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Limitation of Thermal Disturbances in Machine Tool Behaviour Winiarski Zdzislaw Wroclaw University of Technology Institute of Production Engineering and Automation, ul. Lukasiewicza 3/5, 50-371 Wroclaw, Poland ABSTRACT. Thermal disturbances and their effect on the operation of the machine tool are described. A concept of the analysis of the machine tool’s mechanical structure, oriented toward the search for ways of reducing thermal disturbances, is put forward. The determination of the thermal loading of the machine tool and the simulation of the heat generation effects are discussed. Thermal disturbance limitation recognition methods, based on numerical models of thermal phenomena and knowledge base systems modelling the heuristic knowledge of experts in this field, are presented.
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Introduction The present demands of production lead to radical changes in the design of machine tools which must meet increasingly higher standards of functionality, accuracy and efficiency. As a result, the machine tool’s design is characterized by a large concentration of functions in a relatively small space and by high speeds of the principal, feed and auxiliary motions. These factors contribute to the generation of much heat which is a source of geometric disturbances in the machine tool’s mechanical structure affecting the operation of its working assemblies. Designers should be aware of the adverse effects of heat generation on machine tools. But to solve thermal problems which they encounter while working on a machine tool design they need knowledge of the thermal phenomena as they occur in the actual operating conditions of the working assemblies and the load-bearing systems. This knowledge helps them to understand the mechanisms of the



generation of thermal disturbances and thus to take steps to reduce or eliminate them. In this paper a concept of the analysis of the machine tool’s mechanical structure, oriented toward the identification of the character of thermal disturbances and the recognition of ways of limiting them, is formulated. The presented approach, which draws on different kinds of expert knowledge, is applicable to the design of machine tools.



1. Kinds of thermal disturbances Thermal disturbances in the operation of the machine tool have different forms. Heat from different sources acts on the machine tool’s structure and its environment causing changes in temperature which result in variation in the thermal expansion of the machine tool’s material. Thus the generation of heat leads to changes in the shape and dimensions of the machine tool’s structure (fig. 1). Operating conditions Spindle speed: 4000 rpm Load: 10 kW Operating time: 300 min



Figure 1. Thermal deformations in geometry of milling machine’s headstock assembly and overarm This inevitably leads to the deterioration in the machine tool’s performance since the path of motion of the tool deviates from the planned one. This process is unstable due to the machine’s thermal inertia and the variable cycle of operation which result in the fluctuation of the heat load. Such disturbances in the behaviour of the machine tool lead to faults in the product. Another adverse effect are disturbances in the operation of the spindle’s bearings caused by changes in the dimensions of the kinematic bearing pair’s components, resulting in greater internal and friction forces, excessively high temperature, a shorter life time or the destruction of the bearings (figs 2 and 3).



Motor power losses Qs=2000W



Figure 2. Operating temperatures of electrospindle’s bearings



After mounting clearance



Motor power losses Qs=2000 W



Figure 3. Thermal disturbances in post-mounting clearance of operating electrospindle’s bearings



This applies particularly to electrospindles [JED95] in which high rotational speeds and large power losses in the motor stator and in the rotor mounted on the spindle occur. In addition, the heat generated in the headstocks causes the displacement of the spindle and the inclination of it thereby disturbing the initial position of the fixture with the workpiece relative to the tool. Thermal disturbances in machine tool bodies such as: the pedestal, the column, the table or the bed usually originate from the kinematic systems or motors being in contact with the bodies or are the effect of heat generated during machining or coming from the machine’s environment. Such disturbances, having the character of linear displacements and angular deformations, change the position of ways and other datum surfaces and as a result the disturbances are transmitted to the other frames of the load-bearing system. Thus the machine tool’s mechanical components are subject to their own disturbances and to disturbances coming from the adjoining elements.



2. Proceedings for limiting thermal disturbances The main preconditions for an analysis aimed at limiting thermal disturbances in machine tools are: • knowledge of the thermal and elastic phenomena which are the sources of disturbances; • knowledge of means and factors enabling the control of the thermal phenomena; • mathematical models of the thermal phenomena for the simulation of the behaviour of the machine tool structure, its assemblies and kinematic elements; • methods of analysing the machine, oriented toward the search for ways of preventing or limiting thermal disturbances. On the basis of experience gained from research into the thermal properties of machine tools [JED90], [JED98], [WIN99] a flow chart, shown in fig. 4, was made.



R E Q U I R E M E N T S



Initial machine tool design Recognition of machine tool’s thermal characteristics Analysis of requirements and expected thermal characteristics Determination of evaluation indexes for thermal disturbances



Identification of heat generation areas Recognition of physical phenomena accompanying activity of heat sources Recognition of character of thermal disturbances Location of disturbances in machine’s structure



Recognition of factors and parameters of thermal phenomena affecting evaluation indexes Determination of models of thermal phenomena for building up relations between evaluation indexes and parameters selected for control Search for control parameter values reducing thermal disturbances Analysis of results: * disturbance evaluation indexes, *disturbance control parameters, *degree to which limiting conditions have been fulfilled,



continuation



Introduction of modifications into design Figure 4. Flow chart for analysis of machine tool, aimed at reducing its thermal disturbances



3. Recognition of machine tool’s heat loads An analysis of thermal disturbances requires the recognition of the location and calorific effect of heat sources impacting the mechanical structure of the machine tool. Having these data one can determine the machine’s thermal load and foresee which places in the structure will be most exposed to thermal disturbances. The power losses associated with the operation of the machine tool’s power transmission system can be estimated by means of software, named SENO, developed at Wroclaw University of Technology (fig. 5). Since this program requires few data, such as the characteristic parameters or the magnitude of the load, the assessment of power losses for motors, kinematic bearing pairs, belt transmissions and so on can be made at the initial stage of designing. a)



Asynchronous engine



Belt transmission Spindle



2 x 61832 2 x 7017



2 x 7018



ENGINE



b) Drive’s link



asynchronous motor belt transmission 2×7018C bearing 2×7017C bearing 2×61832 bearing BEARINGS TOGETHER



Power loss [W] under motor power load k*Prated k=1 k=0.5 k=0.25 k=0.1 (full load) (idle running) 2647 1324 1607 2250 1350 675 337 135 40.7 40.7 40.7 40.7 32.1 32.1 32.1 32.1 53.0 53.0 53.0 53.0 125.8 125.8 125.8 125.8



Figure 5. Modelling of main power transmission system for grinder by means of SENO software (a) for power losses estimation (b)



4. Simulation of heat generation effects In order to simulate heat generation effects in a machine tool to be designed and to investigate ways of limiting them it is necessary to have mathematical models of the physical phenomena which occur during the operation of machine tools. For the recognition of the thermal behaviour of machine tools it is best to use dedicated computing systems which have proved to be able to accurately simulate heat generation, temperatures, thermal displacements and other characteristics specific for the design of a considered machine tool. A system which meets the above requirements is a system named SATO [JED98] developed at Wroclaw University of Technology. The system has been designed for the simulation of the thermal and static behaviour of machine tools. It is based on the finite element method, the finite difference method and several other methods which support the modelling of boundary conditions. The system integrates temperature and displacement distribution computation with the determination of power losses in the kinematic links of power transmission systems. The integration ensures high quality of simulation. This is essential in the case of spindle systems where there is a linkage between power losses, temperature and deformations of the bearings. The boundary conditions included in the SATO system enable the modelling of the thermal and elastic phenomena which occur within the structure and on the stationary and movable surfaces of the joints between the elements and assemblies of machine tools. The boundary conditions cover: radiation, natural convection, convection forced by the motion of the components, convection forced by the flow of the cooling medium, contact conductivity and contact rigidity. They make it possible to model heat exchange in both an unlimited environment and closed spaces within casings. It is possible to take into account the many different materials of which the machine tool’s structure is made. Also the different operating conditions of the machine tool can be simulated.



5. Recognition of ways of limiting thermal disturbances How significant the achieved reduction will be depends to a large extent on the knowledge of means and structural parameters having a bearing on the adopted disturbance evaluation indexes. Factors which contribute to the recognition of ways of reducing the disturbances are presented in fig. 6.
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Figure 6. Factors contributing to recognition of means and structural parameters through which reduction of disturbances can be achieved



5.1. Application of procedural knowledge The recognition of ways of reducing disturbances is illustrated with a short practical example of an analysis of a grinder design (fig. 7). a)
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Figure 7. Boundary influences (b) of grinder assemblies (a) on grinder’s thermal displacement evaluation indexes (c)



The thermal displacements in the adopted indexes (fig. 7b) were determined by means of the SATO system. Maximum limits were assumed for power losses when calculating grinder table the particular assemblies’ shares in the total disturbance. The coefficients presented in the table represent the largest share of each assembly in the disturbance in the grinding wheel position relative to the table. These data indicate the machine assemblies whose improvement offers the best chances for achieving a reduction in the thermal disturbances. 5.2. Use of heuristic knowledge In a search for directions and ways of changing design parameters to reduce thermal disturbances it is helpful to use knowledge-base systems which store the heuristic knowledge of experts in this field. An example here can be a knowledge-base system [WIN97] developed at Wroclaw University of Technology to aid the analysis of the machine tool’s load-bearing system. This knowledge-base system utilizes expert knowledge of the principal factors which influence the thermal state of machine-tool bodies (fig. 8) and it is capable to generate recommendations concerning: • the shaping of the geometry of the body and its dimensions; • the arrangement and design of fixtures and elements fixing the position of the body; • the arrangement of heat sources impacting the body’s walls and interior; • the use of proper constructional materials, • the ensuring of conditions conducive to heat transmission in the body’s material and to heat exchange on its surfaces.



The course and extent of the consultation also depends on the quality requirements which the machine tool must meet. A typical form of the knowledge used for the generation of body shape and dimensions recommendations is shown in fig. 9. DESIGN DATUM DEFINING THERMAL LOAD RECOMMENDATIONS MATERIAL HEAT EXCHANGE REQUIREMENTS



Figure 8. System knowledge profiles for machine tool bodies
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Types of explanatory notes: KOM0 – no recommendations, KOM1 – overall dimensions of the component should be less differentiated, KOM2 – the component should be made symmetrical, KOM3 – increase thickness of the walls apart from the spindle axis and in the outward direction from the component datum surface, KOM4 – decrease thickness of the walls in the area between the spindle axis and the component datum surface. Minimum thickness: 6 mm – castings, 4 mm – welded structures. Figure 9. Exemplary structure of knowledge for generation of recommendations concerning ways of reducing thermal disturbances in machine tool bodies



6. Conclusion The limitation of the adverse effects of heat emission in machine tools has been gaining in importance because on the one hand these effects have tended to appear increasingly faster and on the other hand, the precision requirements have been growing. The presented approach to the solution of thermal disturbance problems is an attempt to systematize endeavours aimed at reducing the effect of thermal disturbances on machining precision. The proposed methodology makes use of the general knowledge of thermal phenomena in machine tools, which is contained in mathematical models for determining power losses, temperatures and thermal displacements, and the expert knowledge acquired through experience. It helps to rationalize the procedure leading to designs ensuring better thermal properties of the machine tool.
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