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The Impact of Fluid Supply on Energy Efficiency and Process Performance in Grinding
Heinzel, C.* (2)a,b, Kolkwitz, B.a,b

a University of Bremen, MAPEX Center for Materials and Processes, Faculty of Production Engineering, Dept. of Manufacturing Processes, Bremen, Germany
b Leibniz Institute for Materials Engineering, Dept. of Manufacturing Technologies, Badgasteiner Str. 1-3, D-28359 Bremen, Germany

An approach is presented to evaluate the energy efficiency of grinding processes by the total specific energy in relation to the process limits, e.g. starting thermal damage at a certain specific removal rate. The paper deals with grinding experiments on hardened steel workpieces covering a broad range of different types of fluid supply nozzles, fluid flowrates, and removal rates with and without high pressure tool cleaning. In the investigations, process configurations were identified leading to high energy efficiency in combination with highest achievable removal rates. Furthermore, the results confirm that the process limit is significantly influenced by specifically adapted fluid supply conditions e.g. flowrate and jet speed.
Grinding, Energy efficiency, Fluid supply configuration

1. Introduction and state-of-the-art

In grinding, most of the heat generated due to high friction between the abrasive grains and the workpiece material is dissipated through the surface layer of the workpiece [1] and causes major challenges for the generation [2] and assessment of favourable surface integrity [3]. If the thermal load of the workpiece exceeds certain limits, thermal damage of the workpiece material (e.g. grinding burn) occurs which is accompanied by changes in hardness, a change in microstructure or a change in the residual stress state [4]. Morgan et al. [5] show that a critical specific material removal rate exists as a function of the useful flowrate of the metal working fluid (MWF) in the contact zone for constant process parameters in order to prevent thermal damage to the workpiece (tempering effects, white layer formation). Thus, thermal damage to the component (grinding burn) can be used to evaluate and describe the efficiency of fluid supply parameters and essential performance limits of grinding processes [6, 7]. The efficient supply of MWF to the grinding contact zone depends on various parameters such as the jet velocity, the jet shape caused by the fluid supply nozzle, and the nozzle position [5]. In this context, Heinzel et al. [8] have examined the influence of different fluid supply conditions on the temperature development in the contact zone during grinding. A further aspect in connection with the energy efficiency consideration of grinding processes is represented by tool cleaning to reduce or avoid clogging. Clogging results in increasing process temperatures and process forces due to increased friction, which is why the workpiece is subjected to greater mechanical and above all thermal load [9].For this reason, many research activities focused on increasing the energy and ressource efficiency of machining processes by using process specific minimum MWF flowrates, since this makes up a large part of the energy consumption of machine tools [10, 11]. Together, hydraulics and the fluid supply are responsible for about three quarters of energy consumption of a grinding process [12] and account for a large proportion of total machine tooloperating costs. Solutions for reducing energy consumption andincreasing energy efficiency, especially during the manufacturingprocess, are therefore essential requirements in science and

industrial practice [12]. In addition to an approach related to themachining process, the literature also contains concepts that takea holistic view of machine tools, including the machine states"process", "idle" and "standby". Schudeleit et al. have developed amethod which allows the calculation of a "Total Energy EfficiencyIndex (TEEI)" under consideration of the mentioned machineoperating conditions [13]. As a result, it was stated that mainlythe fluid supply and the spindle power influence the energyefficiency of manufacturing processes. However, the datarequired for this are not always fully available or cannot berecorded continuously on the machine tool.For the evaluation of manufacturing processes with regard toenergy efficiency, the specific energy is a suitable quantity, sinceit can be used to describe the ratio of energy input to a suitablefunctional unit of the product [14, 15]. This empirical approachhas already been validated for the evaluation of the relationshipbetween process parameters and energy efficiency for processeswith geometrically defined cutting edges [16, 17] and was latertransferred to grinding [14, 18]. In grinding processes, thespecific grinding energy (ratio of spindle power to materialremoval rate) provides the energy consumption at the grindingspindle during the machining of a material volume unit and istherefore one suitable measure for evaluating the energyefficiency during grinding [18, 19].It can be stated that different variables can be used to assess theenergy efficiency of manufacturing processes. However, not onlythe spindle power is decisive for the assessment of energyefficiency, but also fluid supply systems must be included in theanalysis. In addition, the quality of the workpiece, in particularthe surface integrity which is often limiting the processperformance, has to be taken into account in order to allow for acomprehensive view on the energy efficiency of manufacturingprocesses or the entire machine tool. This paper presents anapproach which is making use of the specific energy to describethe energy efficiency in grinding considering varied fluid supplyconditions as well as the surface properties of ground workpiecesin terms of grinding burn. Also, possibilities and limits in view ofincreasing the energy efficiency in grinding can be observedbased on this empirical method.
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2. Research approachAim of the research approach presented within this paper is tostudy the impact of the fluid supply on the process limits andenergy efficiency of grinding processes. In this regard, frequencycontrolled pumps for the fluid supply are used so that the energyconsumption needed for the fluid supply is optimised already andis dependent on the fluid flowrate. Two different conditions canlead to an increase of the energy efficiency in grinding: On the onehand side, the energy efficiency can be enhanced by a reduction ofthe flowrate for the fluid supply at constant material removal rateif the workpiece is not affected by thermal damage. On the otherhand side as the principle sketch in Figure 1 shows, a higher fluidflowrate (probably in combination with tool cleaning) can lead toan increase in the material removal rate by maintaining thedesired state of the ground workpiece (no grinding burn) and lessforces and power due to better lubrication. This leads also to anincrease in energy efficiency of the process.
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Figure 1. Research approach for increasing energy efficiency ingrindingIn order to assess the state of the workpiece material,Barkhausen noise analysis is used to examine if the groundworkpieces are affected by thermal loads. Therefore, the groundworkpieces were analysed regarding the Barkhausen noise valueRMS at five positions along the workpiece length of 250 mm. Theresult of the Barkhausen noise measurement is then used toobserve the process limit for the energy efficiency assessment. Todescribe the energy efficiency of the performed grinding tests, thespecific energy etotal is used and calculated by:
where ebl denotes the specific energy of the base load of themachine tool (here with a constant value of Pbl of 4000 W), ec thespecific energy of the spindle, eMWF the specific energy of the fluidsupply and Qw the material removal rate. The power values Pbl, Pc,and PMWF are measured by using a power analyzer WT500 fromYokogawa.Two different nozzle designs are selected: On the one hand side,a tangential flat nozzle design is used which is commonly appliedfor fluid supply in industrial practice for face grinding. On theother hand side, a so-called modular nozzle is used which consistsof a certain number of small jet nozzles (cf. Figure 2). Due to thisdesign, a fluid jet with a high coherent length is resulting which iscontributing to an increased cooling and lubricating effect.For the grinding tests, a flowrate of the MWF QMWF of 100, 175and 250 l/min is used to investigate the influence of varying fluidsupply conditions on energy efficiency. The flowrates are selectedin order to emulate fluid supply conditions (also in view of jetspeeds) in line with current industrial practice and its furtherimprovement. In addition, the effect of tool cleaning on theenergy efficiency is investigated by using a flat nozzle with aconstant flow of the MWF QMWF,cleaning of 20 l/min at pMWF,cleaning of20 bar. The impact angle (perpendicular to the grinding wheelsurface) and the distance between the cleaning nozzle and thegrinding wheel surface are chosen according to the optimalvalues identified in [9]. The effect of the cleaning nozzle is

evaluated by optical measurement of the wheel clogging (cf. [9]).If the cleaning nozzle is used, a constant value for the cleaningnozzle power PMWF,cleaning of 3300 W is additionally taken intoaccount for eMWF (together with the energy consumption for fluidsupply). The nozzle designs are assessed with regard to powerconsumption for MWF supply and MWF jet speed (cf. Table 1).The jet speeds are calculated from the fluid flowrate and thenozzle’s outlet cross-sections.
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Figure 2. Investigated fluid supply nozzle designs
Table 1 Power consumption (PMWF) and jet speed (vjet) depending on
nozzle’s design and fluid flowrate (QMWF)

QMWF =
100 l/min

QMWF =
175 l/min

QMWF =
250 l/min

Tangential
flat nozzle

PMWF = 1.02 kW
vjet = 22 m/s PMWF = 3.25 kW

vjet = 37 m/s PMWF = 8.74 kW
vjet = 53 m/s

Modular
nozzle

PMWF = 1.91 kW
vjet = 35 m/s PMWF = 8.13 kW

vjet = 62 m/s PMWF = 19.61 kW
vjet = 88 m/sFor the grinding tests, workpieces with a width of 60 mm, alength of 250 mm and a height of 20 mm made of the materialAISI 4240 (42CrMo4) in a hardened and tempered condition areused (workpiece hardness 46±2 HRC). Rough grinding tests withdepth of cut ae = 0.3 mm and width of cut of ap = bs = 50 mm atconstant grinding wheel speed vs = 35 m/s are performed. Thegrinding experiments are carried out on a face grinding machinetool Micro-Cut A8 from company ELB-SCHLIFF. To increase thethermal load during grinding, the specific material removal rate

Qw‘ is varied by the tangential feed speed vft. The grinding wheel(specification: 9A60H16VC2, vitrified bonded corundum grindingwheel) with a diameter of ds = 400 mm is dressed prior to eachtest by using a profile roller with a dressing speed ratio of qd =0.8. As grinding fluid, a water-based emulsion Rhenus R-Flex witha concentration of 4% is used.
3. Experimental resultsA change in the thermal load during grinding due to thevariation of the fluid supply conditions not only affects the powerconsumption of the entire grinding process, but also the effectiveprocess forces. In this context, the development of the processforces as a function of the fluid supply nozzle and the MWFflowrate without the use of wheel cleaning is considered at first.Figure 3 shows the development of the tangential force and thespindle power under the variation of the MWF flowrate (QMWF =100, 175, 250 l/min) by using the tangential flat nozzle withouttool cleaning. The data presented here show the mean value froma total of six points of the force measurement data (measurementof process start, middle and end; each grinding test was repeatedone time). The measured spindle power Pc is used to calculate thespecific energy ec. The tangential force is plotted additionally asthese values are more sensitive to variation of processparameters. For all performed grinding processes it can be statedthat almost constant grinding forces across the grinding lengthshave been examined. As maximum deviations, +/-3% for thespecific forces was observed. Due to the low deviation, error baesare not shown in the figures. Figure 3 also shows the process limit"PL" for the three different MWF flowrates defined by initialoccurence of grinding burn (Barkhausen noise analysis). Byincreasing the MWF flowrate from 100 l/min to 250 l/min, theprocess limit shifts from Qw' = 7.5 mm³/(mm∙s) to
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Qw' = 14 mm³/(mm∙s). It can be assumed that the thermal loadacting on the workpiece during the grinding process can bereduced by improved cooling and lubricating effect of the contactzone with increasing MWF flowrate. Figure 3 also shows that thetangential forces decrease with increasing amount of fluid. Itshould be noted here that the high flowrates of MWF and theassociated high pressures at the nozzle already result in a goodcleaning effect of the grinding wheel, which also contributes to aprocess limit at higher removal rate. This becomes particularlyclear when using the modular nozzle, where the process limit isincreased from Qw' = 10mm³/(mm∙s) to Qw' = 19mm³/(mm∙s) byincreasing the MWF flowrate from 100 l/min to 250 l/min (cf.Figure 4).
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Figure 3. Tangential force and spindle power for grinding tests withtangential flat nozzle (without tool cleaning)
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Figure 4. Tangential force and spindle power for grinding tests withmodular nozzle (without tool cleaning)For the tangential flat nozzle in combination with tool cleaning,no increase in the process limit compared with the processstrategy without tool cleaning can be determined, although theclogging of the grinding wheel is significantly reduced. This mightbe due to the fact that the restricted jet coherency of thetangential nozzle limits the cooling and lubrication effect in thecontact zone which might not be compensated by additional toolcleaning.Figure 5 shows the development of the process forces and thespindle power for the use of the modular nozzle with toolcleaning showing similar interrelations, whereby the increase ofthe MWF flowrate causes a slight reduction of the tangentialforces. Nevertheless, the process limit can be slightly increasedfrom Qw' = 19 mm³/(mm∙s) to Qw' = 20 mm³/(mm∙s)(QMWF = 250 l/min) compared to the grinding processes withoutthe additional tool cleaning. The results on the degree of cloggingshow that even without the use of the cleaning nozzles, cloggingof the grinding wheel surface is low (cf. Figure 6). Thus, the effectof the further reduction of clogging by the additional tool cleaningon the process limits can be identified, but is small.

Figure 7 examplarily shows the results of Barkhausen noiseanalysis with regard to thermal damage for the grinding testswith tool cleaning (average value of five measurements withminimum/maximum deviation). The base value and the scatterband for thermally undamaged workpieces (area marked off byhorizontal lines within figure 7) are observed by analysing theworkpieces after the heat-treatment prior to grinding. It can bestated that the thermally damaged samples can be clearlydistinguished from the non-thermally damaged samples. The thusobserved process limits are used for the energy efficiencyanalysis on the basis of the specific energy etotal.
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Figure 5. Tangential force and spindle power for grinding tests withmodular nozzle (with tool cleaning)

0

2

4

6

8

0 5 10 15 20 25

de
gr

ee
of

cl
og

gi
ng

QMWF = 100 l/min

without tool
cleaning

with tool cleaning

%

mm³
mm∙s

0

2

4

6

8

0 5 10 15 20 25

QMWF = 175 l/min

%

0

2

4

6

8

0 5 10 15 20 25

QMWF = 250 l/min

mm³
mm∙s

%

mm³
mm∙s

spec. material removal rate Qw’

Figure 6. Degree of clogging of the grinding wheel for grinding testswith modular nozzle (with and without tool cleaning)For the individual nozzle designs, the values for the specificenergies etotal - calculated according to equation 1 - are plotted asa function of the specific material removal rate in relation to theprocess limits (cf. Figure 8 - without the use of tool cleaning).Based on the results, it becomes clear that, with regard to energyconsumption, strong advantages can be seen when the tangentialflat nozzle is used for fluid supply as the lowest values of thespecific energy are determined here. However, there is also a highpotential for increasing energy efficiency with the modularnozzle, since here an increase in the process limit of approx. 25%compared to the tangential flat nozzle is possible.
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Figure 7. Barkhausen noise analysis for grinding tests with modularnozzle and tangential flat nozzle (with tool cleaning)As it can be derived from Figure 9, higher values for the specificenergy etotal result from the additional energy consumption by thetool cleaning. Although the results for the tangential flat nozzleshows a lower energy consumption compared to the modularnozzle, the process limit for the modular nozzle is significantly
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higher with respect to the related specific material removal rate(tangential flat nozzle Qw,max.' = 12.5 mm³/(mm∙s); modularnozzle Qw,max.' = 20 mm³/(mm∙s)). However, the process limits forboth nozzle designs can only be slightly increased by using toolcleaning compared with the process strategy without toolcleaning.
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Figure 8. Specific energy etotal for grinding tests without tool cleaning
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Figure 9. Specific energy etotal for grinding tests with tool cleaningBased on the used approach for assessing the energy efficiencyby the specific energy, possibilities for increasing energyefficiency of grinding processes can be derived depending on thenozzle design and the fluid supply conditions. It should beemphasised in this context that the use of tool cleaning comparedto the process strategy without tool cleaning contributes tofurther positive aspects such as reduced wheel wear as well asmore repeatable and more constant work results, which are notshown here in detail.
4. Conclusion and outlookThe presented results show correlations which describe therelationships between the chosen fluid supply strategy and themaximum resulting process performance, taking into account theenergy efficiency of the grinding processes investigated. On thebasis of the determined data regarding the energy consumptionof the machine tool, the grinding wheel spindle and the fluidsupply, a scientifically founded method for the evaluation of theenergy efficiency of grinding processes based on the specificenergy etotal depending on the process parameters and the fluidsupply strategy is developed with simultaneous consideration ofthe process result in terms of surface integrity.In view of the energy consumption for the fluid supply, themodular nozzle shows higher values for the power consumptioncompared to the tangential flat nozzle, but the process limits areshifted to higher specific material removal rates which lead to anenhanced energy efficiency. This can be attributed to an enhancedcoherency of the fluid jet resulting from the design of the modularnozzle which leads to better cooling and lubrication of the contactzone. In addition, it can be derived from the results for themodular nozzle that also jet speeds higher than the grindingwheel speed lead to an increase in process performance. This isprobably caused by an additional cleaning effect by the fluidsupply nozzle (simultaneous fluid supply to the contact zone andtool cleaning). For both nozzle designs, the process limit can beincreased with a higher fluid flowrate. This contributes to the factthat grinding processes with higher MWF flowrates lead to lower

values of the specific energy etotal - despite the higher energyconsumption for the fluid supply - and are therefore also moreenergy-efficient. Tool cleaning also has a positive effect on theprocess performance, but the effect with regard to the specificmaterial removal rate is smaller than expected. Due to theadditional energy consumption caused by tool cleaning, energyefficiency is rather reduced despite the positive fact that thedegree of clogging is reduced to a minimum.Future research activities will focus on transferring thedeveloped approach to further grinding processes like finishingprocesses in combination with the roughing process studied hereaiming at the final surface integrity of the part and also to furthervariations of the fluid supply conditions using 3D-printed nozzleswith adapted outlets for profile grinding processes. In addition,the Barkhausen noise measurement only indicates the presenceof grinding burn, but also further subsurface properties like e.g.residual stress states need to be considered for describingworkpiece quality relevant process limits.
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