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Abstract

:

A key factor influencing the friction of rod seals is a thin oil film, which is dragged into the sealing gap at outstroke and instroke. Accurate determination of oil film thickness in the sealing gap of rod seals is a challenging task since it is only in the range of a few nanometers. A novel measurement procedure to analyze the friction of common reciprocating sealing systems in direct relation to the shear rate and film thickness is introduced in this paper. Results from a first empirical study with film thicknesses in the range of a few nanometers and shear rates up to    γ ˙  =   10  7       s    − 1     were used to compare the friction of practically relevant polyurethane U-cups. The U-cups differ in their geometry and surface roughness. It is seen that even at such thin films, the measured friction of those seals can be approximated by Newtonian fluid friction (speed, film thickness, viscosity, contact area). In general, the novel measurement procedure is useful in a scientific and technical context, since it offers a new perspective on tribological mechanisms at thin film lubrication conditions.






Keywords:


reciprocating rod seals; friction; thin film lubrication; film thickness measurements; high shear rates; empirical analysis












1. Introduction


Linear actuators such as hydraulic or pneumatic cylinders are used in a variety of applications. One critical component of every hydraulic or pneumatic cylinder is the rod seal; see Figure 1. If a rod seal fails, leakage or machine downtime is unavoidable. In high-precision positioning actuators, the rod seal’s friction is of crucial importance, since it influences the dynamic performance and precision of the entire linear actuator. Consequently, the friction properties of rod seals should be considered when designing linear actuators. However, despite decades of research, predicting a seal’s friction remains a challenging task due to numerous influencing parameters.



One key factor influencing the friction of rod seals is the oil film generation in the sealing gap [1,2]. At outstroke and instroke, the hydraulic rod drags oil into the sealing gap, resulting in a thin lubricant film [1,3], see Figure 1. Depending on the film thickness in the sealing gap and the lubrication conditions, various tribological mechanisms may have an important influence on the friction. For example, at thin film lubrication, an increase in the apparent viscosity of lubricants caused by intermolecular forces between lubricants and counter surfaces was reported in tribological tests, e.g., [4,5,6]. An increase of viscosity in lubricated contacts increases the apparent shear and resulting friction. Further studies report a phenomenon called the wall slip, e.g., [7,8,9,10,11]. Wall slip is a relative motion between a lubricant’s molecules and the counter surface and can occur due to poor wetting conditions and high shear. The influence of intermolecular forces between the components of the sealing system and phenomena such as wall slip cannot be ruled out. Furthermore, shear thinning of typical hydraulic oils was reported at high shear rates [12,13,14]. In conclusion, when friction phenomena of reciprocating rod seals are discussed, both the film thickness in the sealing gap and the shear rate should be known.



Numerous simulation models based on the so-called inverse theory of hydrodynamic lubrication (IHL) [15,16,17,18] and elastohydrodynamic lubrication (EHL) [19,20,21] have been developed. The accuracy of simulation models must be validated properly, preferably with comprehensive empirical data. In the narrow sealing gap of rod seals, even an absolute error of just few nanometers results in a great error of the expected shear rate and therefore in the calculated fluid friction. To predict the friction in elastohydrodynamic contacts, it is not sufficient to determine the film thickness and shear rate with precision. Moreover, the lubricants properties in such small gaps and high shear rates can significantly differ from their bulk properties [12,13,14]. Consequently, validated models for the rheological behavior of certain lubricants are required; see [22]. A further challenge arises when the counterfaces have a certain roughness and influence the shear flow in the gap [19,23,24]. In fact, all assumptions must be validated properly.



ISO 7986 [25] describes a standardized method and measuring apparatus to analyze the friction of rod seals. The method is very useful to compare different rod seals at certain operating conditions, such as rod speed, pressure, and temperature. A serious drawback of the standardized test rigs according to ISO 7986 [25] for analyzing the friction of rod seals is that the absolute film thickness in the sealing gap remains unknown. This limits conclusions which can be drawn on the actual tribological mechanisms in the sealing gap.



In general, the determination of the film thickness of rod seals is not trivial, e.g., [26]. Several empirical measurement methods have been developed over decades of research [27,28]. One challenge is that the film thickness of practical relevant rod seals, such as polyurethane U-cups, is only in the nanometer range [29,30]. Thus, highly accurate measurement devices are mandatory.



We developed a novel measurement procedure to analyze the influence of film thickness and shear rate on the friction of reciprocating rod seals. A test rig is used for measuring the friction at outstroke and an ellipsometer for film thickness measurements. One unique feature of the procedure is that a predefined lubricant film in the nanometer range is generated on the rod to achieve certain lubrication conditions and shear rates in the sealing gap. It is possible to determine the friction of various practical relevant seal rings and lubricants in direct relation to the fluid shear and thin film lubrication conditions. The procedure offers a deep insight into the influence of parameters such as the geometry and surface roughness of the seal ring and rheological properties of the lubricant on the friction. In a first empirical study, we compared the friction of three sealing rings which differ in their geometry and surface roughness.




2. Materials and Methods


For the empirical study, we used rod seals with different components; see Section 2.1. The new measurement procedure is based on a combination of film thickness measurements using an ellipsometer (see Section 2.2), and friction measurements using a new test rig (see Section 2.3). The main steps of the new measurement procedure are described in Section 2.4.



2.1. Components of the Analyzed Sealing Systems


The used sealing systems consist of three main components: the seal rings (U-cups), the lubricants (mineral oil), and the rod.



2.1.1. Seal Rings


Three different polyurethane U-cups were used as representative seal rings. The U-cups were manufactured by Freudenberg FST GmbH (Germany) and are suited for a rod diameter   d = 50   mm  . Further properties of the used U-cups are summarized in Figure 1. The U-cups differ in their profiles (cross-sections) named T20 and EW. A characteristic feature of the sealing rings with profile EW is a rounded sealing edge. In comparison, the T20 profile has a cut and sharp sealing edge, as is common for such seals. The seal rings with the profile EW were manufactured using two different molding tools. One tool was made using a lathing process in the area of the sealing edge and the other tool was eroded. The surfaces of the seals reflect the characteristic surface topographies of the molding tool cavities (lathed/smooth, eroded/rough). The material of the T20 and EW seal rings is a typical polyurethane with a Shore hardness of 95 ShA.



The radial loads of the three sealing rings were measured in advance using a device based on the split mandrel technique. Further information on the device is provided by Feldmeth [31] and can be found in the (withdrawn) standards [32,33]. Before the radial load was measured, each U-cup was stored for at least 24 h on a rod of nominal diameter (  d = 50   mm  ) for relaxation purposes. According to recommendations by Feldmeth [31], the radial load of each U-cup was measured 10 s after pushing the U-cup over the split mandrel to obtain a representative value. The widths of the contact area between the rod and the sealing rings were measured after mounting the sealing rings on a hollow glass rod via a mirror using a digital microscope (Keyence VHX 3000). The radial loads of the rod seals and the widths of the contact between the rod and the seal rings are listed in Figure 2. The contact area


  A =  l b    d   π  



(1)




is the product of the contact width and the circumference of the rod.




2.1.2. Hydraulic Oil


Various mineral oils without additives were used as lubricants. The oils are from a German research organization named “Forschungsvereinigung Antriebstechnik e.V.” and supplied by Weber Reference Oils (Germany); see [34] for detailed information and properties of the oils. The dynamic viscosity  η  of each oil was measured using a common plate-to-plate setup as a function of temperature at a shear rate of    γ ˙  = 100      s    − 1    . Table 1 provides the viscosity classes and dynamic viscosities  η  of the oils.




2.1.3. Hydraulic Rod


A hard-chrome plated hydraulic rod with a diameter   d = 50    mm    was used for the experiments. The rod was polished, since a mirror-smooth surface with good reflectivity was required for the film thickness measurements using ellipsometry. The same rod was already used in a previous study for film thickness measurements and has a roughness of    R z    0.1    µ m    and    R a    0.01    µ m   ; see [29].





2.2. Ellipsometer Used for Film Thickness Meausrements


An ellipsometer is a highly accurate measurement device for the analysis of thin films in the nanometer range. A Plasmos SD 2000 ellipsometer was used for film thickness measurements on hydraulic rods. The same ellipsometer was already used in previous studies; see [29,30].




2.3. Test Rigs for Hydraulic Rod Seals


The friction of the rod seals was measured with two different test rigs at various operating conditions.



2.3.1. Common Test Rig for Friction Measurement on Two Seals


Figure 3 shows a schematic of the test rig used for friction measurements. The test rig is similar to a test arrangement, which is described in ISO 7986 [25] and used for the standardized analysis of friction of rod seals. It was also an arrangement in numerous scientific studies, e.g., [28,35,36,37].



The sealing rings (e.g., U-cups) are installed in their housings in the manner prescribed by the seal manufacturer. Two housings each with one test seal ring are installed in a test chamber. In this arrangement, a linear drive cylinder is used to reciprocate the test chamber. The test chamber contains both seal rings, is filled with oil and pressurized using a separate hydraulic pump.



The resulting friction between the rod and both seal rings was measured using a force transducer. It should be noted that the measured friction


   F R  =  F  R , o   +  F  R , i    



(2)




is always the sum of the friction from one seal at outstroke (   F  R , o    ) and one seal at instroke (   F  R , i    ).




2.3.2. New Test Rig


Figure 4 shows a schematic of the test rig developed and built for the novel measurement procedure described in Section 2.4. The aim was to keep the test rig design as simple as possible to guarantee easy handling of the components. We designed the new test rig without an oil chamber so that the rod and the seal ring can be removed from the test rig without any effort.



Using this test rig, the outstroke or instroke can be simulated with various rod speeds. The relative speed between the rod and the seal ring is realized by a linear drive unit (servo motor and ball screw unit) which pushes the seal housing in the axial direction with defined speed. Speeds in the range from 1 to 250 mms−1 are possible. An outstroke or instroke can only be performed at ambient pressure    p 0   . A force transducer is used to measure the resulting friction between the rod and the seal ring. Due to the radial load of the seal a concentric alignment between the rod and the seal is ensured.





2.4. Novel Measurement Procedure


Figure 5 illustrates the two main steps of the novel measurement procedure to analyze the friction of a rod seal at outstroke with predefined lubrication conditions and a certain fluid shear


   γ ˙  =  u  o , 2   /  h  o , 2  *   



(3)




in the sealing gap.



In the first step ①, a hydraulic rod with a certain oil film thickness    h  o , 1     is generated. Therefore, a proper amount of oil is wiped onto the rod. Then, oil on the rod is wiped off at a first outstroke using a seal ring and a defined stroke speed    u  o , 1    . A thin oil film remains on the rod. Next, the seal ring is dismantled from the rod without touching the oil film. The remaining oil film thickness on the rod    h  o , 1     after this first outstroke is measured with the ellipsometer in circumferential and axial direction. Details on the film thickness measurement procedure can be found in [29,30]. After the film thickness measurement, a rod with a certain oil film thickness    h  o , 1     has been prepared. The film thickness    h  o , 1     depends on the rod speed    u  o , 1     and viscosity of oil  η ; see [29].



In the second step ②, a second outstroke is carried out on the same rod (without an instroke). Therefore, the seal ring is mounted and pushed again over the rod with an increased speed    u  o , 2   >  u  o , 1    . Since the film thickness on the rod before the second outstroke    h  o , 1     is limited by the first outstroke with reduced rod speed    u  o , 1    , the oil supply and film thickness in the sealing gap    h  o , 2  *    at the second outstroke are limited as well. Thus, the second outstroke is carried out at starved lubrication conditions. After the second outstroke, the film thickness on the rod    h  o , 2     is measured again. In Section 3.2.1, we show that the seal ring does not wipe off further oil at the second outstroke due to the increased speed.



When no further oil is wiped off from the rod at the second outstroke, the film thicknesses after both outstrokes are equal (   h  o , 1   =  h  o , 2    ). Then, conclusions on the film thickness    h  o , 2  *    in the sealing gap at the second outstroke can be drawn. When Newtonian fluid behavior, the no-slip boundary condition, and a linear shear flow in the sealing gap are assumed, the film thickness in the sealing gap


   h  o , 2  *  = 2    h  o , 2    



(4)




is twice the film thickness    h  o , 2     on the rod after both outstrokes. Since the film thickness on the rod    h  o , 2     is measured using ellipsometry and the rod speed    u  o , 2     is controlled by the test rig, the shear rate in the sealing gap    γ ˙    can be determined. In conclusion, a predefined shear rate in the sealing gap at the second outstroke can be obtained by a certain outstroke speed    u  o , 2     and a proper limitation of the oil supply    h  o , 1    (   u  o , 1   , η  )    through the first outstroke.



The Newtonian fluid friction


   F  fluid   =    γ ˙      η   A =    u  o , 2     2    h  o , 2           η    l b    d   π    



(5)




can be calculated based on the determined rod speed    u  o , 2    , film thickness    h  o , 2    , viscosity  η , diameter of the rod   d ,   and contact width    l b    when using Equations (1), (3), and (4). It should be noted that numerical simulations of rod seals with U-cups revealed an approximately constant film thickness distribution in the sealing gap [26,38]. In addition, the apparent friction    F  R , o , 2     at the second outstroke is measured with the force transducer of the test rig; see Figure 4.



To sum up, the novel measurement procedure can be used to generate predefined shear rates in the sealing gap. Moreover, the apparent friction    F  R , o , 2     at outstroke can be analyzed in dependence of the fluid friction    F  fluid    ; the latter is a function of the film thickness in the sealing gap, the rod speed, the contact area, and the dynamic viscosity of the lubricant.





3. Results


An empirical study on the friction of three different U-cups was carried out using the common method and the novel measurement procedure. We used mineral oils with different viscosities and a polished rod. All measurements were carried out at room temperature.



3.1. Common Test Method


The friction of three different rod seals was measured at various rod speeds  u  in the range of 10 to 500 mms−1. All measurements were carried out at an operating pressure   p = 5   bar  . The surface temperature of the rod   ϑ ≈   25   ° C   was checked during the tests with a contact thermometer.



3.1.1. Measured Friction


Figure 6 shows the measured friction    F R  =  F  R , o   +  F  R , i     of the T20 U-cups in combination with different oils as a function of the rod speed. The friction of those seals depends on the rod speed  u  and the viscosity  η  of the oil in the test chamber. When using oils with a lower viscosity, the friction at low rod speeds was higher. In contrast, oils with a lower viscosity resulted in lower friction at higher rod speeds. Further measurements with similar results were carried out using the EW U-cups. The results are listed in Table A1 in Appendix A.




3.1.2. Measured Friction vs. Hydrodynamic Parameter


The measured friction in the previous section can be illustrated using a hydrodynamic parameter


   G  hyd   = u   η  



(6)




which is defined as the product of rod speed and viscosity. This hydrodynamic parameter is a simplification of the so-called ‘Stribeck’, ‘Hersey’, or ‘Gümbel’ number. Figure 7 shows the measured friction of the three different rod seals as a function of the hydrodynamic parameter    G  hyd    . Due to the introduction of the hydrodynamic parameter    G  hyd    , the friction of each seal can be approximated for a wide range of rod speeds and viscosities in a single reference curve. The shapes of the friction curves for the different seal rings are similar. As shown in Figure 7, the friction of both EW U-cups is lower than the friction of the T20 U-cups for the chosen operating conditions.





3.2. New Procedure


The ratio    u  o , 1   /  u  o , 2     of the rod speeds at first and second outstroke was varied to achieve various film thicknesses and shear rates in the sealing gap. All measurements were carried out at ambient pressure   p =  p 0   . A complete list of the measured values can be found in Table A2 and Table A3 in Appendix A.



3.2.1. Measured Friction and Film Thickness


In this section, a representative selection of the measurement results is shown for illustration purposes. Figure 8a shows the measured friction    F  R , o , 1     at a first outstroke and    F  R , o , 2     at the second outstroke on the same rod using the new procedure. We used the mineral oil FVA 4 (ISO VG 460) and a T20 U-cup. The rod speed at the first outstroke    u  o , 1   = 10      mms    − 1     was constant, whereas the rod speed at the second outstroke    u  o , 2     was increased stepwise. For each speed ratio    u  o , 1   /  u  o , 2    , the procedure was repeated three times. The measured friction    F  R , o , 1     at the first outstroke was almost constant. However, the friction    F  R , o , 2     at the second outstroke at an increased rod speed    u  o , 2     increased from approximately 60 N to 270 N. Figure 8b shows the corresponding film thickness after the first and second outstroke as well. The film thickness after the second outstroke    h  o , 2     was almost equal the film thickness    h  o , 1     after the first outstroke. Differences are only in the range of a few nanometers.



To sum up, if the film thickness    h  o , 1     and    h  o , 2     on the rod before and after the second outstroke were constant. The friction    F  R , o , 2     at the second outstroke depended on rod speed    u  o , 2     due to the increased shear rate in the sealing gap, which resulted from an increased speed    u  o , 2     and limited film thickness    h  o , 1    .



For the results in Figure 9, we used mineral oil FVA2 (ISO VG 32) and a T20 U-cup. Both the rod speed at the first outstroke    u  o , 1     and at the second outstroke    u  o , 2     were increased. The ratio    u  o , 1   /  u  o , 2     of the rod speeds was constant. Differences related to the friction, Figure 9a, were less significant compared to the results shown in Figure 8a. Figure 9b shows the results of the corresponding film thickness measurements. The film thickness    h  o , 1     after the first outstroke increased with the rod speed    u  o , 1     as expected; see [26,29]. The film thickness    h  o , 2     after the second outstroke was almost equal to the film thickness    h  o , 1     after the first outstroke. Differences are only in the range of a few nanometers.



To sum up, the film thickness measurements using ellipsometry on the rod after both outstrokes prove that differences related to the film thickness are pretty small. It is assumed that no further oil was wiped off the rod at the second outstroke with an increased rod speed. The measured film thickness depends on the rod speed at the first outstroke and the viscosity of the oil, but not on the rod speed at the second outstroke. For further discussion on the oil film generation of those seals, refer to [26,29]. Moreover, results in Figure 8 and Figure 9 indicate that the friction at the second outstroke    F  R , o , 2     strongly depends on the film thickness    h  o , 1     on the rod after the first outstroke and the rod speed    u  o , 2     at the second outstroke. As discussed in Section 2.4, the shear rate in the sealing gap is in direct correlation with    h  o , 1     and    u  o , 2    .




3.2.2. Measured Friction vs. Calculated Fluid Friction


In this section, the focus is on the friction    F  R , o , 2     at the second outstroke, which depends on    h  o , 1     and    u  o , 2    . Each second outstroke was carried out with a limited and measured oil film thickness    h  o , 1    , as described in Section 2.4 and shown by empirical results in Section 3.2.1. In accordance with Equation (5), the fluid friction    F  R , o , 2     at the second outstroke was calculated using the film thickness    h  o , 2    , the rod speed    u  o , 2    , the dynamic viscosity  η  of the oil, and the contact area  A  as inputs.



Figure 10 shows the measured friction    F  R , o , 2     at the second outstroke plotted against the calculated fluid friction    F  Fluid     according to Equation (5). The fluid friction is calculated using the following measured parameters: the dynamic viscosity of the oil, the rod speed, the film thickness and the contact area between the U-cups and the rod.



A linear correlation between the measured friction and the calculated fluid friction exists. The measured friction was approximately 20 N higher than the calculated friction based on the assumption of pure fluid friction. However, the calculated fluid friction based on fundamental tribological parameters is a good approximation of the apparent and measured friction.






4. Discussion


We introduced a new measurement procedure for an advanced analysis of the friction of reciprocating rod seals. In an exemplary way, we used the new procedure (Section 2.4) and a common method (Section 2.3.1) to compare the friction of different rod seals.



4.1. New Measurement Procedure


The new measurement procedure is a combination of film thickness measurements and friction measurements. It is possible to analyze the friction of common rod seals at predefined lubrication conditions due to a limited oil supply. Therefore, a thin oil film in the nanometer range is deposited on the rod before outstroke.



Instead of measuring the gap height between the seal ring and the rod directly, the oil film thickness on the rod is measured before and after the outstroke. Assuming a linear shear flow and Newtonian fluid behavior, the film thickness in the gap can be calculated based on the film thickness on the rod; see Section 2.4. The friction force of the rod seal that actually occurs during the outstroke is measured using the test rig.



For the film thickness measurements, we used ellipsometry to guarantee a high accuracy in the nanometer range; see [26,29,30] for examples. Alternative methods for film thickness measurements require hollow and transparent glass rods [39,40,41,42], modified sealing rings [43,44], or modified lubricants [45]. One main advantage is that we can use almost any hydraulic rod made of different materials, e.g., hard-chromed rods as it is state of the art for hydraulic and pneumatic rods. The only restriction is that the surface of the rod must be polished since a certain reflectivity is required for the analysis with the ellipsometer. Furthermore, seal rings with a different profile, nominal diameter, surface roughness, and made of different materials can be analyzed. It is not necessary to modify the seal rings before the analysis. Here, we used mineral oils with different viscosities. However, ellipsometry and the procedure is not limited to mineral oils. Further oils and lubricants with various chemical properties and based on different base oils (e.g., silicone oil [46]) can be analyzed without additional experimental effort.



By separating film thickness measurements and friction measurements, the operating parameters are only limited by the test rig used. For further operating conditions, such as increased operating pressures, speeds, or a certain temperature, the test rig can be modified. However, for a comparison of different seal rings or lubricants, the test rig shown is suitable.



Based on results from an empirical study, the measured friction of different rod seals was approximated as a function of the calculated fluid friction with good agreement. The difference between the calculated fluid friction and the measured friction was constant and approximately 20 N. The fluid friction was determined based on the following measured tribological parameters: the film thickness in the sealing gap, the rod speed, the dynamic viscosity of the oil, and the contact area between the seal ring and the rod. It is conceivable that differences between the measured and calculated friction result from the assumption of pure Newtonian friction and neglecting boundary friction. Results in Figure 6 and Figure 7 indicate an increase in boundary friction for low viscous oil at low speeds (   G  hyd   < 2 ×   10   − 3      m   Pa   ). This is probably the result of very thin lubrication films that are only in the low single-digit nanometer range for such seals; see [26,29]. Since the measured friction forces in Figure 10 are slightly higher than the calculated friction force, the presence of boundary friction and the assumption of a mixed lubrication regime seems to be confirmed. In general, the results shown in this study are plausible and reproducible.



This procedure can be used for the comparison of the resulting friction force of different sealing rings and to analyze mechanisms in thin films in a more general way. The empirical results from our first empirical study demonstrate that it is possible to control the shear rate in a range of approximately 105 to 107 s−1 and the gap height in a range of approximately 5 to 100 nm. In such narrow gaps and at such high shear rates, tribological phenomena such as wall slip, shear thinning, or an increase in the lubricant’s viscosity were observed by other authors; see Section 1. Those phenomena depend on the film thickness, shear rate, and intermolecular forces between the lubricant and the surfaces. Besides the film thickness and the shear rate, the new measurement procedure can be used to analyze the influence of intermolecular forces and interfacial phenomena in the sealing gap on the resulting friction. In a next step, lubricants with different additives and made from different base oils can be compared at various shear rates and gap heights. Furthermore, the materials of the rod and the sealing ring can be varied. Using the new procedure, it is now possible to analyze whether and to what extend certain tribological phenomena influence the friction of rod seals. It can be clarified as to which phenomena should be considered when modelling linear reciprocating contacts.




4.2. On the Analyis of Friction of Rod Seals


The friction of the three different seal rings was compared using the common method and the novel measurement procedure. Depending on the question asked, the results from both approaches have their advantages.



If a proper sealing ring must be chosen for certain operating parameters, the common and standardized method according to ISO 7986 [25] is very helpful. The friction of various sealing rings can be measured at various operating parameters. The seal ring resulting in the lowest friction should be recommended. However, the method does not provide any information on the lubrication conditions that are a key factor influencing the friction. Thus, an in-depth analysis of friction mechanisms in the sealing gap is not possible. If the causes of the frictional behavior are not of great interest, the standardized method is a good choice.



For a more in-depth analysis of the friction of rod seals, we recommend the use of the new procedure. In an exemplary way, the friction of seal rings which differ in their geometry and surface topography was compared. Despite their differing properties, it was possible to approximate the apparent friction of those seals by the calculated Newtonian fluid friction based on the measured film thickness, speed, viscosity, and contact area. Consequently, the influence of the seal ring’s surface topography on the shear flow in the sealing gap and the friction was small in this specific example.



However, when further tribological mechanisms have a significant influence on friction, discrepancies between Newtonian fluid friction and apparent friction can be indicated by the new procedure. When only using the standardized method without measuring the film thickness and shear rate, such phenomena cannot be identified with certainty. With the new procedure, the expected fluid friction can be determined based on measured values and compared to occurring friction forces. Consequently, an advanced discussion on mechanisms in the sealing gap of rod seals is now possible.





5. Conclusions


A new perspective on thin film lubrication and the friction of common rod seals is provided by the empirical analysis of predefined lubrication conditions and shear rates. The originality of the new measurement procedure comes from the fact that the apparent friction of seal rings (e.g., polyurethane U-cup rod seals) with various geometries, surface topographies, and other properties can be analyzed as a function of fundamental tribological parameters, such as film thickness, rod speed, contact area, and viscosity. It is remarkable that the film thickness in the sealing gap can be predefined in the nanometer range. Furthermore, shear rates in the range of 105 to 107 s−1 can be controlled. In other words, rod seals can be utilized as an oil film generator and as part of a thin film tribometer for linear contacts.



The friction of the analyzed sealing systems was dominated by Newtonian fluid friction, even at high shear rates and thin film lubrication conditions in the nanometer range. It was possible to compare the friction of three different U-cups with different geometry and surface roughness in direct relation to the viscosity of the oil, the shear rate, and the contact area between the rod and the seal ring.



In general, the novel measurement procedure is useful when comparing the frictional behavior of rod seals with different properties. In the development process of seal rings, the procedure can be adopted for optimizing the geometry, surface topography, and the resulting lubrication conditions. Moreover, lubricants based on various base oils and additives can be analyzed in a similar way to draw conclusions on their tribological properties in such narrow gaps and at high shear rates. The results obtained using the new procedure are useful for the validation of modern simulation models for the oil film generation and friction of reciprocating rod seals.



When using a common method similar to the one described in ISO 7986 [25] for analyzing the friction of rod seals, we suggest to show the friction of rod seals as a function of the hydrodynamic parameter    G  hyd    , which includes the rod speed and dynamic viscosity of the oil. Then, the friction of a rod seal can be described as a reference curve for a wide range of operating parameters, including various rod speeds and viscosities. Such a reference curve is useful for the comparison of different rod seals at certain operating parameters and can be used for further discussion.
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Nomenclature




	  A  
	Contact area between a seal ring and a rod



	  d  
	Nominal diameter of a rod



	    F  fluid     
	Newtonian fluid friction



	    F R    
	Measured friction at the test rig for two seals



	    F  R , i     
	Friction of one rod seal at instroke



	    F  R , o     
	Friction of one rod seal at outstroke



	    G  hyd     
	Hydrodynamic parameter



	    h  o , 1     
	Film thickness on the rod after the 1st outstroke when using the new procedure



	    h  o , 2     
	Film thickness on the rod after the 2nd outstroke when using the new procedure



	    l b    
	Contact width between the seal ring and the rod, measured in axial direction



	    p 0    
	Ambient pressure



	  p  
	Operating pressure



	    u o    
	Rod speed at outstroke



	    u  o , 1     
	Rod speed at 1st outstroke when using the new procedure



	    u  o , 2     
	Rod speed at 2nd outstroke when using the new procedure



	   γ ˙   
	Shear rate



	  η  
	Dynamic viscosity



	  ϑ  
	Temperature
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Table A1. Measured friction of two rod seals using the common method.






Table A1. Measured friction of two rod seals using the common method.





	
U-Cup

	
Oil

	
      η    (  25   ° C  )     mPas       

	
Rod Speed   u   in mms−1




	
10

	
20

	
30

	
50

	
100

	
200

	
350

	
500




	
Friction Force     F  R    ( u )     in N






	
T20

	
FVA1

	
22

	
294

	
215

	
170

	
127

	
100

	
95

	
100

	
105




	
T20

	
FVA2

	
54

	
228

	
185

	
155

	
128

	
113

	
113

	
122

	
133




	
T20

	
FVA2

	
54

	
202

	
159

	
126

	
104

	
101

	
109

	
121

	
134




	
T20

	
FVA3

	
205

	
100

	
96

	
98

	
105

	
119

	
139

	
157

	
169




	
T20

	
FVA4

	
1040

	
99

	
107

	
114

	
125

	
143

	
167

	
190

	
205




	
T20

	
ISO VG 68

	
119

	
120

	
95

	
92

	
96

	
107

	
121

	
133

	
141




	
EW-rough

	
FVA2

	
54

	
87

	
71

	
65

	
61

	
64

	
72

	
79

	
84




	
EW-rough

	
FVA4

	
1040

	
68

	
78

	
86

	
97

	
113

	
131

	
146

	
154




	
EW-smooth

	
FVA2

	
54

	
75

	
59

	
54

	
52

	
54

	
60

	
67

	
72




	
EW-smooth

	
FVA4

	
1040

	
51

	
61

	
68

	
79

	
98

	
121

	
143

	
156
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Table A2. Measured friction and film thickness of rod seals at outstroke using the new measurement procedure and T20 U-cups at room temperature.
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	U-Cup
	Oil
	      η    (  23   ° C  )     m P a s       
	       u   o  , 2      m m    s   − 1        
	       h   o  , 2      n m       
	       F   R  ,  o  , 2     N      
	U-Cup
	Oil
	      η    (  23   ° C  )     m P a s       
	       u   o  , 2      m m    s   − 1        
	       h   o  , 2      n m       
	       F   R  ,  o  , 2     N      





	T20
	FVA1
	24
	10
	0.4
	70.7
	T20
	FVA3
	234
	40
	14.8
	71.1



	T20
	FVA1
	24
	10
	0.8
	61.8
	T20
	FVA3
	234
	100
	7.8
	222.5



	T20
	FVA1
	24
	10
	0.9
	57.3
	T20
	FVA3
	234
	100
	8.0
	210



	T20
	FVA1
	24
	20
	1.1
	49.4
	T20
	FVA3
	234
	100
	9.2
	189.4



	T20
	FVA1
	24
	20
	2.5
	41.5
	T20
	FVA3
	234
	100
	29.3
	74.8



	T20
	FVA1
	24
	20
	3.6
	41.4
	T20
	FVA3
	234
	100
	33.8
	61.6



	T20
	FVA1
	24
	40
	4.3
	53.5
	T20
	FVA3
	234
	100
	35.2
	63.4



	T20
	FVA1
	24
	40
	4.6
	51.1
	T20
	FVA3
	234
	200
	28.2
	122.3



	T20
	FVA1
	24
	40
	5.1
	48.8
	T20
	FVA3
	234
	200
	30.1
	123.6



	T20
	FVA2
	60
	20
	4.1
	41.2
	T20
	FVA3
	234
	200
	34.7
	100.3



	T20
	FVA2
	60
	20
	5.1
	37.3
	T20
	FVA3
	234
	200
	34.7
	100.0



	T20
	FVA2
	60
	20
	5.3
	38.8
	T20
	FVA3
	234
	200
	35.7
	112.7



	T20
	FVA2
	60
	40
	7.0
	45.4
	T20
	FVA3
	234
	200
	36.0
	104.3



	T20
	FVA2
	60
	40
	7.1
	48.8
	T20
	FVA3
	234
	200
	55.0
	65.0



	T20
	FVA2
	60
	40
	7.5
	48.7
	T20
	FVA3
	234
	200
	60.3
	66.6



	T20
	FVA2
	60
	100
	11.7
	50.0
	T20
	FVA3
	234
	200
	70.9
	63.0



	T20
	FVA2
	60
	100
	11.7
	54.6
	T20
	FVA4
	1214
	20
	32.4
	88.3



	T20
	FVA2
	60
	100
	12.7
	48.3
	T20
	FVA4
	1214
	20
	36.1
	81.2



	T20
	FVA2
	60
	200
	10.2
	100.8
	T20
	FVA4
	1214
	20
	47.5
	59.1



	T20
	FVA2
	60
	200
	10.7
	95.1
	T20
	FVA4
	1214
	50
	35.3
	153.8



	T20
	FVA2
	60
	200
	11.5
	90.4
	T20
	FVA4
	1214
	50
	38.5
	155.8



	T20
	FVA2
	60
	200
	20.1
	53.4
	T20
	FVA4
	1214
	50
	40.3
	159.5



	T20
	FVA2
	60
	200
	21.0
	56.7
	T20
	FVA4
	1214
	75
	34.1
	249.2



	T20
	FVA2
	60
	200
	21.5
	47.4
	T20
	FVA4
	1214
	75
	34.3
	238.7



	T20
	FVA3
	234
	10
	2.7
	63.5
	T20
	FVA4
	1214
	75
	34.3
	250.6



	T20
	FVA3
	234
	10
	2.8
	56.2
	T20
	FVA4
	1214
	100
	33.1
	273.4



	T20
	FVA3
	234
	10
	3.5
	74.6
	T20
	FVA4
	1214
	100
	36.3
	264.2



	T20
	FVA3
	234
	20
	7.0
	65.5
	T20
	FVA4
	1214
	100
	36.4
	271.9



	T20
	FVA3
	234
	20
	8.0
	65.2
	T20
	FVA4
	1214
	100
	218.4
	46.7



	T20
	FVA3
	234
	20
	8.4
	57.1
	T20
	FVA4
	1214
	100
	232.6
	47.7



	T20
	FVA3
	234
	40
	10.5
	76.6
	T20
	FVA4
	1214
	100
	232.6
	46.2



	T20
	FVA3
	234
	40
	11.6
	81.9
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Table A3. Measured friction and film thickness of rod seals at outstroke using the new measurement procedure and EW U-cups.
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U-Cup

	
Oil

	
      η    (  23   ° C  )     m P a s       

	
       u   o  , 2      m m    s   − 1        

	
       h   o  , 2      n m       

	
       F   R  ,  o  , 2     N      

	
U-Cup

	
Oil

	
      η    (  23   ° C  )     m P a s       

	
       u   o  , 2      m m    s   − 1        

	
       h   o  , 2      n m       

	
       F   R  ,  o  , 2     N      






	
EW-smooth

	
FVA2

	
60

	
80

	
12.0

	
46.7

	
EW-rough

	
FVA2

	
60

	
80

	
13.3

	
38.4




	
FVA2

	
60

	
80

	
13.0

	
44.0

	
FVA2

	
60

	
80

	
15.6

	
36.6




	
FVA3

	
234

	
75

	
9.7

	
102.8

	
FVA3

	
234

	
75

	
7.8

	
118.4




	
FVA3

	
234

	
75

	
13.4

	
84.0

	
FVA3

	
234

	
75

	
11.2

	
84.8
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Figure 1. Schematic of a hydraulic cylinder (left) and the sealing gap of the rod seal at outstroke (right). 
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Figure 2. Properties of the three different U-cups analyzed in this study. 
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Figure 3. Schematic of the common test rig for friction measurements on two seals. 
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Figure 4. Schematic of the new test rig for friction measurements. 
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Figure 5. Illustration of step ① and step ② of the new measurement procedure. 
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Figure 6. Measured friction of two seals as a function of rod speed; the results were obtained using the common method (  u = 10 … 500      mms    − 1    ,   ϑ = 25   ° C  ,   p = 5    bar   , various mineral oils, T20 U-cups). 






Figure 6. Measured friction of two seals as a function of rod speed; the results were obtained using the common method (  u = 10 … 500      mms    − 1    ,   ϑ = 25   ° C  ,   p = 5    bar   , various mineral oils, T20 U-cups).
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Figure 7. Measured friction of two seals as a function of the hydrodynamic parameter    G  hyd    ; the results were obtained using the common method (  u = 10 … 500      mms    − 1    ,   ϑ = 25   ° C  ,   p = 5    bar   , various mineral oils, T20 and EW U-cups). 
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Figure 8. Measured friction (a) and film thickness (b) at first and second outstroke using the new method with constant speed at first outstroke    u  o , 1   = 10     mms   − 1     (room temperature, ambient pressure, ISO VG 460 mineral oil with   η  (  23   ° C  )  = 1214   mPas  , T20 U-cups). 






Figure 8. Measured friction (a) and film thickness (b) at first and second outstroke using the new method with constant speed at first outstroke    u  o , 1   = 10     mms   − 1     (room temperature, ambient pressure, ISO VG 460 mineral oil with   η  (  23   ° C  )  = 1214   mPas  , T20 U-cups).
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Figure 9. Measured friction (a) and film thickness (b) at first and second outstroke using the new method with constant speed ratios    u  o , 1   /  u  o , 2   = 0 , 5   (room temperature, ambient pressure, ISO VG 32 mineral oil with   η  (  23   ° C  )  = 60   mPas  , T20 U-cups). 






Figure 9. Measured friction (a) and film thickness (b) at first and second outstroke using the new method with constant speed ratios    u  o , 1   /  u  o , 2   = 0 , 5   (room temperature, ambient pressure, ISO VG 32 mineral oil with   η  (  23   ° C  )  = 60   mPas  , T20 U-cups).



[image: Lubricants 10 00056 g009]







[image: Lubricants 10 00056 g010 550] 





Figure 10. The measured friction at the second outstroke with predefined lubrication conditions is plotted against the calculated fluid friction based on the measurement results obtained with the new procedure (room temperature, ambient pressure, mineral oils, T20 and EW U-cups). 
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Table 1. Viscosity classes (ISO VG) and dynamic viscosities   η  ( ϑ )    at different temperatures   ϑ   for the mineral oils used in this study.
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Oil

	
Viscosity Class

	
Dynamic Viscosity    η  ( ϑ )    /   mPas




	
    η    (  20   ° C  )     

	
    η    (  25   ° C  )     

	
    η    (  30   ° C  )     






	
FVA1

	
ISO VG 15

	
28

	
22

	
18




	
FVA2

	
ISO VG 32

	
72

	
54

	
42




	
FVA2 + FVA3

	
ISO VG 68

	
161

	
119

	
90




	
FVA3

	
ISO VG 100

	
288

	
205

	
150




	
FVA4

	
ISO VG 460

	
1543

	
1040

	
720
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