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Abstract

A xenon induced fluorescence technique is used to measure the water film thickness of a rubber-supported water-lubricated tilting pad thrust bearing (RWTB). Film thickness maps are obtained over a range of speeds and loads. Based on a Thermo-Elasto-Hydrodynamic lubrication model, the calculated film thickness is compared with the measured one
. The measurement shows that the lubrication regime of the RWTB can be observed and it can form a convergent wedge of lubricant. The calculated results are on par with the experimental results at low speed condition (200 r·min-1). Generally, the calculated film thickness is larger and the discrepancy between them increases respecting to the speed. The RWTB is in the hydrodynamic lubrication regime when the speed is over 200 r·min-1 and the load is less than 0.25 MPa. The comparison between the measurements and calculations verifies that the fluorescence technique can be used to measure the film thickness of water-lubricated thrust bearings. 
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1. Introduction
Hydrodynamically lubricated sliding thrust bearings (HSTBs) play an important role in the field of aerospace, marine, civil turbomachinery and so on. On the basis of lubricant used, HSTBs can be divided into several categories: including oil lubricated, water lubricated, gas lubricated, etc. In the marine propulsion field, especially for novel thrusters such as shaftless rim driven thrusters (RDTs) which are completely submerged under water, water lubricated hydrodynamic thrust bearings (WTBs) are the best suited to carry axial force because of their advantages of good compatibility in deformation, no need of sealing device, simple structure and environment-friendly [1]. Because the viscosity of water is lower than that of oil, it is difficult for the WTBs to maintain the lubrication film [2]. Therefore, it is important to study the lubrication condition of WTBs for optimizing the structure, improving load carrying capacity and extending service life [3]. 
Prediction and measurement of lubrication film thickness are two main contents of lubrication condition research. In the aspect of film thickness prediction, the HD (hydrodynamic) model, THD (Thermo-Hydrodynamic) model and TEHD (Thermo-Elasto-Hydrodynamic) model based on both Reynolds equation and Navier-Stokes equations are summarized in [4]. In the aspect of film thickness measurement, one of the most commonly used methods is to measure the clearance between the thrust collar and the thrust pad [5-8], or the axial relative displacement of the thrust collar [9] using eddy current sensors. Some other methods such as electrical capacitance [10] and resistance measurement [11] have also been applied.

For electrically conducting materials (e.g. metals), the aforementioned measurements are well-suited. However, up to now, there are fewer measuring approaches suitable to measure film thickness between metals and polymer composites [12], such as WTBs with polymer composite coated thrust pads. The main reasons are as follows: (1). polymer composites are usually made of non-metallic materials, which are not conductive. Therefore, the eddy current sensors commonly used to measure oil film thickness can not be used. (2). The pad is made of relatively soft material. The deformation of the pad will change the relative position of the sensor and affect the measurement accuracy. To be more concreate, the lubrication mode of the above bearings belongs to Isoviscous-Elastohydrodynamic Lubrication (I-EHL). The elastic deformation of interacting solids caused by contact pressure is non-negligible in this lubrication state, but the lubricant viscosity has not changed substantially [13]. Nevertheless, Raman spectroscopy [14], magnetic resistance [15] and optical interferometry [16] are verified film thickness measurements in such contacts. It is worth to note that all these techniques have specific limitations in the water film measurement of WTBs as follows: 

  (1). Raman spectroscopy method can only be used to obtain signals at single locations, rather than the whole measured surface. Furthermore, an additional bulk solvent component is needed because water has a poor Raman signal, making this kind of low-viscosity lubricant difficult to study. Moreover, this method is time-consuming currently. 

  (2). Magnetic flux measurement method needs a magnetic fluid. The measured minimum film thickness should be greater than the size of magnetite particles. As a result, those particles’ size sets a lower bound of the measurable thickness and limits the range of tested lubricants. 
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  (3). Optical interferometry method is more suitable for measuring Nano scale thickness while WTBs need a technique that covers Nano-Micro thickness. More exactly, when the film thickness increases, the coherence of the illuminating light reduces, resulting in the proportional decrease of interference image quality. Consequently, the film thickness is no longer measurable. 

The fluorescence technique is an alternation of optically measuring thin films. Laser Induced Fluorescence (LIF) is a popular visualization technique with the generalization of numerous 1D, 2D and 3D applications based on the photo-excitation of fluorescent dye or a fluorophore [17-19]. When fluorescent light with sufficient intensity is emitted, this measurement can detect a film being thinner than the quantity of light wavelength [20-21]. Theoretically, LIF can measure film thickness with a larger range. Moreover, this method does not need reflective coatings on the friction surface, which is a sufficient advantage because such coatings are expensive and not wearable. In addition, with the hypersensitive modern visible light photon detectors and the state of art experimental equipment, LIF can potentially measure low levels of fluorescence emission as extremely low as that emitted from one molecule [12]. Up to now, fluorescence technique has been applied to measure film thickness at interfaces of cylinder wall/piston ring [22-23], as well as the film thickness between a rotary shaft and a radial seal lip [24]. LIF was also used to measure thin film thickness in ball-on-disc friction pairs [25]. Notwithstanding, optical interference and poor image equipment are the substantial restrictions presented in several testing researches in early investigations. Hidrovo et al. [26-27] used a dual dye technique with the purpose of eliminating systematic background noise and optical interference effects caused by illuminating light source and the imaging system. As a consequence, high-quality fluorescent figures were acquired while the upper and lower limits of this technique are not clear. Meanwhile, they did not show the performance on a realistic tribological contact. Furthermore, LIF is used to study film thickness of elastic sealing materials by Fowell et al. [28]. They obtained several film thickness maps under a few loads and speeds conditions, standing on two elastomer materials (fluorocarbon rubber and polydimethylsiloxane) and three different contact configurations. They did a comparison with theoretical predictions for I-EHL as well. Consequently, their estimated films thicknesses are noticed being highly dependent on applied conditions and contact geometry. 
The measurement resolution, measured film thickness range and measured area range of several methods that can measure the film thickness of non-metallic friction pairs are summarized in table 1. [image: image3.png]


 The measured area range by the LIF method are much larger than that by other methods. This indicates that the fluorescence method has potential for measuring the water film thickness of the WTBs mentioned previously. However, the application of LIF method also faces some challenges. First, for WTBs with polymer composite coated pad, the pad surface is relatively ‘soft’, difficult to polish, and has a higher roughness than surfaces investigated with established techniques as usual. What's more, the measured area range should cover the whole thrust pad surface. The LIF method used in reference [28] can measure the film thickness distribution on a surface with a maximum area size of 1.6 mm×1.6 mm. However, the area size of the thrust pad is approx. 42 mm × 42 mm, therefore, a new method is needed to expand the measuring area of the LIF method. 
The aim of this paper is to introduce a xenon induced fluorescence technique for measuring the water film thickness of a RWTB and to verify the calculating results of the TEHD model[29] proposed previously
. The measured film thickness and the measured area range of this method are  0~ 20 μm and 50 mm × 50 mm, respectively. First, the experimental setup and the measuring method are introduced. Next, the technique is applied to measure water film thickness of a four-pad RWTB, showing that the fluorescence intensity deviates with load and speed. Then, an image processing code is applied to converter the fluorescence intensity into film thickness. Finally, the film thickness obtained based on the TEHD model
 and the measurement is compared and the error is analyzed. 
2. Experimental setup for film thickness map

2.1 Tested bearing
A RWTB is shown in figure 1.
 It consists of a thrust collar, twelve thrust pads with equal circumferential spacing[image: image4.wmf]Test 
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, and a supporting ring. Synthetic quartz glass is selected to make a thrust collar, which has a RMS surface roughness Sq1 of 0.04 μm. Each thrust pad consists of three parts: polymer composite, stainless steel substrate and a rubber cushion. The polymer composite (Thorden SXL) is relatively soft, and its surface treatment is difficult. Local surface (a randomly selected area, 0.1 mm × 0.1 mm on the pad surface) profile of the polymer composite of one pad after polishing is shown in figure 1 (b). Even grinding followed by a polishing process using 3000 meshes sand paper, its surface roughness is still relatively large. The RMS surface roughness (ISO25178 standard) Sq2 is about 0.80 μm. In the formal film thickness measurement, only four equal spaced tiles are installed on the supporting ring. The RMS surface roughness of the other three pads measured by the same method are 0.34 μm, 0.28 μm and 0.43 μm, respectively. The rubber cushion has two main functions: first, it has circumferential offset at the bottom of thrust pad which making the thrust pad tilt in circumferential direction, similar to pivot support tilting pad to facilitate the formation of water film (Taking the geometric center of the rubber cushion as a reference point, the offset ratios of the rubber cushion to the steel substrate are 0.579 and 0.486 in circumferential and radial directions, respectively); second, rubber has damping and vibration absorption function. The elastic modulus of rubber pad and polymer composite are 5.5 ~ 6.0 MPa and 300 MPa @ 25 ℃, respectively. Some parameters of the RWTB are listed in table 2.
The maximum load and speed of the tested bearing are 0.25 MPa and 600 r·min-1, respectively. According to the TEHD simulation, the maximum water film thickness is less than 20 μm, which is within the measuring ranges of the xenon induced fluorescence technique. So it is possible to measure the water film thickness by this method.
2.2 The xenon induced fluorescence measuring method

A fluorescent substance absorbs radiation at a certain wavelength band, and then some of the absorbed energy will be re-radiated at a longer wavelength depended on the electrochemical structure of the fluorescent substance. Particularly, the optimal value of the absorbed wavelength is in the ultraviolet region. The fundamental characteristics of the fluorescence technique and how it can be used to measure film thickness were stated by Haugland [30]. Based on the known value of fluorescent concentration, the emitted fluorescent intensity can be expressed as Eq. (1) [28] which can be derived from the Beer–Lambert law.

If (λex, λem) = 2.303 Iex ε(λex)Φ(λem)Cdye t               (1)
where Cdye is the concentration of fluorescent species; Iex is excitation intensity namely the quantity of incident photons; t is the path distance of the incident light beam through the solution containing dye; ε(λex) is molar absorption coefficient (e.g. the probability of an absorbed incident photon by a dye molecule); and Φ(λem) is quantum yield, namely the sign of the amounts of absorbed molecules resulting in emitted photons. 

When the concentration of dye (Cdye) is constant and there is not photo-bleaching or fluorescent concentration quenching, If (λem, λex) is proportional to t. Hence, while the above conditions are met, the knowledge of excitation intensity as well as the ratio measurement can be potentially utilized to measure a film thickness when fluorescent species are contained. 
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A xenon light is used to illuminate water film to emit fluorescence and meanwhile to be recorded by a high-speed camera. Figure 2 shows the test method used in this paper. A glass made thrust collar is sliding contact with the thrust pads. The xenon light (Model type: CEL-S500L, made in China) uses a 500 W short-arc xenon lamp bulb as luminous body and the divergence angle of the output parallel light is less than 5°. The spot diameter can be adjusted in the range of 3 ~ 100 mm, which covers the whole thrust pad surface area. The stability of the light source is ±0.5%. The high-speed camera (FASTCAM Mini AX200 of PHOTROM, made in Japan, which has a maximum frame rate of 212 500 per second) is used to capture and save fluorescence images through a computer. The xenon light and high-speed camera are arranged on both sides of the normal line of the thrust pad, and their axes have a small angle (α) with the normal. The distance between the xenon light, lens of the high-speed camera and the thrust collar is L. In all experiments (including calibration), the values of L and α are kept constant to reduce the experimental error.
In the current study, filtered tap water (filtered by a 500 meshes gauze filter) was used as lubricants. It was doped with 100 mg/L of Rhodamine 6G fluorescent dye. The Rhodamine 6G was chosen as a fluorescent material because it has been successfully used in several fluorescent based film thickness measurement experiments, such as cylinder liner-piston ring lubrication film measurement. In order to achieve the best possible view of fluorescence within the range of the water film thickness that the thrust bearing may have, two filter lens are mounted on the camera and the xenon light (as been shown in figure 2), respectively. The exciter filter transmits 510~520 nm wavelength light which is strongly absorbed by Rhodamine 6G fluorescent dye, while the barrier filter transmits only light of longer wavelength (540 ~560 nm wavelength).
2.3 Film thickness calibration

    Calibration needs to be carried out to plot fluorescent intensity versus a known film thickness before the formal measurement of the water film thickness of the RWTB. Its schematic diagram is shown in figure 3. A polished rectangular polymer composite pad (with a RMS surface roughness of 0.34 μm) and a synthetic quartz glass block (with a RMS surface roughness of 0.04 μm) of the same thickness as the thrust collar were made. The glass block is placed on the polymer composite pad, with its one end placed on a 20 μm feeler. Thus, a linear wedge gap is formed. The 20 μm thickness feeler is chosen because the maximum water film thickness of the bearing is less than 20 μm (according to the TEHD calculation) under the given load condition during the formal test. Rhodamine 6G aqueous solution was filled in this gap, then the thickness of the water film formed along the wedge is known. Apply two small forces F to both ends of the glass to ensure contact status, the [image: image6.emf]Intensity(counts)
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mapping between the thickness of the water film and the fluorescence intensity can be obtained.
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  The fluorescence intensity image obtained in the calibration process is shown in figure 4(a). Using imread, rgb2gray and im2double functions in MATLAB, the fluorescence intensity image is converted into a double-precision gray map as shown in figure 4(b). Assuming that the film thickness from the contact end to the feeler end increases linearly from 0 to 20 μm, a mapping relationship between film thickness and fluorescence intensity can be calculated. Taking the fluorescence intensity from y = 90 (i.e. along the midline through the contact in figure 4(b)), the relationship between film thickness and fluorescence intensity is obtained, as shown in figure 5. It can be seen that the water film thickness and fluorescence intensity vary approximately linearly. The dotted line is a straight line as a reference. If the fluorescence intensity is linear with the water film thickness as calculated based on Eq. (1), the ideal mapping relationship between fluorescence intensity and film thickness should be a straight line. However, in figure 5, the relationship between them is close to linear. The discrepancy between both lines (the calibrated line and the dotted line) may be due to: (a) the bend of the polymer composite pad under the applied force F (Based on a finite element model,  the estimate bend is 0.59 μm when the force F is 3 N); (b) the measuring equipment error. If the discrepancy is regarded as a combination error of (a) and (b), the maximum error is about 2 μm in the measuring range of 0~ 20 μm. When the fluorescence intensity is 0.22 and the film thickness is about 10 μm, the measuring error is the largest, namely 20%. The error decreases with the increase or decrease of the fluorescence intensity. The details of analysing the measuring equipment error can be found in Section 3.2.
2.4 Test rig and test procedure

A section view of the test rig is shown in figure 6. The bearing test section is installed on the left side of the mounting plate, consisting of a thrust shaft, a thrust collar, a seal drum and several thrust pads. The loading device is installed on the right side of the mounting plate. The loading screw is screwed in the thread hole of the load cell. When loading, turn the loading nut in clockwise direction to tension the spring, then the load cell will be pulled by the loading screw, meanwhile, the axial force will be transmitted to thrust pads through the load cell, sliding sleeve, rolling thrust bearing, thrust shaft and thrust collar. The plum blossom coupling between the torque meter and the thrust shaft ensures that the thrust shaft moves freely in the axial direction and does not transmit axial force to the torque meter.
[image: image9.jpg]\
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   In the formal measurement, four thrust pads with equal circumferential intervals are installed in the test chamber. The test rig and test scene are shown in figure 7. The fluorescence intensity on the top pad will be recorded during the linear acceleration of the motor within 30 seconds. During this process, the lubrication regime between the thrust collar and the thrust pad gradually transits to be completely separated by the water film. The water film thickness at any speed can be calculated by applying the mapping relationship between the film thickness and the fluorescence intensity in figure 5. The inlet pressure of the lubricating water is 4 kPa, and the temperature is maintained between 20 and 25 ℃. The test load conditions are shown in table 3. The axial load (in MPa) is equal to the axial force divided by the surface area of the pads.
3. Results and discussion

3.1 Measurements

Fluorescence intensity on the top thrust pad under different loads and speeds conditions were obtained. Figure 8 shows the fluorescence intensity obtained with increasing speed of the thrust collar from 80 r·min-1 to 600 r·min-1 at 0.10 MPa load. It can be seen that with the increment of rotational speed, the color of the main area of the pad changed from dark blue to light blue. This means that the fluorescence intensity increases with the increase of speed, which indicates that the water film thickness increases gradually. It is worth to notice that the fluorescence intensity at the four corners and peripheries of the pad is stronger than the nearby areas. This is because the polymer composite is extremely difficult to machine and polish [31-32]. During the polish process there formed several chamfers at those areas, especially at the inlet and outlet edges of the pad.
Based on the evidence above, the present technique can be used to obtain fluorescence intensity over the entire pad surface accompanying with a wide range of rotation speeds. Furthermore, the obtained fluorescence intensity can be converted to film thickness according to the relationship between film thickness and fluorescence intensity in figure 5. The converted film thickness mapping at the load of 0.10 MPa with speeding up condition are shown in figure 9. It can be seen that the water film thickness at the inlet side of each pad is thicker than that at the outlet side, indicating the wedge-shaped water film between the pad and thrust collar. Meanwhile, it can be seen that the blue colour area on the pad (representing the area of relatively thin film thickness) decreases gradually, which indicates that the film thickness increases gradually with the increase of speed.
A 2D schematic of the thrust pad in figure 2 (a) is shown in figure 10. Taking the geometric center of the contact surface of the rubber cushion as a reference point A, a Cartesian coordinate can be drawn, in which the x-axis is the symmetrical axis of the rubber pad. Similar to pivot-supported thrust bearings, the offset ratio of the rubber cushion relative to the thrust pad can be defined. In this paper, the offset ratios of the rubber cushion to the thrust pad are 0.579 and 0.486 in circumferential and radial directions, respectively. The measured water film thickness along the y-axis in circumferential direction under different loads at the speed of 600 r·min-1 is shown in figure 11. The dotted lines show the best fit for the pad surface to indicate the tilting status. It demonstrates that the film thickness decreases with the increase of load under constant speed. It should be noted that the measured water film thickness is not a straight line, which reflects the flatness of the pad surface. Especially at both ends of the film thickness lines, the chamfers are clearly illustrated. The heights of the chamfers at the inlet and outlet ends are about 2 μm and 1.5 μm based on the dotted line, respectively.
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The water film thickness distribution at different rotational speeds and loads was further obtained. The film thickness along the y-axis at speeds of 200, 400 and 600 r·min-1 and loads of 0.15, 0.20 and 0.25 MPa are shown in figure 12. If the tilting status of the pad is considered as a convergent hydrodynamic wedge, it could be characterized by the convergence parameter k = (hi-ho)/ho [33], where ho and hi are the film thickness at the outlet and the inlet along the y-axis, respectively. Cameron [33] reports that for an inclined hydrodynamic thrust pad with a width to length ratio of 1 (i.e. of equal size in both the circumferential and radial directions), the optimum convergence parameter k at which the load support is maximized for any given size, viscosity, entrainment speed or film thickness, lies between k =1.3 ~1.4.

From figure 12 it can be seen that keeping the load constant and increasing the rotational speed of the thrust collar, the water film thickness increases. If the points at which the film shape deviates significantly from the dotted lines are taken to represent the inlet and outlet, ho and hi can be determined and the convergence parameter k can be calculated for the current film profiles. The convergence parameter k increases with the increase of speed while decrease with the increase of load. This is consistent with the measurement results in reference [28]. However, the convergence parameter k is not in the optimum range of 1.3 ~1.4 at rated speed of 600 r·min-1, which means that the offset ratios (0.579 and 0.486 in circumferential and radial directions, respectively) of the rubber cushion are not the optimum values and need to be further optimized. 

3.2 Calculations and comparisons

A Thermo-Elasto-Hydrodynamic (TEHD) lubrication model   is promoted to calculate the lubrication performance of this kind of the RWTB previously. The details of the model and solution method are published in reference [29].

Based on the TEHD model, several case studies for the same conditions as those measurements were carried out. The relevant parameters are set as follows: the offset ratios of the rubber cushion are 0.579 and 0.486 in circumferential and radial directions, respectively, the inlet water temperature is 25 ℃. The film pressure and film thickness distribution for the case of 0.25 MPa load and 200 r·min-1 speed are shown in figure 13.
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Comparisons of the measured and calculated film
 thickness along the y-axis for loads of 0.15, 0.25 MPa and speeds of 200, 600 r·min-1 are shown in figure 14. It can be seen that the calculated results agree reasonably with the measurements in general, especially at low speed condition (200 r·min-1). For the film thickness at a load of 0.15 MPa as shown in figure 14 (a), except for the discrepancy caused by chamfers at both ends of the pad surface, the measured and calculated results at the central film region are in good agreement. The discrepancy is less than 1 μm and 2 μm for low speed and high speed condition, respectively. For the case of 0.25 MPa as shown in figure 14 (b), the discrepancy is similar to that of 0.15 MPa, and the calculated film thickness is larger than the measurement. The maximum discrepancy occurs at about 4° to the outlet edge of the thrust pad at a load of 0.25 MPa and speed of 600 r·min-1. At this position, the measured and calculated film thickness are 5.4 μm and 7.6 μm, respectively, with a discrepancy of 2.2 μm. In other region of the thrust pad, the calculation discrepancy is less, and with the decrease of load, the discrepancy reduces.
Considering about the convergence parameter k, 
the discrepency between calculation (1.03) and measurement (1.18) is 12.7% in the case of 0.15 MPa and 200 r·min-1 as shown in figure 14 (a). Keeping the load constant while increasing the speed to 600 r·min-1, the discrepancy decreases to 10.0%. As shown in figure 14 (b) where the load is 0.25 MPa, the discrepancy of k between calculation and measurement decreases to 9.9% with 200 r·min-1 and further decreases to 6.5% with 600 r·min-1.
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The discrepancy comes from both measurement and TEHD calculation. On the one hand, the measurement error root in two aspects: (1) The light intensity of the xenon lamp. The short-arc xenon lamp used in the experiment has only 500 W power, but it excites the fluorescent material in a circular region with a radius of 35 mm to emit fluorescence, which cover the rectangular area of 50 mm × 50 mm. The output power density, less than 0.13 W/mm2, may not enough, compared with the power density of the laser, around 0.16 W/mm2 used in reference [28]. When the film thickness increases, the intensity of the excitation light may not enough to excite all the fluorescent material (Rhodamine 6G fluorescent dye) in the film thickness direction. (2) The resolution of the camera. The high speed camera has a maximum frame rate of 212 500 per second. The shooting resolution of the camera is inversely proportional to the shooting frame rate. In every 30 seconds (the time required to speed up the test rig from 0 to 600 r·min-1) photo collection process, a huge amount of storage data will be generated. To reduce the photo processing time, the shooting frame rate is set to 50 per second and the pixel is set to 1024×1024. So the resolution of the photo is relatively low. This has a negative impact on the quality of fluorescence intensity photographs. Meanwhile, the test load was applied on four pads, but only one of them was collected for fluorescence intensity information. The uneven load of each pad and the vibration of the test rig will cause errors in the measured data. According to the film thickness calibration error in Section 2.3, the maximum measurement error is less than  2 μm.
On the other hand, the roughness of both thrust collar and thrust pads and the chamfers at the inlet and outlet ends of the pads are not considered in the TEHD model, which may lead to some calculating errors. As Torabi et al. [34] 
demonstrated, surface roughness and its pattern have significant influence on the tribological performance. [image: image17.wmf]0
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Additionally, Fillon et al. [35] showed that suitable length and height of taper land benefitted to lubrication performance.
To fix the difference between the measurement and calculation, both the measuring method and the calculation model need to be improved. In terms of measuring equipment, the power of the xenon lamp needs to be increased, and the processor of high-speed camera photo acquisition system needs to be upgraded. In the aspect of lubrication performance calculation model, it is necessary to develop a mixed lubrication model, where the surface roughness and the chamfers are considered.
The study shows that the xenon induced fluorescence technique can be used to measure the liquid film thickness over a relatively large area. Meanwhile, the further improvements of the resolution of this technology can be explored in the future.[image: image18.wmf]0
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3.3 Judging the lubrication regime

An important prerequisite for effective prevention of lubrication failure is to reasonably judge the lubrication regime of bearings. In engineering, the film thickness ratio λ [36] is usually used to judge and characterize the lubrication regime of sliding bearings. It is the ratio of the minimum film thickness to the roughness as Eq. (2).
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where λ denotes film thickness ratio; hmin is the minimum film thickness; Sq1 and Sq2 are the RMS surface roughness of the thrust collar and the thrust pad, which are 0.04 μm and 0.80 μm in this paper, respectively.
The criteria for judging the lubrication regime are as follows:

(1) When λ＞3, the bearing is in a hydrodynamic lubrication regime and can avoid abrasion and wear; (which means hmin＞2.4 μm)

(2) When 1≤ λ ≤3, the bearing is in a mixed lubrication regime and there is a high probability of abrasion on the working surfaces; (which means 0.8 μm ≤ hmin ≤ 2.4 μm)
(3) When λ＜1, the bearing is in a boundary lubrication regime and will get scratched and worn out soonly. (which means hmin＜0.8 μm)

Taking the minimum film thickness along the y-axis (as shown in figure 10) as hmin, according to the measurements and the calculations in figure 14
, the hmin is located at the entrance of the pad (circumferential position of 0°), which is 3.8 and 3.6 μm
 respectively at the load of 0.25 MPa and the speed of 200 r·min-1. Moreover, the hmin increases with the increase of speed and the decrease of load. So under these running conditions the hmin is larger than 2.4 μm, which means the RWTB is in the hydrodynamic lubrication regime when the speed is greater than 200 r·min-1 and the load is less than 0.25 MPa. This criterion can be used to guide the design and application of this kind of low load capacity water-lubricated thrust bearing.

4. Conclusions

A xenon induced fluorescence technique is used to measure the water film thickness between the thrust collar and thrust pads of a RWTB. The water film thickness on a whole pad at different speeds and loads are characterized by comparing the mapping relations between the fluorescence intensity and the film thickness. Based on the proposed TEHD lubrication model [29]
, the calculated film thickness is compared with the measurement. Several meaningful conclusions have been drawn:
(1)
The calculated film thickness distributions agree reasonably with the measurements, especially at low speed condition (200 r·min-1). Generally, the calculated film thickness is larger than the measured one, and the discrepancy between them increases with the speed. In the central film region, the maximum discrepancy is less than 2.2 μm and reducing with the decrease of load. The study shows that the xenon induced fluorescence technique can be used to measure the film thickness over a large area. Meanwhile, the further improvements of this measurement technology can be explored in the future.

(2)
The RWTB is in the hydrodynamic lubrication regime when the speed is over 200 r·min-1 and the load is less than 0.25 MPa. This criterion can be used to guide the design and application of low load capacity water-lubricated thrust bearing.
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Table 1 Statistics of measurement characteristics of different methods


Methods�
Resolution�
Measured thickness range�
Measured area range�
�
Raman spectroscopy [14]�
Subnanometer�
< 100 μm�
A single point at one time�
�
Magnetic flux [15]�
0.1μm�
0.1μm ~ 100 μm�
0.01 mm2�
�
Optical interferometry [16]�
1 nm�
< 1 μm�
A little larger than Hertz contact circle�
�
LIF[28]�
50 nm�
50 nm ~ 100 μm�
1.6 mm×1.6 mm�
�






�


�


Figure 1 A RWTB, (a) 3D view, (b) Local surface profile of the polymer composite after polishing. The surface profile is measured by a laser interference surface topography measuring instrument MDV/LI(developed by Huazhong University of Science and Technology, China). Its horizontal and vertical resolution is 0.2 μm and 5 nm, respectively.  





Table 2 Dimensions and material properties of the RWTB


Parameters�
Thrust collar�
Polymer composite�
Rubber cushion�
�
Inner diameter /mm�
60�
124�
126�
�
Outer diameter /mm�
200�
196�
192�
�
Thickness /mm�
15�
2�
6.2�
�
Roughness /μm�
0.036�
0.797�
-�
�
Elastic modulus /MPa�
7.0e4�
300�
5.5 ~6.0�
�
Poisson's ratio�
0.17�
0.46�
0.47�
�
Angle /°�
-�
24�
18�
�






�


Figure 2 Schematic of the xenon induced fluorescence test method
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�


Figure 4 The calibration results (a) fluorescence image of the 20 μm film wedge; (b) fluorescence intensity in gray map.
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(b)





�


Figure 3 Schematic diagram for film thickness calibration





�


Figure 5 Fluorescent intensity versus film thickness through axis-y = 90, the dotted line is a straight line as a reference.





Table 3 The test load conditions


Parameters�
Value�
�
Revolution speed / r·min-1�
80 ~600�
�
Mean linear velocity / m·s-1�
0.67 ~5.0�
�
Axial load / MPa�
0.05 ~0.25�
�
Inlet water pressure / kPa�
4�
�
Inlet water temperature /℃�
20 ~25�
�






�


Figure 7 The actual test rig and test scene.








�


Figure 6 A sectional view of the test rig.
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Figure 8 The variation of fluorescence intensity with speed (from 80 r·min-1 to 600 r·min-1 at 0.10 MPa load).





�


Figure 11 Film thickness along the y-axis under different load at speed of 600 r·min-1 (The dotted lines show the best fit for the pad surface to indicate the tilting status).
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Figure 10 A 2D schematic of the thrust pad
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Figure 9 The variation of film thickness with speed (from 80 r·min-1 to 600 r·min-1 at 0.10 MPa load)
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Figure 12 Film thickness along the y-axis for rotation speeds of 200,400, 600 r·min-1 at load of (a) 0.15 MPa, (b) 0.20 MPa, (c) 0.25 MPa. The dotted lines show the best fit for the tilting of the thrust pad. The convergence parameter k = (hi-ho)/ho, where ho and hi are the film thickness at the points at which the film shape deviates significantly from the dotted lines at the inlet and outlet sides, respectively
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Figure 14 Comparisons of the measured and calculated film thickness along the y-axis for load of (a) 0.15 MPa, (b) 0.25 MPa.
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Figure 13 Calculation results based on the TEHD model, (a) Film pressure; (b) Film thickness








� A slight modification of one sentence, because the introduction of THD model was deleted and a reference on TEHD model was added. The TEHD model was proposed by us in another paper and published recently in the journal Tribology international. So it can be directly cited in this paper. The previous expression " A thermo-hydrodynamic lubrication performance model is promoted to …" has been revised.


�A sentence has been slightly revised to quote our published paper on TEHD model. 


�Since the paper on TEHD model can be quoted directly , a sentence in the original manuscript is revised: “So, a THD lubrication performance model is proposed to…”.


�According to the comment 1, we provide a 3-D picture of the thrust bearing and mark the main dimensions of several components to replace the thrust pad in the previous figure 1. This will enable readers to better understand the structure and size of bearings.


�According to comment 3, we made comparison between the measurement and the results based on the TEHD model. So, in this section, the modification is slightly more. The content of THD model and its solution method is deleted, including the relatedl figures (13)(14)and(15). A quotation is added to replace the deleted content (the deleted figures can be found in the quotation [29]). At the same time, the comparison between the measured results and the calculated results of THD model is replaced by the comparison with the calculated results of TEHD model. The related comparison is as shown in figures (13) and (14) and the description in this paper.


�The description of the comparison between the measurement and the calculated results based on the TEHD model is added.  The previous comparison between the measurement and the calculated results based on the THD model is deleted.


�A comparison of convergence parameter k between measurement and calculation is added.


�Two references on the influence of roughness and chamfers on lubrication performance were added to illustrate the important influence of these two factors on lubrication performance.


�Three figuress were deleted along with the THD model, so the figure number changed.


�Based on the TEHD model, the calculated minimum film thickness is 3.6 μm, less than that (4.0 μm) calculated by the THD model


�The original THD model was replaced by the quotation [29], so the related sentence was slightly modified.
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