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Different lubrication methods such as oil dip or injection lubrication are used in gearboxes to lubricate tribological contacts and to dissipate frictional heat. To improve resource and energy efficiency, novel needs-based lubrication methods like the drop-on-demand lubrication are being developed. It includes an ink-jet nozzle driven by a piezo element to generate picoliter droplets injected to tribological contacts. This study evaluates the feasibility of drop-on-demand lubrication of gears. Friction measurements in rolling-sliding contacts indicate the formation of typical elastohydrodynamic contacts. Power loss measurements of gears show a similar behavior compared to continuous minimum quantity lubrication. Hence, the study confirms that the operation of gears with drop-on-demand lubrication is possible. It introduces the possibility of dynamic and flexible oil supply on a contact needs-based level.
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INTRODUCTION
The selection of a gearbox lubrication method depends on several factors. Gearboxes with relevant power transmission are generally lubricated by grease or oil. The thereby involved lubricant amounts can be large. The interaction of fluid lubricants with rotating machine elements results in fluid flow and inner friction and hence, in no-load power losses approximately independent of the transmitted load. Hinterstoißer et al. (2019) (Hinterstoißer, 2014) conducted experiments at a gear efficiency back-to-back test rig and showed for oil dip lubrication a significant increase in no-load power losses with increasing circumferential speed. By decreasing the immersion depth from 21 mm at the pinion to 11 mm at the wheel with a corresponding reduction in the oil volume, the no-load power losses decreased by up to 30% at high circumferential speed. Leaving aside other power losses by oil pumps, for example, oil injection lubrication can reduce no-load power losses compared to oil dip lubrication. Doleschel (2003) (Doleschel et al., 2002), Moss et al. (2018) and Andersson et al. (2017) showed a decrease of no-load power losses up to 34% for continuous oil injection lubrication, especially at high circumferential speed. Otto (2009) and Höhn et al. (2009) further reduced the no-load power loss by continuous minimum quantity lubrication (MQL) using a continuous air stream as transporting fluid for very small oil quantities supplied to the gear mesh with flow rates between 3.5 and 108 mL/h.
Such results with continuous MQL prove that the required lubricant amount for lubrication of tribological contacts in gearboxes is small. However, the lubricant amount required for dissipation of frictional heat under power transmission can be large. Hinterstoißer et al. (2019) (Hinterstoißer, 2014) showed an increasing gear bulk temperature with decreasing oil immersion depth for a dip-lubricated gearbox. Otto (2009) observed for a continuous injection-lubricated gearbox a notable increase of the gear bulk temperature with decreasing injection volume. In order to avoid thermal load limits of gearboxes even when the lubricant amount is reduced, load-dependent power losses can be reduced. Hinterstoißer et al. (2019) (Hinterstoißer, 2014) showed that load-dependent gear power losses decrease from mineral to polyalphaolefin to polyglycol to polyether oils. Thereby, a maximum reduction in the mean gear coefficient of friction up to 62% is possible for polyether oils. A further decrease in the load-dependent gear power losses is presented by Yilmaz et al. (2019a), Yilmaz et al. (2019b) and Yilmaz et al. (2020) with water-containing gear lubricants achieving superlubricity. Besides low-friction lubricants, low-loss gear designs, superfinishing of tooth flanks and coatings are measures for reducing load-dependent power losses, e.g., De Barros Bouchet et al. (2007), Björling et al. (2014), Bobzin et al. (2015), De Barros Bouchet et al. (2017) and Kuwahara et al. (2019).
For gearboxes with small load-dependent power losses, the lubricant amount and supply to tribological contacts in machine elements can be drastically reduced. For rolling-sliding contacts, Ebner et al. (2018a) investigated one-time MQL at a twin-disk tribometer and showed significant lower friction and longer lifetime compared to dry lubrication. Compared to oil injection lubrication, the measured friction was similar for polished surfaces and higher for rough surfaces. Bobzin et al. (2019), Bobzin et al. (2020a) and Bobzin et al. (2020b)) considered (Cr,Al)N and (Cr,Al,Mo)N coated surfaces for one-time MQL and showed lower friction and higher operation stability compared to uncoated surfaces. Ebner et al. (2017), Ebner et al. (2018b) and Omasta et al. (2018) investigated rolling-sliding contacts with intrinsic self-lubrication provided by oil-impregnated sintered steels. No extrinsic oil supply is required, but the lubricant film formed in elastohydrodynamically lubricated (EHL) contacts is thinner compared to conventional steel.
EHL contacts with minimal oil supply may operate in starved conditions. Since the early works of Wedeven et al. (1971) and Pemberton and Cameron (1976), this regime has been studied extensively, experimentally and can be predicted quite accurately theoretically, both under steady and transient conditions, e.g., see Chevalier et al. (1998), Damiens et al. (2004), Wijnant and Venner (1999), Venner et al. (2003) and Venner et al. (2008). This work culminated in the thin-layer lubrication models of Van Zoelen et al. (2009) and Van Zoelen et al. (2010). The studies showed that starved contacts are very efficient from a lubrication point of view. A steady state circular EHL contact only needs a layer of oil in the contact inlet that is about twice the central film thickness under fully flooded conditions to achieve a film thickness as for fully flooded conditions. This is because under fully flooded conditions most of the lubricant flows around the contact zone. Under starved conditions, this inlet side flow is virtually absent, increasingly so for wide elliptic contacts, and even though the lubricant film itself may be thinner, at least all the lubricant supplied to the contact is actually used for surface separation. With the present capability of numerical modelling and algorithms, detailed effects of minimal lubrication methods can be predicted.
A lubrication method with minimized oil supply to tribological contacts is the Drop-on-Demand (DoD) lubrication. Van der Kruk et al. (2019) developed a DoD printing system with an ink-jet nozzle driven by a piezo element that is able to generate droplets of picoliter scale. For an oil conditioned at a temperature where the viscosity is 46 mPas, generation of droplets with a volume of 3.3 pL is possible. It can be supplied to rolling contacts at a controlled frequency to form an EHL contact. Experiments with an optical tribometer and numerical modelling showed film thickness evolution over time from dry to fully flooded with a total oil usage of approximately 40 nL. DoD lubrication makes it possible to provide the amount of lubricant to the EHL contact exactly as required. Numerical results illustrate in great detail droplet spreading and ingestion into the EHL contact and accurately predict lubricant film formation in the contact over time, see Figure 1.
[image: Figure 1]FIGURE 1 | Pseudo-interferograms of the calculated (dimensionless) film thickness in a circular EHL contact at different times during ingestion of a droplet (top row from left to right, followed by bottom row from left to right) (van der Kruk et al., 2019).
Sensor systems enable condition monitoring of gearbox machine elements, e.g. Chin et al. (2021), Fromberger et al. (2019) and Touret et al. (2018). It can be applied to prevent damages, detect early damage and increase efficiency. Thin-film sensors enable the in-situ measurement of physical variables in tribological contacts such as temperature or pressure (Albahrani et al., 2016). The electrical contact resistance measurement technique is a method to evaluate the lubrication regime of tribological contacts and was applied by, e.g., Lugt et al. (2001), Kleemola and Lehtovaara (2010), Glovnea et al. (2012), Liu et al. (2016) and Clarke et al. (2016).
DoD lubrication can be seen as MQL on a needs-based contact level. DoD lubrication has a high potential to improve lubrication of gearboxes from a resource and energy efficiency point of view, particularly when associated with sensors to monitor the condition of tribosystems. This study evaluates the feasibility of DoD lubrication in rolling-sliding contacts of gears. Experimental investigations are conducted at a twin-disk tribometer and at a gear test rig to analyze the power loss and thermal behavior. Contact resistance is recorded to evaluate the lubrication regime.
EXPERIMENTAL METHOD
In this section the twin-disk tribometer and gear test rig as well as the test parts, operating conditions, the DoD printing system and the contact resistance measurement are described.
Twin-Disk Tribometer
Twin-disk tribometers are often used for basic investigations on rolling-sliding contacts of gears. Good transferability of friction behavior on gears is known (Mayer, 2013; Hinterstoißer, 2014).
Mechanical Setup
Figure 2 shows the mechanical layout of the considered FZG twin-disk tribometer. The following short description is based on Ebner et al. (2018a) and Yilmaz et al. (2019a).
[image: Figure 2]FIGURE 2 | Mechanical layout of the considered FZG twin-disk tribometer (Ebner et al., 2018a).
The test disks are press-fitted onto shafts, which can be driven independently by two speed-controlled electric motors. This allows the continuous variation of the speed. The normal force FN on the disk contact is applied by a pneumatic cylinder via the pivot arm where the upper disk is mounted. The lower disk is mounted in a skid, which is attached to the frame by thin steel sheets. The skid is supported by a load cell so that the friction force FR in the disk contact for sliding velocities vg ≠ 0 m/s can be measured as reaction force with hardly any displacement of the skid. The coefficient of friction µ is calculated from the recorded forces according to Eq. 1.
[image: image]
Normal force FN, friction force FR, surface velocities v1 and v2 and bulk temperature of the upper disk ϑM are measured. ϑM is recorded by a Pt100 resistance temperature sensor inside the disk 5 mm below the surface. Sum velocity vΣ is defined as the sum of the surface velocity of the lower disk v1 and the upper disk v2. Sliding velocity vg is defined as the difference between surface velocities v1 and v2 with v1 > v2:
[image: image]
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Slip ratio s is defined as:
[image: image]
Test Disks
The disks used are cylindrical with a diameter of 80 mm and a width of 5 mm (Figure 3, left). Hence, a line contact is formed. To ensure a uniform load distribution over the disk width, a contact print on aluminum foil is evaluated prior to each test. Any misalignment is carefully corrected mechanically. The disks are made of case-carburized steel 16MnCr5 (AISI 5115) with a surface hardness of 690–740 HV1 and case-hardening depth of CHD550HV1 = 0.9 + 0.2 mm. The running surfaces of the test disks are axially ground and superfinished to an arithmetic mean roughness of Ra ≈ 0.05 µm (Figure 3, right). The surface roughness measurements are performed with a stylus instrument perpendicular to the grinding direction in the middle of the disk. The profile method is used with a measurement length of Lt = 4.8 mm and a cut-off wavelength λc = 0.8 mm.
[image: Figure 3]FIGURE 3 | Test disk geometry (left) and light microscope picture of the running surface before test run (right).
Operating Conditions
Table 1 shows the operating conditions considered for the twin-disk experiments. Two loads with FN = {980, 3920} N are considered, which correspond to Hertzian pressures of pH = {600, 1200} N/mm2. For each load, three sum velocities vΣ = {2, 4, 8} m/s are investigated. By increasing the slip ratio s from 0% to 50% per load and sum velocity, a friction curve is recorded. The coefficient of friction and bulk temperature are measured as quasi-stationary values, i.e., when the change in bulk temperature ΔϑM/Δt is smaller than 0.5 K/min. A running-in is conducted for 30 min at pH = 1200 N/mm2, vΣ = 1 m/s and s = 20%. Each friction curve is repeated once. Measurements are aborted when the measured disk bulk temperature ϑM exceeds 160°C due to the initiated annealing effects in AISI 5115. Before the experiments, the running surface of the disks are wetted with a minimum quantity of oil in order to avoid failures during start-up Ebner et al. (2018a). The DoD oil supply is explained in Drop-On-Demand Oil Supply.
TABLE 1 | Operating conditions at the twin-disk tribometer.
[image: Table 1]Gear Efficiency Test Rig
The FZG gear efficiency test rig is used to evaluate the power loss and temperature behavior of DoD lubricated gears.
Mechanical Setup
Figure 4 shows the mechanical layout of the FZG gear efficiency test rig in back-to-back configuration with a center distance of 91.5 mm. The main features of the test rig are described based on Schwarz et al. (2020) and Yilmaz et al. (2019b). For details, the reader is also referred to Hinterstoißer (2014).
[image: Figure 4]FIGURE 4 | Mechanical layout of the FZG gear efficiency test rig (Lohner, 2016).
The FZG gear efficiency test rig is based on the concept of power circulation. The transmitted torque load is applied by a load clutch and measured by a torque meter. The total loss torque is measured by a torque meter shaft mounted between the electric motor and the wheel shaft of the power circle. The shaft speeds, the pinion bulk temperature, the load and loss torque are measured. All pinion and gear shafts are supported by cylindrical roller bearings of the type NU406 and NJ406 made of ceramic cylindrical rollers, Cronidur© races and a polyether ether ketone (PEEK) cage. Radial shaft seals made of Viton are used. Total loss of the power circle PL consists of load-dependent gear loss PLGP, no-load gear loss PLG0, load-dependent bearing loss PLBP, no-load bearing loss PLB0 and sealing loss PLS:
[image: image]
When applying a negligible load torque to the load clutch in the power circle, measured total loss PL corresponds to the sum of the no-load losses. Load-dependent bearing loss PLBP are calculated according to SKF14 (SKF, 2014). Load-dependent gear loss PLGP is then determined by subtracting the sum of the no-load losses and load-dependent bearing loss PLBP from measured total loss PL. Since the test gearboxes have the same gear pairs, the measured loss can be approximately halved to obtain the load-dependent gear loss of one gearbox. This load-dependent gear loss PLGP is the integral of the local distribution of the gear power loss across the area of contact:
[image: image]
Test Gears
The FZG test spur gear of type Cmod made of case-carburized steel 16MnCr5E (AISI 5115) is considered. Hence, a line contact as at the twin-disk tribometer is formed. The main gear parameters are shown in Table 2. All gear flanks are ground and superfinished to an arithmetic mean roughness Ra = 0.14 ± 0.03 µm. The surface roughness measurements are performed with a stylus instrument in involute direction perpendicular to the grinding direction. As for disks, the profile method is used with a measurement length of Lt = 4.8 mm and a cut-off wavelength λc = 0.8 mm.
TABLE 2 | Main gear parameters of test gear of type Cmod.
[image: Table 2]Operating Conditions
Figure 5 shows a schematic of the experimental test order at the FZG gear test rig, which has similarities to the standard test of Doleschel et al. (2002) (Doleschel, 2003). The test order is arranged from no-load to high load specified by the Hertzian pressure at the pitch point pC. Table 3 relates pinion torque T1 and wheel torque T2 to pC. First, a run-in at pC = 1343 N/mm2 and vt = 0.5 m/s is performed for 30 min. Then four pitch line velocities vt = {0.5, 2.0, 5.0, 8.3} m/s are investigated consecutively for each Hertzian pressure pC. The housing temperature is controlled at 60°C. Each operating condition is held for 5 min. All tests are repeated once. A test is aborted when the tooth bulk temperature ϑM1 exceeds 160°C, due to the initiated annealing effects in AISI 5115. Before the experiments, the tooth flanks of the gears and the bearings are wetted with a minimum quantity of oil in order to avoid failures during start-up (Ebner et al., 2018a). The DoD oil supply is explained in Drop-On-Demand Oil Supply.
[image: Figure 5]FIGURE 5 | Experimental test order at the gear efficiency test rig.
TABLE 3 | Investigated pinion torques, wheel torques and Hertzian pressures at the gear efficiency test rig.
[image: Table 3]Drop-On-Demand Oil Supply
The DoD oil supply system used is the same as in the work of van der Kruk et al. (2019). The conditions for successful droplet formation can be quantified in terms of the Reynolds number Re, the Weber number We and the Ohnesorge number Oh. Reis and Derby (2000) formulated a condition 0.1 < Oh < 1 respectively for single droplet ejection. Duineveld et al. (2002) developed an expression for the minimum velocity based on We > 4. Stow et al. derived a splashing condition, We0.5Re0.25 < 50. For further information on droplet formation, the reader is referred to Derby (2010).
A Microdrop MD-K-140 70 μm heated tip piezo driven dispenser is used. The dispenser head tip temperature is set and regulated using a Microdrop MD-E-3011 control unit. The electric pulse to drive the dispenser head piezo element is generated using an ISO-TECH AFG-21225 arbitrary waveform generator and is amplified using a Falco Systems WMA-300 static amplifier. By varying the pulse width, pulse amplitude and dispenser head temperature, the droplet size and inflight velocity can be influenced. The final settings for the waveform used include a tandem pulse signal with a maximum absolute amplitude of 248 V, starting with a positive push pulse (+124 V) of 72 μs, followed by a pause (0 V) of 18 μs and concluding with a negative pull pulse (-124 V) of 9 μs. According to Chen and Basaran (2002) this push pull effect yields smaller droplets at a given nozzle diameter. By regulating the dispenser head tip temperature at 70°C and using the tandem pulse as discussed, droplets were generated with a diameter of 74.4 μm (216 pL) ejected at a speed of 1.92 m/s.
The dispenser head is positioned at the twin-disk tribometer, as depicted in Figure 6 (top). Droplets are ejected onto the upper disk before being transported into the disk contact. At the gear test rig, the dispenser head is positioned straight above the pinion, as depicted in Figure 6 (bottom). The counter-clockwise rotation of the pinion transports the droplets into the gear contact.
[image: Figure 6]FIGURE 6 | Implementation of the drop-on-demand printing system at the twin-disk tribometer (top) and gear test rig (bottom).
For the experiments at the twin-disk tribometer a constant droplet frequency of fDoD = 2500 Hz resulting in a mean injection flow rate of [image: image] is used. For the experiments at the gear test rig, droplet frequency fDoD was varied. Table 4 shows fDoD, pinion tooth meshing frequency fz1 and resulting mean injection flow rate [image: image] as a function of circumferential speed vt. For vt = 0.5 m/s, fDoD and fz1 are similar so that at least one oil droplet is available for every active tooth flank of the pinion. For higher circumferential speeds, fDoD is clearly higher than fz1 as pre-investigations have shown a strong influence of air flow around the gears on the penetration of oil droplets into the tooth gaps. Hence, a relatively high droplet frequency was adjusted in a first step to ensure oil supply of gear meshing.
TABLE 4 | Tooth meshing frequency of pinion fz1, droplet frequency fDoD and resulting mean injection flow rate [image: image] as a function of circumferential speed vt at the gear test rig.
[image: Table 4]Lubricant
Shell High Viscosity Index 60 (Shell HVI 60) paraffinic mineral oil is used. Table 5 shows the main lubricant properties. More information can be found at van der Kruk et al. (2019) and Shell Chemicals (2017).
TABLE 5 | Main lubricant properties of Shell HVI 60 (van der Kruk et al., 2019)
[image: Table 5]Contact Resistance Measurement
The electrical contact resistance in the lubricated contact is used for the qualitative evaluation of the lubrication regime, see Furey and Appeldoorn (1962), Kleemola and Lehtovaara (2010), Wimmer (2006), and Clarke et al. (2016). Depending on the lubricant film thickness and the roughness of the contacting surfaces, a certain amount of solid contact can occur. Contact areas with solid or rather metallic contact show conducting behavior, whereas contact areas separated by an oil film or covered with insulating tribofilms are electrically insulating. Thus, the electrical current flowing through the contact is constricted to areas of metallic asperity contact, meaning that constriction resistance can occur.
The principle of electrical contact resistance in tribosystems is shown in Figure 7 (left). The electrical setup is a circuit based on a Wheatstone bridge with an additional input resistance to limit the maximum current and a potentiometer for zero-point adjustment, see Figure 7 (right). An input voltage of U0 = 800 mV is chosen as it is sufficiently low to avoid electrical breakdown and sufficiently high to allow accurate measurement results. It is important to note that the measured voltage U is referred to the contact voltage and not to the voltage UC that is actually present at the tribological contact. U corresponds non-linearly to the contact resistance.
[image: Figure 7]FIGURE 7 | Principle of electrical contact resistance measurement in tribological contact (left) and circuit diagram of measurement setup (right).
The rolling elements have to be insulated from the shafts to prevent influence of parasitic electrical conductivity. This is ensured by ceramic spacer sleeves and bushings between the rolling elements and the connecting surfaces.
Since insulating tribofilms impact the results of electrical contact resistance measurement, the method shows some limitations when lubricants with surface-active additives are used. The considered lubricant contains no particular surface-active additives. Additionally, the size of the flattened area of the EHL contact and the overlap ratio of gears influence the measured contact resistance. As different loads are considered at the twin-disk tribometer and gear test rig, the flattened area varies. For the considered test gear, the overlap ratio is constant but the load and geometry as well as the number of teeth in contact vary during gear mesh. Hence, the measured contact resistance corresponds to a time-averaged value of the time-dependent system. In this study, no compensation of geometrical effects is made so that a direct comparison of different loads is limited. The focus of this feasibility study for DoD lubrication is the uncompensated measured voltage U.
RESULTS AND DISCUSSION
In the following, the experimental results from the twin-disk tribometer and gear efficiency test rig are presented and discussed.
Experiments at Twin-Disk Tribometer
Figure 8 and Figure 9 show measured coefficients of friction µ, bulk temperatures ϑM and contact voltages U at the twin-disk tribometer in quasi-stationary condition. Figure 8 refers to pH = 600 N/mm2 and Figure 9 to pH = 1200 N/mm2. In each diagram the results of the first and second test run are shown over slip ratio s for vΣ = {2, 4, 8} m/s. The DoD lubrication method is used as described in Drop-On-Demand Oil Supply.
[image: Figure 8]FIGURE 8 | Measured coefficients of friction μ, bulk temperatures ϑM and contact voltages U over slip ratio s for pH = 600 N/mm2 and vΣ = {2, 4, 8} m/s under DoD lubrication at the twin-disk tribometer.
[image: Figure 9]FIGURE 9 | Measured coefficients of friction µ, bulk temperatures ϑM and contact voltages U over slip ratio s for pH = 1200 N/mm2 and vΣ = {2, 4, 8} m/s under DoD lubrication at the twin-disk tribometer.
For pH = 600 N/mm2 (Figure 8), a steady increase of the coefficient of friction (left) with increasing slip ratio is observed. For very low slip ratio the friction curves increase sharply, before they increase digressively for higher slip ratio. This is typical for low-loaded EHL contacts and can be related to shear-thinning and thermal effects. The thermal effects get more pronounced with increasing sum velocity as the effective contact viscosity related to higher bulk and contact temperatures decreases. For vΣ = 8 m/s and s = 50%, a slight increase in the coefficient of friction can be observed. The measured bulk temperature (middle) is related to the frictional contact heat, which increases with increasing slip ratio and sum velocity. The contact voltage (right) shows almost constant values of U = 200 mV. This indicates a lubricant film that fully separates the disk surfaces. A comparison between the first and second test run shows good repeatability. Hence, the results with DoD lubrication at pH = 600 N/mm2 show a stable contact behavior and indicate the formation of a typical EHL contact in fluid film lubrication regime.
For pH = 1200 N/mm2 (Figure 9), the coefficient of friction (left) is higher and the trend over the slip ratio is different compared to pH = 600 N/mm2. After a sharp linear increase at very low slip ratio, the coefficient of friction increases digressively until a maximum coefficient of friction is reached. For higher slip ratio, the coefficient of friction decreases steadily. This is typical for highly loaded EHL contacts and can be referred shear thinning, limiting shear stress and thermal effects. Thermal effects are more pronounced compared to pH = 600 N/mm2. The bulk temperature (middle) as a measure of the frictional heat reaches generally higher levels compared to pH = 600 N/mm2. For vΣ = 8 m/s and s = 50%, no measurement results are available as the bulk temperature exceeded 160°C before a quasi-stationary state was reached. The contact resistance (right) shows a decrease of contact voltage with both increasing slip ratio and sum velocity. This correlates with increasing bulk temperature and decreasing lubricant film thickness indicating solid contacts and mixed lubrication. A comparison between the first and second test run shows good repeatability. Inspections of the run disk surfaces found no signs of wear or surface damage. Hence, the results with DoD lubrication at pH = 1200 N/mm2 show as observed for pH = 600 N/mm2 stable contact behavior and indicate the formation of a typical EHL contact. For high slip ratio, mixed lubrication occurs.
To classify the results with DoD lubrication, a comparison is made with oil injection lubrication for pH = 1200 N/mm2 and vΣ = {2, 4} m/s. An injection lubrication unit with heating and cooling capabilities and a filter system is used to supply Shell HVI 60 oil at a flow rate of 1.6 L/min and an oil injection temperature of ϑOil = 60°C directly into the inlet region of the disk contact. The results for coefficient of friction µ, bulk temperature ϑM and contact voltage U over slip ratio s are shown in Figure 10. The general trends are very similar to DoD lubrication at pH = 1200 N/mm2 and vΣ = {2, 4} m/s (cf. Figure 9). The bulk temperatures for oil injection lubrication at low slip ratio are higher compared to DoD lubrication. This is due to the heating of the disks by oil injected at ϑOil = 60°C. At high slip ratio, the bulk temperatures are lower compared to DoD lubrication. This is due to efficient heat dissipation by oil injected at high flow rate when the disk bulk temperature becomes higher than the oil injection temperature. The different heat balance of the twin-disk tribometer for oil injection lubrication results in a less pronounced thermal regime of the friction curves compared to DoD lubrication. For a direct comparison of DoD with injection (inj) lubrication, the relative coefficient of friction Δµ, relative bulk temperature ΔϑM and relative contact voltage ΔU is introduced.
[image: image]
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[image: Figure 10]FIGURE 10 | Measured coefficients of friction µ, bulk temperatures ϑM and contact voltages U over slip ratio s for pH = 1200 N/mm2 and vΣ = {2, 4} m/s under oil injection lubrication at the twin-disk tribometer.
Figure 11 shows Δµ, ΔϑM and ΔU for pH = 1200 N/mm2 and vΣ = {2, 4} m/s. The relative coefficient of friction Δµ (left) indicates quite similar coefficients of friction in comparison of DoD and injection lubrication. With increasing slip ratio, Δµ decreases. This is related to thermal effects. As the relative bulk temperature ΔϑM (middle) is significantly greater than 1, the bulk and contact temperature are higher and the reduction of friction more pronounced with DoD lubrication, particularly at high slip ratio. The relative contact voltage ΔU (right) shows values around 1 for slip ratio s ≤ 30% and values < 1 for s > 30%. This indicates that the lubrication regime is similar, but for high slip ratio mixed lubrication is slightly more pronounced with DoD lubrication.
[image: Figure 11]FIGURE 11 | Comparison of DoD and injection lubrication at the twin-disk tribometer by relative quantities Δµ, ΔϑM and ΔU over slip ratio s for pH = 1200 N/mm2 and vΣ = {2, 4} m/s.
The comparison between DoD and injection lubrication underlines that for DoD lubrication a typical EHL contact is formed in the disk contact. A main difference between DoD and injection lubrication is the heat balance. As heat dissipation with DoD lubrication is limited, the resulting higher bulk and contact temperature have a greater effect on the tribosystem. In comparison to experiments with one-time MQL by Bobzin et al. (2019), Bobzin et al. (2020a) and Bobzin et al. (2020b), DoD lubrication clearly shows an improvement in the operation stability of the tribosystem. For one-time MQL, a poor repeatability with high scattering in measured friction was found for uncoated surfaces particularly.
Experiments at Gear Test Rig
The investigations at the twin-disk tribometer showed promising results for DoD lubrication of rolling-sliding contacts. On this basis, experiments at the FZG gear efficiency test rig are performed.
Figure 12 shows measured total loss torques TL, tooth bulk temperatures ϑM1 and contact voltages U for no-load and different loads given by the Hertzian pressure at the pitch point pC. In each diagram the results of the first and second test run are shown over the circumferential speed for vt = {0.5, 2.0, 5.0, 8.3} m/s. The DoD lubrication method is used as described in Drop-On-Demand Oil Supply. Each measuring point refers to a mean value over one minute at the end of each operating condition.
For no-load, loss torque TL increases slightly with increasing circumferential speed vt. This is mainly due to an increase in sealing, bearing and gear no-load losses. Churning and squeezing losses are negligible, as almost no oil is splashing around. Tooth bulk temperature ϑM1 stays almost constant at 60°C, as the housing temperature is conditioned at 60°C and no load-dependent losses are present.
[image: Figure 12]FIGURE 12 | Measured total loss torques TV, bulk temperatures ϑM1 and contact voltages U over circumferential speed vt for no-load and different loads under DoD lubrication at the gear test rig.
For loaded conditions, loss torque TL increases compared to no-load conditions. This is due to load-dependent losses of gears and bearings, which increase with increasing load. The difference between the loss torque measured under load and the no-load loss torque can be interpreted as load-dependent loss torque. For all considered operating conditions, the load-dependent losses from the gears are dominant. For pC = 589 N/mm2, the load-dependent loss torque results in an increase in the tooth bulk temperature of the pinion up to ϑM1 = 80°C at vt = 8.3 m/s. Contact voltage U increases with increasing circumferential speed mainly due to an increase in lubricant film thickness in the gear contact. The decrease from vt = 5.0 m/s to 8.3 m/s was not expected. For pC = 962 N/mm2, load-dependent loss torque and tooth bulk temperature further increase. At vt = 8.3 m/s, ϑM1 exceeds 160°C before the testing time of 5 minutes is elapsed. Contact voltage U increases with increasing circumferential speed similar to pC = 589 N/mm2. At vt = 5.0 m/s, U is smaller compared to pC = 589 N/mm2, which can be related to a higher value of ϑM1. For pC = 1343 N/mm2, the load-dependent loss torque is highest. Measured loss torque TL shows a decrease from vt = 0.5 m/s to 2.0 m/s together with a strong increase in tooth bulk temperature. At vt = 5.0 m/s, ϑM1 exceeds 160°C before the testing time of 5 minutes is elapsed. Contact voltage U increases from vt = 0.5 m/s to 2.0 m/s due to increasing circumferential speed, but is smaller at 2.0 m/s compared to pC = 962 N/mm2 indicating more severe mixed lubrication.
For all considered operating conditions, the comparison between the first and second test run shows the good repeatability of the experiments. Inspections of run gear tooth flanks did not evince signs of wear or surface damage. The results show that the stable operation of gears with DoD lubrication is possible. As observed at the twin-disk tribometer, the heat dissipation is limited, resulting in thermal load limits when higher power is transmitted.
The observed operating behavior with gears lubricated by DoD is similar to continuous MQL of gears as shown by Otto (2009) and Höhn et al. (2009). In this study, the mean oil injection volumes are of the same order of magnitude at vt = 8.3 m/s, but can be further reduced for DoD lubrication. The main difference between DoD lubrication and continuous MQL is the oil supply: Continuous MQL uses a continuous air stream as the transporting fluid for very small oil quantities, whereas with DoD lubrication discrete droplets of minimum quantity are directly injected. This allows a flexible response to the need of the gear contact. The droplet supply may be correlated with the gear meshing frequency. The results of contact resistance measurement show that qualitative information on the lubrication regime can be obtained. Such signals can be used to monitor gear contacts and to adjust DoD lubrication on a contact needs-based level.
CONCLUSION
This study shows that it is generally feasible to operate gears with drop-on-demand lubrication. Friction and temperature measurements in gear-like rolling-sliding contacts indicate the formation of typical elastohydrodynamic contacts. The operational behavior of gears is similar to that in continuous minimum quantity lubrication. Limited heat dissipation can limit the operation regime. Drop-on-demand lubrication introduces the possibility of flexible oil supply on a contact needs-based level to increase energy and resource efficiency of gearboxes. In an optimal way oil is directly used at the gear contact, so that no oil can escape to the environment. The oil supply system can be located directly in the gearbox. Drop-on-demand lubrication can be complemented by sensor systems monitoring the gear contact in order to adjust the droplet supply parameters. As this study shows only the initial feasibility of drop-on-demand lubrication of gears, further work can focus on the influence of gear ventilation on droplet supply, on optimal droplet supply parameters in the context of sensor integration and on measures to reduce load-dependent power losses to shift thermal load limits.
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GLOSSARY
A Begin of contact
b Face width mm
C Pitch point
Ca Tip relief µm
E End of contact
fDoD Droplet frequency 1/s
fN Line load N/mm
fz Tooth meshing frequency 1/s
FN Normal force N
FR Friction force N
[image: image] Local gear loss factor
mn Normal module mm
Oh Ohnesorge number
pet Transverse pitch mm
[image: image] Hertzian pressure Pa
P Power W
R Resistance Ω
Ra Arithmetic mean roughness µm
Re Reynolds number
s Slip ratio %
[image: image] Time s
T Torque Nm
U Voltage V
vg Sliding velocity m/s
[image: image] Injection flow rate mL/h
vt Circumferential speed m/s
v∑ Sum velocity m/s
We Weber number
z Number of teeth -
Greek symbols
αn Normal pressure angle °
β Helix angle °
εγ Total contact ratio
[image: image] Gear tooth bulk temperature°C
[image: image] Oil temperature°C
[image: image] Coefficient of friction
[image: image] Mean gear coefficient of friction
[image: image] Oil kinematic viscosity mm2/s
ρ Oil density kg/m3
Indices
0 No-load
1 Pinion
2 Wheel
B Bearing
C Pitch point
DoD Drop-on-Demand
G Gear
inj Injection
In Input
L Loss
P Load-dependent
S Sealing
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