

  energies-14-06703




energies-14-06703







Energies 2021, 14(20), 6703; doi:10.3390/en14206703




Article



Investigations of the Usefulness of Dilatometric Methods in the Diagnostics of Combustion Engines



Marek Idzior and Wojciech Karpiuk *[image: Orcid]





Institute of Combustion Engines and Powertrains, Poznan University of Technology, 61-138 Poznań, Poland









*



Correspondence: wojciech.karpiuk@put.poznan.pl; Tel.: +48-61-647-5993







Academic Editors: Theodoros Zannis and Andrzej Teodorczyk



Received: 23 August 2021 / Accepted: 13 October 2021 / Published: 15 October 2021



Abstract

:

Due to rapidly progressing development in the field of materials used in the automotive industry, research methods enabling the validation of the properties of materials used in specific applications, e.g., engines, are gaining importance. One such method is dilatometry, which belongs to a branch of physics dealing with methods of measuring the thermal expansion of bodies. It includes assessment study of the dependence of body measurements on external conditions. The authors propose that dilatometric methods could be used to diagnose damage and the causes of engine damage that has already occurred. This is a novel approach in diagnostic methods. The aim of the paper was to validate the proposed method for diagnosing of combustion engine components. Two cases of malfunction of this type of device are presented. In the first case, the subject of research is needle-nozzle holder precision pairs used in engines with a power of 150 kW. The main achievement of the research is revealing the occurrence of different thermal expansion values of the materials in the individual nozzle holders, with specific needles in particular causing adverse changes in clearances between these elements. The other case involved tests with respect to engine pistons. The proposed test method allows for a very accurate and relatively quick determination of the degree of damage to their surface. The conducted research confirms the usefulness of dilatometric methods in diagnosing combustion engines—their application makes it possible to determine the causes for the formation of the irregularities. The presented results are promising and enable further development of the methods and their implementation not exclusively with regard to internal combustion engines.






Keywords:


dilatometry; research method; combustion engines; injector precision pairs; pistons












1. Introduction


The primary way of diagnosing the operation of modern combustion engines is through the use of an on-board diagnostic (OBD) system. Components of this system are used in many areas of internal combustion engine operation. These include misfire monitoring [1,2], diesel particulate filter monitoring [3,4,5,6], catalyst monitoring [7,8], fuel system monitoring [9,10], and EGR system monitoring [11,12,13]. The common features of these systems are that they supervise the operation of the electronic control systems, and that their operation aims to control engine operation in order to meet ecological requirements. These systems are standard equipment in passenger vehicles. However, there are some defects, the occurrence of which does not trigger a response in the diagnostic system. Examples of this type of damage include misalignment of valve timing, wear of cylinder bore, increasing wear of valve seats, and wear of injector nozzles. Such mechanical faults and operational wear, especially in the early stages, are compensated for by adaptive control systems as a result of the accepted permissible control ranges. It is only after a major malfunction has occurred that the course of the control process is so disturbed that it is relatively easy to find the fault, because the system switches to emergency operation. Changes in the technical condition of the engine, caused by the early stages of its wear, are difficult to detect. Vibroacoustic methods are applicable in this respect [14]. The situation is slightly different when it comes to diagnosing the causes of already existing damage to internal combustion engine components. In this respect, one popular method is endoscopy (using fiber optics) [15,16]. Oil wear testing and spectroscopic analysis of wear products (especially metals) accumulated in oil and filters are also used to diagnose the cause of damage. The authors of the article propose the addition of dilatometric methods to the methods mentioned regarding the diagnosis of faults and the causes of faults.



Dilatometry is a branch of physics dealing with methods of measurement of the thermal expansion of bodies. It also deals with the dependence of the object dimensions on external conditions. The main tool for the measurement of thermal expansion is the dilatometer. The term thermal expansion refers to changes in the linear (linear thermal expansion) and volumetric (volumetric thermal expansion) dimensions of bodies following temperature changes. In numbers, the thermal expansion can be described with Formula (1):


x(T) = x(T0){1 + α(T − T0)}



(1)




where:




	
x(T)—dimensions of an object in temperature T,



	
x(T0)—dimensions of an object in the initial temperature,



	
α—coefficient of thermal expansion (for most of the substances it is α > 0, but for water the value α depends on the temperature; in particular, in the range from 0 °C to 4 °C, it has negative values).








For crystalline objects, the thermal expansion can be different in different directions. When that is the case, the coefficient of thermal expansion becomes a tensor. The fundamental factors in classifying tensors are the transformation principle during the modification of the reference system and its order (the number of indicators necessary for its characterization). Tensors of the first order are represented by one-dimensional objects—one-column or one-row tables—tensors of the second order by two-dimensional tables, etc. If a change in the reference system does not lead to a change in the tensors, it is scalar or invariant (invariance). A contravariant vector (pursuant to the convention, it has its index at the top) is a tensor of the first order subject to the following principle of transformation (2).


ai’ = Σ(∂xi’/∂xi)ai



(2)







(Symbols containing the ‘prime’ indicate a new reference system.) Tensors of higher orders are defined analogically: covariant, contravariant, and mixed, i.e., having parts of the covariant and contravariant components, hence having parts of the indexes in the superscript and parts in the subscript [17]. The valence of the tensor is a pair of numbers (n, m), the first of which determines the number of contravariant components and the second the number of covariant components, e.g., the law of transformation of mixed tensors R of valence (1,2) has the following form (3):


Ri’j’k’ = (∂xi’/∂xi)(∂xj/∂xj’)(∂xk/∂xk’)Rijk



(3)







The multi-level nature of dilatometric analysis and the use of such methods for various analytical tasks related to the characteristics of materials have led tools based on this type of method to be successfully used in widely understood materials science [18,19,20,21,22,23,24]. Additionally, the ease of use and the mostly simple geometry of the sample make dilatometry a productive tool for thermophysical materials testing.



Dilatometric methods can be used in the area of combustion engines; however, as can be seen from the literature analysis, their use in this area is still not widespread, and does not address the search for the cause of engine component failures. These methods are most often used to determine the thermal expansion coefficients of selected components of combustion engines [25]. In research conducted by Anand and Parthasarathy [26], dilatometry has been used, among other things, in the analysis of thermal expansion of crankshafts subjected to nitriding. Another example is the research [27,28] conducted by Jankowski, Siemińska et al., consisting, inter alia, of analyzing the influence of various alloy additions on changes in the linear expansion coefficient of engine pistons. The researchers proposed a new material for pistons, which is an aluminum alloy containing unconventional alloying elements—molybdenum, cobalt, and chromium. In this case, the use of dilatometric methods confirmed the improvement in the strength of the material, and above all the improvement in the dimensional stability of the tested elements. Similarly, dilatometric methods were used in the studies of Zebarjad and Sajjadi. The authors of the research presented in [29] analyzed the possibility of using metal composites (MMCs) in automotive applications (brake discs), including engine applications (pistons). They carried out a series of analyses (microhardness test, compression test, wear resistance test), during which dilatometric measurements were made. In [30], the authors also used dilatometric analysis—the conducted research concerned the evaluation of the properties of the eutectic Al-Si alloy used in the production of cast pistons of combustion engines. Measurements made with the use of a dilatometer justified, among other things, the necessity of applying heat treatment to the tested pistons in order to stabilize the material structure. The use of such prepared pistons confirmed the elimination of significant structural changes in the material, which may lead to deterioration of the mechanical properties of the element.



On the other hand, in [31], the authors paid special attention to the contribution of metrology to the research and development of thermophysical properties of materials used in the automotive industry. The use of advanced materials with specific thermal properties is currently one of the areas of activity being intensively developed in broadly understood industry. It has been proven that the accurate measurement of the thermophysical properties of materials is of particular importance in the rapidly developing automotive industry. Application of, among other things, dilatometric methods to determine the coefficient of thermal expansion allows the validation of the correct use of new materials in specific applications, such as, for example, exhaust aftertreatment systems or the exhaust systems of piston engines.



The analysis of the global state of knowledge relating to the use of dilatometric methods in engine applications shows that their application focuses on checking, under conditions of variable operating temperatures, the behavior of materials. To the best of the authors’ knowledge, there are no examples of the use of dilatometric methods to diagnose abnormalities in the operation of components already used in specific engine solutions. Obtaining precise information about the condition of a component enables a detailed understanding of the impact of the nature of its operation on the material out of which it is made.



Therefore, the aim of this work was to practically check the use of dilatometric methods to diagnose damage to selected components of combustion engines. The article presents two such cases. The first one, concerning the stability of precision injector pairs, has not been previously described in the literature. The second concerns damage to the pistons of internal combustion engines. The common characteristic of both of these cases are abnormalities in the operation of internal combustion engines—the use of dilatometric methods makes it possible to determine the cause of such occurrences. The originality of the research work carried supplements the global use of innovative devices with high measurement precision.




2. Materials and Methods


2.1. Injector Precision Pairs


The quality of the operation of diesel fuel injectors depends heavily on whether the problem of injector needle hanging is eliminated or at least reduced. Several factors that facilitate the occurrence of this phenomenon are [32,33,34]:




	
Selection of the materials used for the needle-nozzle holder pair,



	
Size and nature of deformations of the nozzle holder caused by pressure and temperature,



	
Quality of surface processing of the elements of the precision pairs,



	
Accuracy of the shape of the hole in the nozzle holder and the guiding part of the needle in the cross section and axial cross section of the injector,



	
Play between the needle and the nozzle holder, that, on one hand, should ensure free operation when different fuels are applied, while, on the other, preventing excessive fuel leakage,



	
Porosity and geometrical structure of the guiding surfaces of the needle and the nozzle holder,



	
Spring force exerted on the needle,



	
Size of the micro deformations of the nozzle holder when the injector nut is tightened.








In most cases, the selected materials fulfill the basic requirements, assuming that the thermal and thermal chemical processing were carried out properly. Materials used for the production of nozzle holders and needles require complex thermal processing aiming at completing the transformation process of residual austenite into martensite [35]. The temperature ranges of the individual operations are very narrow and require the use of furnaces with precise temperature adjusters [36]. Small temperature deviations in the thermal processing may result in a large amount of residual austenite that, during the operation of the injectors in elevated temperatures (175–250 °C), will transform into martensite [37,38,39]. Since martensite has a greater volume than austenite, linear dimensions and dilatometric properties of the material will be changed. This may lead to a reduction of the operating play and additionally facilitate needle jamming. The above phenomenon should also be analyzed with respect to in-operation elastic deformations of the nozzle holder caused by high-pressure and variable thermal stresses. These deformations may result in further reduction of the play between the needle and the nozzle holder, leading to mechanical jamming of the needle in extreme cases [40].



The influence of dilatometric changes of material properties on injector performance was studied on precise needle-injector pairs used for engines with power of 150 kW. The needles of these injectors were made from 15 HN steel and the nozzle holders from spheroid cast iron.



The aim of the investigation was:




	
Determination of the coefficients of linear expansion of needle and nozzle holder materials,



	
Determination (on the basis of dilatometric tests) of the temperature range of the process of transformation of residual austenite in the needles.








The tests were conducted on a modified LS4 type induction dilatometer operating on the direct measurement principle. This dilatometer was originally an optical dilatometer. For research purposes, this dilatometer was modified—the modification concerned the measuring head, furnace heating rate programmer and method of registration. Instead of the optical head, allowing magnification of 200–600 times, a head with an inductive sensor of Bimetr-1 type (VIS production) was used, allowing 100 times higher magnification. The simple cam-type programmer for heating the furnace was replaced with an electronic programmer with feedback, made by Wilmer. Instead of a photographic recorder, a Japanese-made potentiometric three-channel recorder of Rikadenki type was used, working in the X1, X2, X3 time system. On one channel (X1), elongation was recorded; on the other channel (X2), temperature changes were recorded. This resulted in two curves recorded side by side as a function of time. On the basis of the curves of the changes in the length recorded at a magnification of 2500 times and changes in the temperature measured with a NiCr-Ni thermocouple, the coefficient of linear thermal expansion was calculated on the basis of Relation (4):


   α ¯  =   ∆ l    l 0     1  ∆ T    



(4)




where:




	
  ∆ l  —change in the length,



	
   l 0   —initial length of the sample for the measured temperature range,



	
  ∆ T  —temperature difference.








For the temperature changes, the authors used electronic compensation of the cold terminals of the thermocouple. The injectors were heated to a temperature of about 250 °C—the heating rate during the experiments was 2.5 °C/min. Eight new injectors of the same type were used in the study. A model of the nozzle geometry that was tested is shown in Figure 1. The samples cut out from the needles and nozzle holders were numbered according to their pairing in the precision pairs.



To determine the correctness of the factory thermal processing two needles, upon testing in a dilatometer, were again subjected to thermal processing. These needles were hardened and tempered according to the manufacturer’s technical documentation.




2.2. Pistons


The investigations were performed on a V-16 Waukesha P9390GL gas engine. The engine failed and stopped permanently. The tested piston had shiny spots on its skirt. The shiny spots were located on the level of the kingpin bore and under the lower ring (Figure 2). The described traces were more intense on the side on which the piston leans in the piston sleeve. In addition, in this part of the piston, there was more carbon fouling on the piston crown. The liner of the cylinder sleeve in contact with the piston had small scratches, no different from the effect of a properly operating piston [41].



The measurements, the tests and the analysis consisted of:




	
Measuring the geometry of the new and the worn piston using ATOS II optical coordinate scanner in the temperature of 21 °C,



	
Heating of new and worn pistons in a heat treatment furnace,



	
Measuring the geometry of the pistons with the optical coordinate scanner during cooling from the temperature from 240 °C (worn piston) and from 250 °C (new piston),



	
Analysis of the results of the piston geometry measurements,



	
Comparative examination of the pistons,



	
Analysis of the results of geometrical measurements during the cooling process.








In the proposed piston testing method, a highly sophisticated ATOS II measurement system by GOM was applied. The system has a projector and two digital cameras providing 1.4 million measurement points. The measurement range is 175 × 140 to 2000 × 1600 mm2 [42]. The application of a special type of lens and high-quality projector ensures very high resolution of the cluster of points, while eliminating most of the static when testing objects of the dimensions of up to 2000 mm [42,43,44].



The measurement consists of the projection of stripes with white light and their being recorded by the two cameras. The system then determines the position of the sensor and analyzes the value of the measurement points in a coordinate system of the measured object. The result of the measurement with the ATOS scanner is the spatial presentation of surface in the form of a cluster of points having a common coordinate system. The system compares the data pulled from the measured object with the CAD model. The results can be presented in the form of maps with deviations from the CAD model or in the form of tables.





3. Results and Discussion


3.1. Injector Precision Pairs


During the tests, a wide spread of thermal expansion was recorded in the needles. To determine the consequences of such a spread, graphs depicting the play of the needle-nozzle holder were developed for each of the individual precision pairs, depending on the operating temperature (Figures 3–8). The reference play marked in the graphs is the correct (i.e., prescribed by the designer) value, and remains unchanged during operation. This play under actual operating conditions at temperatures ~150–200 °C may be reduced by up to 50% (injector 7—Figure 3). These are very significant differences. A small increase in play is not disadvantageous (it is very common for this play to be reduced as a result of micro deformations in the nozzle holder), but its reduction following non-uniform thermal expansion of the operating components is very dangerous.



The determination of different thermal expansion values in the materials of the individual nozzle holders and needles, leading to adverse changes in the play between these components, is the main achievement of the present investigation. The reason for this phenomenon is the difference in the structure of the tested materials.



The graphs of the play values as a function of temperature indicate the presence of austenite in the tested needles (increase in the extension in the temperature range of ~200–300 °C). On the basis of the conducted tests, it can be confirmed that the differences in the austenite content are significant. These differences may have been caused by different structures in the carbonitrided layer or different structures forming during thermal processing. The influence of the non-uniformity of the structure of the material of which the needles are made on the dilatation changes is usually miniscule. In terms of changes in the dimensions of the components of precision pairs, thermal and thermal–chemical processing are decisive. Therefore, in order to explore this phenomenon, in the first place, one should check the structure after thermal processing and then check the structure and chemical composition of the material from which the needle was made.



To prove that the stability of the dimensions can be influenced by imprecisely conducted thermal treatment, needles 7 and 8 (Figure 3 and Figure 4) were subjected to thermal processing once more. The thermal treatment consisted of vacuum quenching using a vacuum furnace with high-pressure gas cooling. A significant improvement in the stability of the dimensions was achieved.



The presence of residual austenite in the material structure of the needle is very unfortunate, because austenite is prone to transformation into martensite at higher temperatures (for long heating times from approximately 150 °C). It is widely known that martensite has greater volume. An increase in the volume results in a reduction of the play in the precision pair, and may lead to jamming of the needle. Therefore, in order to verify whether it is possible to fully eliminate residual austenite from the needle, needle 4 was additionally tempered at a temperature of about 200 °C. After this tempering, a small drop in hardness was observed to approximately 730 HV, and no residual austenite was observed during dilatometric tests. The coefficient of linear expansion of this sample was the lowest (Figure 5). The results of the attempt to eliminate the residual austenite in the needles indicate that the method is effective.



The results obtained prove that monitoring the thermal expansion of materials as early as at the production stage makes it possible to check their quality—this is extremely important, considering the materials from which precision pairs of needle are made. This fact is illustrated in Figure 6, Figure 7 and Figure 8, which show the variation of the degree of play in precision pairs as a function of operating temperature. These diagrams indicate that the dilatation properties of the precision pairs must also be taken into account when selecting materials for precision pairs.




3.2. Pistons


The processing algorithm in the proposed method is based on two basic measurement stages. In the first stage, geometrical tests are conducted at a reference temperature of 21 °C. In the second stage, the geometrical tests are conducted during the cooling process of the hot pistons. The tests include the determination of the average diameters of the piston grades and the actual deviations at the inspection points. The algorithms used to calculate the replacement components were based on the adjoining elements, i.e., the minimum cylinder described for all measurement points (Figure 9 and Figure 10, Table 1).



The diameters were measured at four different circumferences, as shown in Figure 9—the differences in the dimensions of the individual piston circumferences are shown in Table 1. The base dimensions correspond to the average values of a new piston.



As mentioned previously, this investigation focuses on the analysis of deviations at the inspection points on the pistons. On the basis of the geometric tests conducted at the reference temperature of 21 °C, it can be concluded that the diameter of the new piston is smaller than the diameter of the worn one, with greater values of the deviation with respect to ovalness at the guiding circumference of the piston. The analysis of deviations at the individual inspection points calculated on the basis of all measurement points for replacement cylinders according to the algorithm of the element described (i.e., the smallest described cylinder) for each piston separately, also indicates that the circumference of the worn piston is greater in diameter. This difference of 0.0725 mm may have a significant impact on the operation of the piston. This is confirmed by the comparison of the above values with the assembling clearance of the piston. Assuming that the clearance should theoretically be approximately 0.5–0.8‰ [45] of the diameter (238 mm), we can consider this value to be equal to 0.142 mm.



Another stage of the proposed method of piston testing is thermal investigations analyzing deviations at the measurement points of the pistons during the cooling process. The worn piston was cooled from 240 °C and the new one from 250 °C, as a result of the heating technique.



The authors encountered a certain difficulty, which was not directly related to the measurement method. The problem was the determination of the temperature of the guiding surface of the piston under regular operating conditions. This was related to the lack of information on the chemical composition of the aluminum alloy. The exhaust gas temperature of the engine where the pistons were installed at the external temperature of 5 °C was approximately 460 °C. It is generally known that the temperature of the piston surface will be lower. On the basis of a literature analysis [46], the authors determined that for pistons of similar dimensions and designations, the maximum temperature might fall in the range of 230–280 °C. Hence, the values set forth in the introduction of this paper were adopted. Further support for this choice was provided by the ignition temperature of the lubricant (Mobil Pegasus 710)—249 °C—used during the piston operation [47].



The deformations of the new piston at a temperatures of 250 °C and 56 °C are shown in Figure 11 and Figure 12, respectively. Example measurement results of the deformation of the new and the worn piston are provided in Table 2 and Table 3.



Using the described method, on the basis of the obtained results, it is possible to draw the following conclusions:




	
Cylinders described at inspection point 1 for the new piston and the worn one are oval,



	
Cylinder 1 had a greater diameter for the worn piston than the new one on the basis of the algorithm for the described element (i.e., the smallest described cylinder),



	
The deviation of the individual inspection points with respect to the replacement element confirms the greater diameter of the worn piston,



	
The analysis and tests were performed on a worn piston bearing traces of seizure, potentially confirming that the nominal diameter was greater than that measured (material scratches due to seizure).








On the basis of these measurements, it is possible to determine characteristics, as shown in Figure 13 and Figure 14.



By taking into account the change of temperature of the pistons for different measurement points, it was possible to determine the deviations. The reference measurement in this case was the measurement at the room temperature (21 °C). The obtained graphs show the effectiveness of the method used—a great spread of deviations with respect to the reference measurement (at the temperature of 21 °C) can be observed at the individual measurement points of the worn piston.



The analysis based on the geometrical test results obtained during the cooling process makes it possible to draw the following conclusions. In the combustion chamber cylinder zone, the spread of deformations is smaller and more stable for the new piston—a characteristic peak can be observed at the temperature of 100 °C. For the worn piston, the deformations at the individual measurement points are divergent, which may have been caused by the behavior of the material (deformations) when subjected to high temperatures—the material swells and shrinks unevenly in terms of both volume and area. Additionally, in the cylinder zone with the deformation, different distributions of deviations can be observed for the new and the worn pistons during cooling. For the new piston, the spread of deformations of the individual points has a rather stable distribution and the characteristic peak at the temperature of 100 °C. For the worn piston, this distribution of deviations is unstable—they are scattered around the individual measurement points located in the same piston areas—and the characteristic peak at the temperature of 100 °C cannot be observed. During cooling, the worn piston shows deviations with greater positive values than those obtained for the new piston. The occurrence of significant deviation values is related to the cause of engine damage, confirming the effectiveness of the proposed diagnostic method.





4. Conclusions


The authors of this paper proposed the addition of a method based on dilatometric measurements to the diagnostic methods used in the area of combustion engines. This method was validated using two different cases. In the first one, the stability of precision pairs of new injectors was tested. In the second case, this method allowed the diagnosis of the causes of engine piston failures. Both cases should be seen as novel approaches with respect to combustion engine diagnostics.



In the first case, the use of the method showed a large scatter of the materials’ thermal expansion in individual nozzle elements (needle holder and needles). Thanks to dilatometric tests, the occurrence of unfavorable changes in the plays between these elements was demonstrated, constituting the main achievement of this research and confirming the effectiveness of the proposed method. Therefore, this method is an effective way of testing the stability of injector precision pairs, particularly with the aim of performing proper material selection and processing. Checking the thermal expansion of materials in the final stage of production enables the verification of their quality as well as the quality of their processing. This is very well depicted in the graphs, which show the variability of the play in the precision pairs to be dependent on the operating temperature and indicate the need to allow for material dilatation properties when selecting materials for precision pairs. A disadvantage of dilatometric methods in the first case described is their destructive character. However, with correspondingly large production, it is possible to develop a non-destructive method to investigate injector precision pairs.



In the second case analyzed, the proposed research method allowed for a very precise and relatively quick determination of the degree of damage sustained by the surface of the engine pistons. The measurement method showed the presence of significant deviations from the reference measurements. These deviations, visible in the case of the worn piston, confirm this problem, which should also be considered the cause of the failure. In this particular case, the probable cause of engine failure could have been the use of unsuitable pistons. This could be related, for instance, to the use of an inappropriate aluminum alloy or to the inadequacy of the piston material to the operating conditions of the engine (gas engine). The cause of the failure could also have been related to the piston design, e.g., there was a significant accumulation of material in the area of the observed shine on the piston, which was also confirmed by the measurements carried out.



On the basis of the presented example measurements, the positive effects of applying this method are demonstrated. An obvious advantage of this method is the possibility of determining the reasons for engine malfunctions on the basis of the test results. It is necessary to note that the piston itself is rarely the primary reason for engine damage, but the first symptoms of damage to engine components are visible on this element. A disadvantage of this method is the necessity of using a reference piston. The best solution is to use a new piston, which constitutes a nominal reference for the conducted measurements, on the basis of which it is possible to compare the two pistons and consequently draw conclusions.



The presented results, owing to the innovative methodology based on dilatometric methods, including coordinate optical systems for the measurement of the geometry of elements under high temperatures and their cooling-induced deformations, allow the further improvement of this method as well as its application in fields other than combustion engines.
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Nomenclature




	OBD
	On-Board Diagnostics



	EGR
	Exhaust Gas Recirculation



	x(T)
	dimensions of an object in temperature T



	x(T0)
	dimensions of an object in the initial temperature



	α
	coefficient of thermal expansion (for most of the substances it is α > 0, but for water the value α depends on the temperature, particularly in the range from 0 °C to 4 °C it has negative values)



	ai’
	tensor of the first order



	Ri’j’k’
	mixed tensor



	MMC
	metal matrix composite



	   ∆ l   
	change in the length,



	    l 0    
	initial length of the sample for the measured temperature range,



	   ∆ T   
	temperature difference.



	CAD
	Computer Aided Design



	NaN
	data not available
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Figure 1. Model of test nozzle geometry. 






Figure 1. Model of test nozzle geometry.
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Figure 2. Comparison of the shiny spots of the guiding part of the tested piston. 
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Figure 3. The play in the needle-nozzle holder precision pair of injector 7 as a function of operating temperature: 1—factory needle, 2—needle following additional thermal processing. 
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Figure 4. The play in the needle-nozzle holder precision pair of injector 8 as a function of operating temperature: 1—factory needle, 2—needle following additional thermal processing. 
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Figure 5. The play in the needle-nozzle holder precision pair of injector 4 as a function of operating temperature. 
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Figure 6. The play in the needle-nozzle holder precision pair of injector 2 as a function of operating temperature. 
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Figure 7. The play in the needle-nozzle holder precision pair of injector 3 as a function of operating temperature. 
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Figure 8. The play in the needle-nozzle holder precision pair of injector 5 as a function of operating temperature. 
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Figure 9. Measurement points on the individual piston grades (results contained in Table 1). 
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Figure 10. Examples of deviations from the diameters of the replacement element of the piston. 
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Figure 11. Geometrical deformation of the new piston at a temperature of 250 °C (Table 2). 
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Figure 12. Geometrical deformation of the new piston at a temperature of 56 °C (Table 2). 
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Figure 13. Deviations from the reference measurement (at a temperature of 21 °C) at the individual measurement points of the new piston. 
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Figure 14. Deviations from the reference measurement (at a temperature of 21 °C) at the individual measurement points of the worn piston. 
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Table 1. Difference in the dimensions at the individual circumferences of the new and the worn pistons.
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	Measurement Point
	Diameter of the New Piston [mm]
	Diameter of the Worn Piston [mm]
	Difference [mm]





	1
	237.72
	237.79
	0.07



	2
	235.39
	235.52
	0.13



	3
	236.13
	235.69
	−0.44



	4
	235.79
	236.04
	0.25
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Table 2. Example results of the deformation of the new piston during the cooling process (NaN—data not available (deviations not determined) as a result of reflexes and thermal radiation leading to static disadvantages for optical measurement systems).
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New Piston (250 °C)

	
New Piston (56 °C)




	
Inspection Point

	
Deviation [mm]

	
Inspection Point

	
Deviation [mm]






	
1

	
−0.02

	
1

	
NaN




	
2

	
+0.01

	
2

	
NaN




	
3

	
+0.01

	
3

	
NaN




	
4

	
−0.01

	
4

	
NaN




	
5

	
+0.01

	
5

	
+0.01




	
6

	
+0.08

	
6

	
+0.02




	
7

	
+0.01

	
7

	
−0.03




	
8

	
−0.01

	
8

	
−0.01




	
9

	
NaN

	
9

	
−0.01




	
10

	
+0.01

	
10

	
NaN
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Table 3. Example results of the deformation of the worn piston during the cooling process (NaN—data not available (deviations not determined) as a result of reflexes and thermal radiation leading to static disadvantages for optical measurement systems).






Table 3. Example results of the deformation of the worn piston during the cooling process (NaN—data not available (deviations not determined) as a result of reflexes and thermal radiation leading to static disadvantages for optical measurement systems).





	
Worn Piston (240 °C)

	
Worn Piston (56 °C)




	
Inspection Point

	
Deviation [mm]

	
Inspection Point

	
Deviation [mm]






	
1

	
−0.07

	
1

	
−0.09




	
2

	
−0.09

	
2

	
−0.14




	
3

	
−0.05

	
3

	
−0.02




	
4

	
−0.13

	
4

	
−0.12




	
5

	
−0.15

	
5

	
−0.12




	
6

	
−0.22

	
6

	
−0.06




	
7

	
−0.11

	
7

	
−0.05




	
8

	
−0.15

	
8

	
−0.09




	
9

	
−0.12

	
9

	
−0.11




	
10

	
+0.09

	
10

	
−0.06
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