,31,32,33] using wearable sensors [34] and smart washers [35,36,37,38,39] based on lead zirconate titanate (PZT) transducers, which generate testing stress waves as the actuators. These methods can be supported by wireless data transfer technologies and remote data accumulation for critical large-scale civil and industrial structures.



The axial force reduction decreases the stiffness of the “bolt-nut” assembly leading to a shift in the characteristic peak frequency of the bending mode. A generation of acoustic emissions occurs due to the relative movement between the contacting elements of joints, e.g., the bolt shank within the clearance hole. Elongation of the bolt due to tensile stress is defined by the time-of-flight (TOF) of ultrasonic waves. The reliability of such methods may be enough high under laboratory conditions but they require more investments for additional sensors and their implementation in actual mining and metallurgical machines is complicated.



In recent years, visual image processing methods have gained a popularity in bolts loosening diagnostics [40,41,42] using deep learning techniques [43,44,45], Hough transforms [46,47], support vector machine (SVM) [48] density-based spatial clustering of applications with noise (DBSCAN) [49], empirical mode decomposition–based nonlinear system identification [50] and convolutional neural networks (CNNs) [51]. A brief review of bolted joint monitoring is given in [52]. This subclass of methods allows one to increase the productivity of scheduled revisions on large-scale structures even in automatic mode by flying mobile drones equipped with cameras and embedded image processing methods. Reliability of such methods is greatly dependent on previous revisions, which are used as the reference points for nuts’ position change detection. However, these methods cannot detect bolts creep or axial deformations if not accompanied by the nut or head shifting.



Another class of bolts loosening diagnostic methods uses system modal parameters. The decrease of bolts tightening influences various boundary conditions and can be detected by the changes in natural frequency, phase shift and modal damping [53] due to less contact friction or stiffness. For example, vibration transmissibility function is determined as a more reliable parameter to identify the state of the joint while natural frequency and modal damping in lower modes appeared less reliable. Strain measurements are carried out using fibre Bragg-grating (FBG) sensors [54,55] and optimal tightening sequence is determined in multi-bolt connections [56]. In other studies [57,58,59,60], theoretical and experimental studies have been conducted for an assessment of modal properties and frequency response functions applicability for detection of structural bolted joint degradation [61].



Some methods of radial clearance diagnostics by vibration signals are given in [62,63,64,65,66,67,68,69,70,71,72,73]. The effect of rolling bearing clearances on diagnostic signatures is investigated in [65] in the 5-DOF nonlinear dynamic model, which imitates gradual wear of bearings, using an experimental identification method based on FRF decoupling and optimization [66]. Instrumentation for angular backlashes diagnostic in drivelines by shaft rotations sensors is developed in [74].



A truck transmission gearbox FEA simulation in [75] showed that the loosening of one bolt varies the natural frequency in the 1637–2674 Hz range. Experimental research conducted in [76] on the flange plates joints of a wind turbine tower showed that the first-order phase difference parameter is more sensitive to the looseness of the bolts. A combination of FEA with vibration and impedance responses measurement of wind turbine tower for bolts loosening detection is given in [77]. FEM simulation is used in [78] for a lightning rod flange-bolt structure unit (FBSU) analysis. The authors in [79], considering a bolt as an axially stressed and clamped at both ends beam, proposed a simple method to determine the bolt tightness by natural frequencies and damping ratios in hammer impact tests, in particular, the first transverse natural frequency [80]. Damping ratios and nonlinearity in the bolt’s frequency response were examined in [81], and the instantaneous natural frequencies are found to be practically independent of the amplitude of hammer test impacts.



The estimation of a residual lifetime of centrifugal pumps is conducted in [82] by FEM simulation taking into account the tightening of bolted connections, technological and temperature loads with a corresponding thinning of the housing walls. In [83], a tightened bolt is modelled as a plane beam having two linear end springs (transverse and rotational). A more general multi-degree-of-freedom (MDOF) model is developed in [84] accounting not only for bolt tightening but material or boundary nonlinearities in structures and faults are also detected with a second-order output spectrum (SOOS) and local tuning approach (LTA). A comprehensive overview of bolt tightening force measurement and loosening detection is presented in [85] where the authors considered different methods and corresponding instrumentation. The authors in [86] demonstrated the implementation of an electronic stethoscope and a continuous wavelet transform (CWT) technique to process and display the transient responses of a bolted joint in a structure to detect loosening and enhance audible perception using audio output. In [87] the authors used instantaneous angular speed (IAS) measurements to analyse the size of local defects in bearings with clearance, which is accompanied by transient signals when entering and exiting the damaged zone. Another example of bearing spalling defect diagnostics is given in [88], where the authors estimate the duration of transient signals at the natural frequency caused by stiffness variation of the structure. The problem is that numerous tightenings using uncontrolled torques make the distinction between elastic and plastic elongation difficult for a bolt of large diameter, while tolerance temperature compensation is required in assemblies of heavy-duty gearboxes of mining and metallurgical machines working under harsh conditions.



The majority of known vibration-based diagnostic methods are based on time, frequency or time-frequency domains analyses at the kinematic frequencies of the bearings and oriented towards detection of local damage on rings, separators and rolling elements. Methods of radial clearance estimation in bearings are less developed. In general, gaps in the shaft supports can be determined by the amplitude change of the vibration spectrum or the envelope (Hilbert-Huang transformation) of the filtered signal at the kinematic frequencies of a mechanism by the presence of harmonics of half the rotational frequency of the rotor. Noteworthily, the RMS values of vibrations across the whole frequency band are not standardized for such machines. Some methods are accommodated to bearing condition monitoring under non-stationary working conditions [89,90,91,92,93] using wavelets, bicoherence, spectral kurtosis and covariance, and high-order spectrum techniques to detect non-linear features of the signals. Methods are developed for impulsive components extraction in the presence of non-Gaussian heavy-tailed noise due to stochastic impacts from mineral pieces [94,95,96,97,98,99,100,101] or transient vibration analysis in industrial rolling mills [102,103].



The accuracy of vibration-based diagnosis depends on the reference values corresponding to a healthy condition. For serial machines, such references and alarm levels are determined by a group of similar mechanisms or on a new machine after running at a constant speed and nominal load level. The unique design of mining and metallurgical machines requires new approaches to determining reference values and the alarm levels of health indicators when bearing wear is critical.



Historically, direct measurements of installation clearances or the full wear (gap) in the elements of bearings in large-scale machines are conducted by lifting of their heavy shafts with special mechanisms [67] or cranes in workshops and then sticking calibrated probes into gaps. These methods require partial disassembly of the machines, e.g., removing the end caps on gearbox shafts. This is time-consuming and contributes to damage of the finished surfaces of the bearings parts that further reduce the total life of the machines.



The scope of this paper covers the development of condition monitoring methods of unique mining machines and rolling mills for their maintenance planning based on the actual condition of the equipment, namely, measurements of wear (radial clearances) of the bearing supports and fastening bolt loosening. Section 2 presents the diagnosis methodology based on a dynamical model of shaft supports. Section 3 gives the results of a dynamical model simulation for different conditions. Section 4 contains the results of industrial trials to verify the developed diagnostic method. Finally, the results of the research are considered in the Discussion and Conclusions sections.





2. Methodology of Diagnostics


The essence of the proposed method is as follows. Wear of the bearings in the supports of transmission shafts, such as heavy-duty gearboxes of the mining machines and rolling mills, causes the appearance of radial gaps, which are opened during idling of the machine and closed after any quick loading when the shaft is moving in the supports to its steady working position.



At the initial stage of wear, the open radial gaps cause nonlinearity (such as a dead zone) of the stiffness characteristics in the transmission supports, which leads to a significant increase in the amplitude of shock loads. Under gradual wear, contact opening of the fastening bolted joints occurs under more severe impacts. This leads to a fracture point in the stiffness characteristics of the bearing support. Wear of bolts (creep and plastic elongation) may cause failures of even newly installed gears, which have not yet been subjected to cyclic fatigue, therefore, their diagnostics is an important part of machine maintenance.



2.1. Non-Linear Dynamical Model of Bearing Supports


A non-linear dynamical model with a circular clearance is developed to investigate transient vibrations in bearing supports. The disturbance for the shaft comes from the torque applied to the gearbox. The calculating scheme of the dynamical model is shown in Figure 2a, which describes the gearbox shaft oscillations in the bearing support with the initial gap and bolted joint opening in a vertical direction. Notations are as follows: P—bolt pre-load (tightening force); Fx, Fy—horizontal and vertical forces; G = M g—gravity force of shaft; m—a mass of the bearing cover; M—a mass of the gearbox shaft; Kb—stiffness of fastening bolts; Kh—stiffness of the gearbox housing; Ky—stiffness of the bearing in the vertical direction; Kx—stiffness of the bearing in the horizontal direction; δy, δx—the total clearance along the vertical axis Y and horizontal axis X; δp—deformation at the fracture point.



The nonlinear (piecewise) stiffness characteristics of the bearing support in the Y and X directions are given in Figure 2b,c. The Fy graph has an additional fracture point (δp, P) and less stiffness beyond it, which corresponds to the bolts loosening effect and contact opening above the certain level of loading. The Fx graph has no such point because of gearbox housing has no changes in stiffness characteristic after gaps closing in this direction.



The following assumptions are considered in the dynamical model simulations:




	
the effect of friction is accounted for in the damping factor;



	
the stiffness of bolts and bearings without clearances is independent of load;



	
shaft impacts do not produce plastic deformations of bearings and bolts;



	
shaft motion is synchronous for both bearing supports.



	
in the case of joint opening, vertical shaft motion is without shear stress on bolts.








The system of nonlinear differential equations of the model is as follows:


  M  x ¨  +  K x  x +  C x   x ˙  =  |   F t   |      tan  α n    cos β    



(1)






  M  y ¨  +  K y  y +  C y   y ˙  =  F t  − G −  K m  z  



(2)






  m  z ¨  +  K m  z +  C b   z ˙  =  K y  y   − n   P − m g  



(3)




where x, y, z—coordinates of motion; Cx, Cy, Cb—damping factors; Km—total stiffness of bolts (Kb) and housing (Kh). The right part in formula (1) is a radial force in helical gearing; Ft—tangential force in the gearing; αn—normal pressure angle of gear; β—helix angle of gear; n—number of bolts; P—bolt pre-load (tightening force).



Nonlinear stiffness with radial clearance is described as follows:


   K x  =  {       K x  ,     i f    δ x  <    x 2  +  y 2          0 ,     o t h e r w i s e      }   



(4)






   K y  =  {       K y  +  K m  ,      i f     δ y  <    x 2  +  y 2    ≤  δ p         K y  +  K b  ,      i f       x 2  +  y 2    >  δ p        0 ,     o t h e r w i s e      }   



(5)







The components of deformations projected on axes X and Y:


   Δ x  =  x     x 2  +  y 2       (     x 2  +  y 2    −  δ x   )   



(6)






   Δ y  =  y     x 2  +  y 2       (     x 2  +  y 2    −  δ y   )   



(7)




where δx, δy—initial clearances in the bearing;      x 2  +  y 2     —shaft displacement from the initial position;    (     x 2  +  y 2    −  δ x   )   —bearing deformation.



The absolute value of the reaction force in the gearbox support is:


  R =    F x 2  +  F y 2     



(8)




where Fx, Fy—horizontal and vertical forces acting on the shaft.



The main mode frequency of shaft free vibrations in the bearings is determined as:


    f n  =  1  2 π        K y  +  K m   M        ( y   <    δ p  ) ;   f n  =  1  2 π        K y  +  K b   M        ( y   ≥    δ p  )   



(9)







During the period of rising load on the working tool (digging phase of a mining machine, slab biting in rolling mills), the reaction on the bearing of each transmission element depends on the radial gaps (including installation clearances and wear) and bolt loosening (weak tightening). In this case, the greater the radial clearance, the greater the amplitude of the vibration and phase shift at the natural frequency of radial oscillations of the shaft. These features are common for piecewise linear systems and can be used for the diagnostics of bearings and bolted joints.




2.2. Dynamical Model Simulations


The parameters for dynamical model simulations are taken from the investigated gearbox specification. Gears meshing angles αn = 20°, β = 33°, the input shaft mass M = 1570 kg; four (2 per side) double row tapered roller bearings 2,097,960 SPZ (300 × 420 × 160 mm); six bolted studs M48 × 800 mm per every support, housing cover mass is m = 940 kg. The stiffness of housing Kh = 1.480 × 109 N/m; bearing Ky = Kx = 1.544 × 105 N/m; bolts Kb = 7.509 × 108 N/m. Pre-loading of bolted studs is varied from 20% and up to 70% of the proof stress in the range of elastic deformation of steel.



The solutions for the system of differential Equations (1)–(3) were obtained by the 4th order Runge-Kutta method of numerical integration with a constant time step. Results of the dynamical model simulations are shown in Figure 3. Time series of torque and vibration show similar behaviour (see Figure 3a) because the increase of torque corresponds to vertical motion of input shaft and shocks into upper cover. The trajectory of the shaft centre of mass motion in case of the total radial clearances ±1 mm in the bearing is represented in Figure 3b. The trajectory parts beyond the solid line circle correspond to elastic deformation while shocks with amplitudes beyond the dotted line cause the unrecoverable plastic deformation of bearing elements (rings, rollers). The trajectory of shaft motion may be irregular and depends on many parameters, but the main factor is the radial clearance. That causes dynamic inclination of the shafts during the transient oscillations within the radial gaps, uneven distribution of instantaneous contact loads on the gears’ contacts and their failure.



The reasonable value of total clearance (about 1.6 mm) for undertaking maintenance actions can be determined from Figure 3c when recommended by bearing specification dynamic load capacity is almost reached.



The same representations of radial clearances effect on the dynamical loading can be built for the bolt studs following their cross-section and yield stress of material to determine a reasonable moment of their replacement taking into account the accumulated plastic deformation (number of tightening).




2.3. Algorithm of Vibration Signal Processing and Diagnostics


Maintenance staff, performing on-line vibration monitoring or scheduled manual measurements of the shafts supports in the gearboxes, establish the tendency of the main natural frequency, amplitude and phase changes. On this basis, they predict the wear of bearings and decide on the maintenance actions, namely, bolts tightening and bearing replacement, i.e., to serve the equipment by its real technical condition. The successful implementation of the proposed method of diagnostics into the maintenance practice supposes certain steps, which are described below:




	(1)

	
Determine the approximate range of natural shaft oscillations frequency in the supports by the model (in our case, the natural frequency is changing within the range 71–123 Hz).




	(2)

	
Determine the initial clearance in the bearing during its installation on the shaft with calibrated probes or take the value from the bearing specification.




	(3)

	
Perform vibration measurements on the bearing supports of transmission shafts and build the amplitude-frequency and phase-frequency diagrams.




	(4)

	
Determine by the measured vibration signal in the pre-calculated range the natural frequency fn of the shaft oscillations and its higher harmonics (2 × fn, 3 × fn).




	(5)

	
Determine the change of natural frequency, the amplitude and phase at its higher harmonics by comparing values in the previous measurement and plot trend graphs.




	(6)

	
Determine the wear (radial gap) in the shaft bearing support by the small change of natural frequency, the amplitude and phase at the natural frequency and its higher harmonics (<10%).




	(7)

	
Determine the opening of the bolted joint by the significant decrease of natural frequency, amplitude and phase at the natural frequency and its higher harmonics (>10%).




	(8)

	
Carry out the tightening of the bolts in the bearing supports and continue vibration measurements.




	(9)

	
If the natural frequency, amplitude and phase at the natural frequency and its higher harmonics have not returned to the previous measurement values, replace the bolts and continue vibration measurements.




	(10)

	
If the natural frequency, amplitude and phase at the natural frequency and its higher harmonics have not returned to the previous measurement values, replace the bearing.




	(11)

	
Determine the final radial clearance of the bearing after its replacement and adjust, if necessary, the previously obtained relations of the natural frequency, amplitude and phase at the natural frequency and its higher harmonics by the measured gap size to increase the accuracy of diagnosis.









The schematic representation of diagnostics algorithm is given in Figure 4, along with the corresponding numbers of the steps from the description.



The ISO Standard 10816 gives recommendations on ranges of absolute values of vibration velocity (mm/s) for the estimation of condition: good (0.28–1.8), satisfactory (2.8–4.5), unsatisfactory (7.1–11.2), and unacceptable (18.0–45.0) for Class III machines mounted on a large rigid foundation. However, these levels are only applicable to machines working under stationary loading and speed of the drive. The transition from between conditions corresponds to large differences in amplitude that can exceed 50%.



In heavy-duty gearboxes, comparing changes from a previous measurement is a more suitable approach. The difference in 10% for recognition between bearing clearance and bolt loosening is derived experimentally by signal observation. It is valid for the investigated class of heavy-duty gearboxes and recommended to maintenance staff who inspect drivelines and measure vibrations every 3–4 days because of a high risk of failures. In case of a permanent vibration monitoring system, this value can change by about 1.0–1.2% per day that corresponds to quick bolts loosening. After bolt tightening, vibration amplitudes are usually reduced by 8–10%. The wear of bearings and radial clearances contribute to gradual changes of the vibration amplitudes. For example, a change of natural frequency by 10% corresponds to a 20% stiffness change in bearings, which can develop over several months until replacement.



The abovementioned algorithm can be modified or adapted depending on maintenance practice at the certain industrial plant or machine type, e.g., when bolts and bearings are replaced separately. In this case, the algorithm is applied individually for every shaft support.



To implement the model-based diagnostics it is enough to have standard vibration sensors installed on the bearing supports of transmission shafts. Then, systematic measurements of vibration signals are conducted during the rising input load on the working tools of the machine and values of radial clearances with wear in bearings and bolted joints opening are determined. This is a principal distinction of the proposed method from the known approaches where a non-stationary (cyclically stationary) signal is interpreted as having a comparatively small deviation of average and dispersion in rotor velocity or loading. Instead, here the transient signal is used for diagnostic purposes and its spectral analysis is conducted in the range of natural frequencies but not the kinematic frequencies.



Since the natural frequencies of free oscillations are not changing during the repairs and replacement of shafts, the proposed method has a higher noise immunity compared to the known methods of diagnostics at kinematic bearing frequencies. For the recording and analysis of the transient vibration signals, triggering signals of mechanical torque in the transmission or electrical motor current (taking into account time delay of its response) can be used in condition monitoring systems.





3. Industrial Trials


An example of the implementation of the proposed method is given in this section. The method is tested in production conditions on a continuous hot rolling mill with the work rolls driven through the gearbox and the pinion stand.



Experiments are conducted using Industrial ICP® accelerometers for permanent installation PCB 603CX1 (sensitivity 100 mV/g, amplitude range ±50 g) and line-powered signal conditioner PCB 482A22. Data is acquired by a National Instruments 16-ch 14-bit PCI-6071E A/D card and our software with the sampling frequency 2 kHz. The sensors were vertically mounted by screw stud on a magnetic base for curve surfaces PCB 080A133 (force 378 N) on the bearing supports of the input shaft of the gearbox. In parallel to vibration, the torsional load was measured on the motor shaft with the telemetry torque meter [104]. Angular clearances in the transmission were also measured by the method and device described in [74].



The investigated 1-stage gearbox is shown in Figure 5a. The bearings loading of gearbox shafts depends on gearbox design (helical or spur gears, power paths), shaft position over stages, the direction of shafts rotation concerning applied torques (see Figure 5b). The extremely high dynamic regimes of this gearbox working in the transmission of the industrial plant requires frequent (once per several days) maintenance actions for bolt stud tightening, especially on those bearing supports where shafts move from the bottom idle position to the upper position (the input shaft in our case).



Bolt stud joints of shafts are subjected to creep and elongation, although their nuts are fixed by second nuts on the top and with split-pins on the bottom. Sometimes, fixing nuts are welded to each other by rods. Bearings quickly deteriorate due to brinelling of rings and rollers under shock impacts from the gear shaft. Another problem is the contact load redistribution in gearbox couplings over the teeth length with subsequent cracks appearing at the end edges of teeth.



Several series of measurements were performed at intervals of 1 month at the same levels of technological load. Exemplary results of torque and vibration measurements conducted on the motor shafts of two gearboxes are shown in Figure 6. When analysing the transient processes in the gearboxes, it was found that the dynamic response of the shafts depends on the direction of their rotation. The maximum vibration is observed where the shaft gravity force and total force applied from gear coupling are acting in opposite directions. The torsional load pulse causes the shafts to move within the radial clearance during the transient mode of motion to the steady position.



Usually, the calculated natural frequencies of the shafts lateral vibration are higher (100–400 Hz) than the natural frequencies range of the torsional system (10–30 Hz). Therefore, the radial gaps in the bearings distort the torsional vibration signal by the high-frequency components near or slightly above the idle torque level. In case of minimal radial clearances, or when the shaft stays laying down in the bearing supports under load, the radial reaction to the torsional load repeats the patterns of the torque signal on the corresponding shaft.



Diagnostic Parameters Calculations


After each series of measurements, the amplitude-frequency and phase-frequency diagrams of the vibration signal were plotted in the low-frequency range of 500 Hz. Results of the measurement series No. 1 are shown in Figure 7 and Figure 8 and Table 2. The increase in the bearing wear (radial gaps) occurred from the minimum installation value (0.2 mm) to the maximum (0.6 mm). Graphs of the amplitude and phase diagrams of vibration with different wear (radial clearance) in the bearing without opening the bolted joint are shown in Figure 7.



The natural frequency in Figure 8 has a linear dependence on the gaps in the bearing support. The amplitude and phase of oscillations at the natural frequency and its higher harmonics are close enough to the linear dependence but have a different (proportional or inversely proportional) character on individual harmonics, which is used to increase the reliability of the method.



In the course of gearbox operation, the amplitude of the shaft oscillations gradually changed and the bolted joint opening increased from the minimum value (about 0.05 mm) to the maximum (1.05 mm) when bolts may break due to plastic elongation and loosening. Results of the measurement series No. 2 are shown in Figure 9 and Figure 10 and Table 3. In Figure 9 are graphs of the amplitudes and phases diagrams of vibration dependence on the wear (plastic elongation) of the bolts with the opening of the bearing bolted joint.



In measurement series of No. 1, the gap in the bearing was quite small (natural frequency about 123 Hz), but during the subsequent period of operation (see Figure 10) there were large changes in natural frequency, amplitude and phase of oscillations (greater than 10%) that indicated the deterioration of fastening bolts. The required tightening was performed, but in the next measurement No. 3 the natural frequency, amplitude and phase did not change to the values in the previous measurement, therefore the fastening bolts were completely replaced. The only available for measurement parameter after bolts replacement is their elongation, which was about 5%, i.e., above the elastic limit (plastic deformation) accumulated over the several times of their previous tightening.



Based on the experimental trials, the developed mathematical model is calibrated by the frequency of shaft free vibrations. For this gearbox with new gear shaft including new bearings and bolted studs, the natural frequency of shaft free vibrations is about 123–125 Hz.



To calibrate the dynamical model, the authors used manual adjustment of parameters without reverse estimation procedures used in multi-body dynamics.



This approach is justified by several factors:




	
Only the main mode of shaft free vibrations is used for diagnostic purposes and, since the masses of components are exactly known from gearbox specifications, the stiffness is a single parameter for calibration.



	
Frequencies of torsional and radial free vibrations are quite different and do not interfere in the spectrum, hence simple pass-band filtering is enough for their separation during the vibration signals analysis.



	
The bearing stiffness changes slowly within months, but the bolted joint stiffness can change in several days or a week in our case; therefore, these parameters can be distinguished.








The opening of the bolted joints causes greater changes in natural frequency than the wear of the bearing, as well as the amplitude and phase at the natural frequency and its higher harmonics. In the period when the bearing support has a large gap, but the opening of the joint is not yet developed, the accuracy of its definition is not high. However, for up to 1 week (or earlier) from the start of the joint opening, the gap in the joint continues to increase faster than wear in the bearing and it can already be accurately diagnosed by the proposed method.





4. Discussion


Diagnostics of bearings clearances is most important for industrial plants and machines where the radial load or dynamic imbalance of shafts is comparable to their weight, i.e., shafts can move up and down inside the gaps from the initial idle position. The issue of diagnostics is that the gaps (opened part of radial clearances) of rolling bearings become closed when loading torque is applied to the driveline and they do not expose themselves in any way, although, they can increase torque amplification factor (TAF) up to 3–5 and cause bearing overloading.



In contrast to kinematic frequencies, natural frequencies are not changed with the speed of the drive (excepting high-speed turbines with journal sliding bearings). High amplitudes at these frequencies appear only during the torque increasing on the machines and reflect the wear of bearings. Therefore, the diagnostics of clearances can only be efficient during transient periods of loading.



The main natural frequency of shaft radial oscillation can be determined by the standard vibration sensors. Preliminary band-pass filtering can be applied in the range of shaft natural frequency pre-calculated by the dynamical model. There is a fairly stable and narrow range of natural frequencies, therefore, the automatic realization of this method may not be difficult in the data processing software.



In the case where one or more kinematic frequencies match the natural frequency range, the proposed method is difficult to implement, but it has an additional positive effect—plant personnel can determine potentially dangerous resonant oscillations in the gearboxes. This is a reason to change the operational speed of the machine or the design of the bearing support.



Angular clearances in the driveline always result in an increase of torsional dynamics and the appearance of high-frequency components in the signals of torque and vibration that can mask local defects in bearings or gear meshing. Therefore, signal recording for local defect detection (spalling, cracks) by the traditional methods should be carried out by logic triggering beyond the transient periods.



Radial clearances in the supports have a back effect on driveline system and change parameters of torsional vibrations (frequency, amplitude, and phase) even if the angular clearances are enough small or gaps are closed under load. Therefore, in heavy-duty gearboxes, when analysing vibration signals, it is necessary to account the ratio of the shafts gravity forces, shaft position in the gearbox stages, direction of rotation and torque magnitude when certain shaft can lose contact with the support during input load fluctuations.




5. Conclusions


According to the measurement results, the change of the shaft natural frequency of oscillations in the bearing support in the range of 71 … 123 Hz, spectrum amplitudes and phases at higher harmonics allow to diagnose radial clearance and fastening bolts loosening.



The shift of the natural frequency to smaller values corresponds to the lower stiffness of the bearing support with the greater opening of the joint or increased radial clearance (wear) in the bearing elements. The shift of the natural frequency to the greater values corresponds to the oscillation of the shaft at greater rigidity with less bolted joint opening and reduced radial gaps (wear) in the bearing elements. At the increased gaps and contact opening of a joint, oscillations occur on nonlinear sites of characteristics of the rigidity of support (pass through the first or second fracture), thus amplitudes and shift of phases on higher harmonics of natural frequency increase.



The proposed model-based approach provides a basis for on-line monitoring the total radial clearances in the bearings and the bolted joints loosening in the heavy-duty gearboxes of industrial plants. That allows scheduling maintenance actions (tightening or replacement) to prevent abrupt failures of machines.



Further research is aimed at the development of complex criterion of heavy-duty machine reliability during operation with the gradual wear of elements in their transmissions. This criterion (realized in a software procedure of condition monitoring systems) includes the accumulated cycles of loading and conditions of gears contact and teeth bending stress increasing under the action of torsional and lateral shafts oscillations in the bearing supports with radial clearances and potential bolt joint opening.
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Figure 1. Dependence of the bearing life on the operating clearance [1]. 
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Figure 2. Calculating scheme of the gearbox shaft in the bearing support (a); the nonlinear stiffness characteristics of the bearing support with a clearance in vertical (b) and horizontal (c) direction. 
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Figure 3. Results of simulations in the time domain: torque and vibration (a); trajectory (orbit) of shaft centre of mass motion (b); the dependence of maximal radial load in the bearing on radial clearance (c). 
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Figure 4. Algorithm of radial clearances and bolts loosening diagnostics. 
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Figure 5. Industrial heavy-duty gearbox with bolt studs joints (a); scale drawing of bearing supports with applied torques and forces provoking shafts transient motions (b). 
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Figure 6. Measurements of torque in the motor shaft (a) and vertical vibration on the bearing supports (b) of two different gearboxes. 
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Figure 7. Amplitude (a) and phase (b) plots of shaft vibrations depending on the wear (radial clearance) in the bearing support without opening the bolted joints. 






Figure 7. Amplitude (a) and phase (b) plots of shaft vibrations depending on the wear (radial clearance) in the bearing support without opening the bolted joints.



[image: Sensors 20 07284 g007]







[image: Sensors 20 07284 g008 550] 





Figure 8. Natural frequency (a), amplitudes (b) and phases (c) of harmonics during transient vibrations of gearbox shaft without the bolted joint opening. 
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Figure 9. Amplitude (a) and phase (b) of shaft vibration depending on the opening of the bearing bolted joint. 
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Figure 10. Natural frequency (a), amplitudes (b) and phases (c) of harmonics during transient vibrations of gearbox shaft with the wear of bolts (plastic elongation) and joint opening. 
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Table 1. Classes, size ranges and mechanical properties of bolts in heavy-duty machines.
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	Class
	Nominal Size Range, mm
	Proof Load, MPa
	Min. Yield Strength, MPa
	Min. Tensile Strength, MPa





	10.9
	5–100
	830
	940
	1040



	12.9
	1.6–100
	970
	1100
	1220
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Table 2. Results of vibration measurements (Figure 8).






Table 2. Results of vibration measurements (Figure 8).












	Trial No
	Clearance, mm
	Natural Frequency

Harmonics, Hz
	Amplitude,

mm
	Phase, Grad





	1
	0.2
	fn—120
	0.020684
	−87



	
	(measured)
	2 × fn—240
	0.000189
	149



	
	
	3 × fn—360
	0.000054
	−105



	2
	0.4
	fn—115
	0.019850
	−120



	
	(predicted)
	2 × fn—230
	0.000457
	81



	
	
	3 × fn—345
	0.000078
	−28



	3
	0.6
	fn—110
	0.017818
	−141



	
	(predicted)
	2 × fn—220
	0.000913
	55



	
	
	3 × fn—330
	0.000108
	148
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Table 3. Results of vibration measurements (Figure 10).
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	Trial No
	Clearance,

mm
	Natural Frequency

Harmonics, Hz
	Amplitude,

mm
	Phase, Grad





	1
	0.05
	fn—122
	0.017270
	−163



	
	(predicted)
	2 × fn—244
	0.000045
	−118



	
	
	3 × fn—366
	0.000041
	−38



	2
	0.55
	fn—106
	0.018658
	179



	
	(predicted)
	2 × fn—212
	0.000500
	107



	
	
	3 × fn—321
	0.000258
	67



	3
	1.05
	fn—81
	0.027319
	120



	
	(predicted)
	2 × fn—162
	0.002131
	32



	
	
	3 × fn—243
	0.000450
	−172
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