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Certain machines utilize end face rotary valves to distribute liquids from port to port. In these designs the end faces not only possess ports for distribution but also serve as end face mechanical seals to seal in the coolant. One such application is in the regenerator section of a magneto-caloric refrigeration cycle, where the cost, power usage and leakage are critical factors. Cost measures encourage the use of non-traditional seal materials such as elastomers and plastics, creating a potential for dynamic induced phenomena due to viscoelasticity. In this paper, a novel end face rotary valve seal design is introduced. The analytical model of viscoelastic effects for PTFE seals is formulated and the dynamic oscillation of the seal is measured experimentally. Finally, a brief fluid film thickness discussion is presented considering the seal ring dynamics and viscoelastic effects.

INTRODUCTION

A novel end face mechanical seal design is proposed for use in the regenerator section of a magneto-caloric refrigeration cycle in reference [START_REF] Benedict | Magneto caloric heat pump with variable magnetization[END_REF]. The whole system is shown in Figure 1 where the heat pump is 100. The exploded view of heat pump is in Figure 2. The seals are installed at 136 and 138 in Figure 2. This novel seal design combines the functions of sealing and fluid switching (valving), which simplifies the design and reduces the cost of the overall heat pump making it a potential solution to replace conventional compressor based cooling cycles in refrigeration. The potential benefits of this include less pollution, lower power usage, higher machine reliability and lower cost. However, to realize these benefits, the seal design must be optimized with respect to cost, power loss, leakage control, and seal life. One motivation of this research is to understand the operation of the seal such that an optimal design can be found. This will enable the new refrigeration system to move further towards commercialization in a product.

The key difference between this novel seal design and a conventional end face mechanical seal is that holes (ports) are machined into the face of the stationary seal ring and slots are machined into the face of the rotary seal, allowing the sealed fluid to transfer, axially, between the rotating and stationary seal rings. The primary sealing function is therefore to keep the fluid in the high pressure ports from leaking to adjacent low pressure ports and to the environment on both the outer and inner diameters of the seal rings. A second key difference is that the materials for the proposed seal faces are plastics, polymers and soft metals instead of the traditional very hard materials such as tungsten carbide and carbon. Indeed, reference [START_REF] Stieha | Analysis of an end face mechanical seal with internal valving for low power applications[END_REF] has conducted initial experimental work demonstrating that the material pairs of PTFE vs. Delrin and PTFE vs. Bronze show particular promise with respect to sealing ability and power loss. Figure 3 shows the structure of the sealing system. The upper ring, a), is the rotary face and the lower ring, b), is the stationary ring. Part c) is the sealing ring insert which provides the face material of the stationary ring. The seal insert is fixed with the stator and allows liquid to flow through the stationary slots and to be distributed to each port as the upper ring rotates. Four of the ports are supply ports operating at a pressure of about 50 psi and four of the ports are return ports operating at about 3 psi. There are 8 ports in the rotating ring and 4 distribution slots in the stationary ring. Therefore, at any one time, 2 slots are supply, 2 are return and 4 are blocked (closed). Some experiments and trials have been obtained in [START_REF] Stieha | Analysis of an end face mechanical seal with internal valving for low power applications[END_REF], which indicates PTFE vs Delrin result in low power loss and leakage rate. Though much analysis exists for conventional rotary seals, rotary valve seals are only mentioned and found in a few patents. For example, Nichols et al claim a type of fluid switching valve and its sealing faces are fluorocarboncontaining polymer and Tungsten Carbide/Carbon [START_REF] Nichols | Long lifetime fluid switching valve[END_REF]. Also, there are similar seals which are developed by Nichols [START_REF] Nichols | Dual random access, threeway rotary valve apparatus[END_REF][START_REF] Nichols | Segmenting valve[END_REF]. In the early 2010s, Moeller et al and Wan developed seal faces that allow a particular fluid to flow, but is applied as a static seal that can be rotated to a different setting [START_REF] Moeller | Fluid Switching Valve[END_REF][START_REF] Wan | Fluid selection valve[END_REF]. In the early 1990s, a seal surface on a shaft is developed by Stich, where fluid flows through the shaft and then is directed circumferentially to the outer diameter of the shaft and expelled into the static sealing area [START_REF] Stich | Rotary coupling for fluid between stationary and rotating machine parts[END_REF]. In the 1960s there was the development of a rotary distributing valve claimed by Carson et al that utilized valves to transfer the fluid stream from one conduit to any other conduits [START_REF] Frank | Rotary valve[END_REF].

In the areas of analysis and experimentation there is little or no information for this seal type. This paper attempts to fill this gap by generating an analytical model of the proposed seal including viscoelasticity and some supporting experimental work. It is essential to understand the viscoelastic behavior of PTFE used as an end face rotary valve seal, as this may affect the sealing performance. A dynamic excitation of the seal always occurs while it rotates due to the surface roughness, waviness, misalignment and other factors. Beyond a certain frequency, the seal will not be able to follow the contact motions of the seal surface and form errors, due to the viscoelastic effects of the seal material [START_REF] Stakenborg | Visco-Elastohydrodynamic (VEHD) Lubrication in Radial Lip Seals: Part 1-Steady-State Dynamic Viscoelastic Seal Behavior[END_REF][START_REF] Van Leeuwen | Visco-Elastohydrodynamic (VEHD) Lubrication in Radial Lip Seals: Part 2-Fluid Film Formation[END_REF]. Under these circumstances, the oscillating clearances may occur between the seal stationary and rotary rings. For a long term purpose, it is meaningful to find a lubrication model to describe the behavior of this type of seals so that simulation can be accomplished and advice for choosing sealing materials.

Generalized Viscoelastic Model Viscoelastic Effects

The viscoelastic effects include two basic concepts, i.e. creep and relaxation, which are shown in Figure 6. The strain response shows that it is time dependent for a viscoelastic material under a constant stress, while relaxation behavior is shown as a stress response under constant strain [START_REF] Findley | Creep and relaxation of nonlinear viscoelastic materials with an introduction to linear viscoelasticity[END_REF].

Viscoelastic Model

A Prony series representation is widely used for linear viscoelastic material functions. There are many efficient and accurate numerical methods of inter-conversion for Prony series using experimental data from selected polymer materials [START_REF] Park | Methods of interconversion between linear viscoelastic material functions. Part I-A numerical method based on Prony series[END_REF]. Here, the seal is PTFE and its mating face is Delrin. The creep compliance D is characterized using the generalized Kelvin model. It is given as [START_REF] Benedict | Magneto caloric heat pump with variable magnetization[END_REF] where Dg the glassy compliance, η 0 the zero-shear or longtime viscosity, D j retardation strengths, and τ j retardation times which are positive constants. It should be noted that η 0 ∞ for a viscoelastic solids, i.e. PTFE here. where E e the equilibrium modulus, E i relaxation strengths, and ρ i relaxation times are all positive constants. This expression is often referred as a Prony Series. Note that Equation 1 and Equation 2 can be converted.

Presmoothing Experimental Data

The constants in Equation 1 are obtained by fitting the expression from experimental data. Various methods of curve fitting have been proposed. For example, the collocation method was proposed by [START_REF] Schapery | A simple collocation method for fitting viscoelastic models to experimental data[END_REF] and the multidata method by [START_REF] Cost | A multidata method of approximate Laplace transform inversion[END_REF]. More recently, a simple and efficient Power-law presmoothing method was proposed by [START_REF] Park | Fitting Prony-series viscoelastic models with power-law presmoothing[END_REF] and numerical method of inter-conversion was also proposed by [START_REF] Park | Methods of interconversion between linear viscoelastic material functions. Part I-A numerical method based on Prony series[END_REF].

It is more efficient to fit Prony Series models by using presmoothing than direct fitting because of the computational efficiency associated with the exponential basis functions of a Prony Series. A modified power law" (MPL) is implemented, ˆ can be specified as priori. i D ˆ must be determined [START_REF] Park | Fitting Prony-series viscoelastic models with power-law presmoothing[END_REF]. The least squares method and nonlinear regression are applied for obtaining the parameters in Equation 3.
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Prony-series Fit to Presmoothing data

Similarly, the coefficients in Equation 1 are obtained based on presmoothing curve. The curve fitting results are shown in Figure 7. The experimental data is for the PTFE ring under constant compressive stress of 6.9 MPa [START_REF] Fluoroproducts | Teflon® PTFE fluoropolymer resin: Properties Handbook[END_REF]. We use 7 terms for MPL (M=7) and n=1.5 in Equation 3. After normalization, the compliance coefficients of Prony-series fit to presmoothing data are shown in Table A numerical inter-conversion is obtained for E e and E i by use of the relationship between complex functions. D g and τ j , D j (j = 1,…,7), η 0 are known and the target constants are obtained later by a root-finding method [START_REF] Park | Methods of interconversion between linear viscoelastic material functions. Part I-A numerical method based on Prony series[END_REF], thus, other unknown sets of parameters are determined by using the complex functions relationship , ρ i is relaxation time, ω k denotes the discrete value of angular frequency. Using the rootfinding method, ρ i are shown in Table 2.

The coefficients of creep compliance are known and hence we can solve ρ i and {D} for E i . Therefore, we have obtained the coefficients of modulus E i . E(t) from Equation 2. The result is shown in Figure 8 and it is theoretically consistent. In the next section, the relaxation response in frequency domain will be discussed. 

Time response of linear viscoelastic material under oscillating loading

The oscillating load is considered and it is typically caused by the surface properties of the rotary and seal faces. Then, the strain is given as follows if the stress is an input given as E'(ω) is storage modulus and E"(ω) is loss modulus. We can easily draw Relaxation modulus vs frequency in Figure 9. The loss angle δ = arctan(E"/E') = 0.001 (rad). It can also be interpreted as a measurement of the materials damping level and it is a relatively low value here. So the elastic property dominates this viscoelastic material. If other mating materials are considered in more general cases, the loss angle δ would be a critical parameter. Since the total stress σ t is written as [START_REF] Stakenborg | Visco-Elastohydrodynamic (VEHD) Lubrication in Radial Lip Seals: Part 1-Steady-State Dynamic Viscoelastic Seal Behavior[END_REF] where σ s is static stress and σ d is dynamic stress, we can determine whether a separation would happen or not due to the viscoelasticity. More specifically, assume that compressive stress is greater than 0. If total stress is less than 0, it means that separation happens. In this application, the rotating upper mount is 60±1 rpm, which corresponds to
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. Figure 11 shows experimental results for the dynamic oscillation of the seal during operation. According to this figure, the amplitude is nearly 10 2 μm at r m =25.4 mm. Thus, the oscillating load will cause 6% strain (Dynamic strain d  =d/seal thickness=99.9 μm /1562.1 μm =0.064) at r m = 25.4 (mm), then the amplitude of dynamic stress is 45.5 MPa (dynamic stress
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), which is greater than the static pressure 0.19 MPa (i.e. 40 lb, 1.448 in 2 , seal No.1 in Table 3). These conditions cause separation. The measurement and calculation of dynamic stress amplitude will be illustrated next.

Experimental Amplitude of Strain Oscillation

It is critical to discuss the amplitude of strain caused by oscillating load. Assume that the upper mount rotor is rigid and the lower mount stator face (PTFE) is deformed. For example, in our experiment, the rotor is Delrin and it is stiffer than PTFE [START_REF] Fluoroproducts | Teflon® PTFE fluoropolymer resin: Properties Handbook[END_REF][START_REF] Guide | Module III[END_REF]. Our test rig schematic illustration is shown in Figure 10. Torque sensor, flow-rate sensor, rpm sensor and etc. are installed and monitored by dSPACE. Two proximity sensors are located under the stator and rotor respectively. The subtraction of the amplitude of dm1 and d m2 is to determine the amplitude of dynamic displacement of the seal, defined as d, and the average surface roughness Ra corresponding to rotor upper face and contact face and PTFE contact face are checked. From the rigidity assumption for Delrin, the strain is ε=|d|/t 1 , where t 1 is the thickness of soft seal. Here the seal thickness is 1.562±0.012 mm. Figure 15 shows 6 points are measured on contact face and top face for Delrin (upper mount) and 3 points are measured on PTFE (lower mount) for surface roughness by using Zygo NV 5000. The parallelism is used as the input to the material dynamic response analysis. The parallelism, e, of rotors is measured. The surface properties are shown in Figure 13, 14 and these indicate that the oscillation is not caused by Ra because Ra << 10 2 μm in pre-run conditions. Two sets of data are provided in Table 3 Thus, the oscillation amplitude is considered as a tilted upper mount from assembling the upper mount even though a ball joint is designed between rotor and motor. 
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Thus, h(r, θ, t) without considering viscoelasticity is given as
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. Here, tanα is the ratio of oscillation amplitude over the distance between proximity sensor and 3 â .
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, because the angular velocity of the system is 2π (rad/sec). If viscoelastic effect is considered, then film thickness could be given as follow.
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where d is the amplitude of displacement of seals, δ is loss angle.

The coefficients of friction are shown in 

Discussion and Conclusions

The experimental CoF and the slight wear from post-run samples show that it should be treated as mixed lubrication and contact model needs to be considered [START_REF] Minet | A deterministic mixed lubrication model for mechanical seals[END_REF][START_REF] Hamrock | Fundamentals of fluid film lubrication[END_REF]. As already discussed that viscoelastic effects would cause separations at 60 rpm, the clearance is assumed to be fully flooded. This could be considered in mixed lubrication model for future study. We can conclude the following. 
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 12135 Figure 1. The schematic illustration of an exemplary heatpump positioned in an exemplary refrigerator[START_REF] Benedict | Magneto caloric heat pump with variable magnetization[END_REF] 
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 6 Figure 6. Creep and Relaxation A generalized Maxwell model is given by

  M are all constants. n can be estimated as 1.5 by the glassy compliance. i
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 78 Figure 7. Prony Series Fit to Presmoothed Strain

  system of linear algebraic equations [A]{D} ={B}. The derivation in details are found in[START_REF] Park | Methods of interconversion between linear viscoelastic material functions. Part I-A numerical method based on Prony series[END_REF]

  phase lag. One can obtain the following familiar relationship:
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 91 Figure 9. Relaxation Modulus vs ω (rad/sec) The strain amplitudes are shown in Figure 11 and Figure 12 measured by SKF Ryton CMSS 665, the uncertainty of this sensor is 27 . 1  μm. The sampling frequency is 500 Hz. A low pass filter is used. The amplitude in Figure 11 and the geometric relationship in Figure 10 (b) show |d m1 | is 100 μm level at r m =25.4 mm. Similarly, the amplitude of |d m2 | at r m =25.4 mm are obtained. The period is 1 second and this is consistent with 60 rpm. |d| is close to 10 2 μm.From the rigidity assumption for Delrin, the strain is ε=|d|/t 1 , where t 1 is the thickness of soft seal. Here the seal thickness is 1.562±0.012 mm. Figure15shows 6 points are measured on contact face and top face for Delrin (upper mount) and 3 points are measured on PTFE (lower mount) for surface roughness by using Zygo NV 5000. The parallelism is used as the input to the material dynamic response analysis. The parallelism, e, of rotors is measured. The surface properties are shown in Figure13, 14 and these indicate that the oscillation is not caused by Ra because Ra
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 1121131141154 Figure 11. Dynamic Oscillation Amplitude of d 1 SealNo.1
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 17 Figure 17. Top View of Tilted Upper Mount Coordinate System
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 14 The procedures of modeling the viscoelastic materials for this end face seal are developed, though PTFE is dominated by elastic properties. The viscoelastic effect cause separations under certain circumstances at 60 rpm. 2. Dynamic oscillation of the end face rotary seal has been found and experimental setup is illustrated for measuring the oscillation. 3. Film thickness with and without viscoelasticity are given according to the experimental setup and amplitude measurement of oscillation. A tilted upper mount has been explored and model. However, it is worth to try to avoid the tilted upper mount for further study. Mixed lubrication model is justified. The CoF and the variation of wear height indicate that Elastohydrodynamic lubrication and boundary lubrication conditions should be considered for further research.

Table 1 .

 1 . Since there is an integral relationship, Equation4, between relaxation modulus E(t) and creep compliance D(t), Creep Compliance Coefficients for Prony Fits

	(4)

Table 2 .

 2 Relaxation modulus and relaxation times

	i	τ i	ρ i	E i (GPa)
	e	-	-	1.45E-01
	1	1e+01	1.00E+01	4.83E-05
	2	1e+02	4.36E+01	4.07E-01
	3	1e+03	8.22E+02	5.15E-02
	4	1e+04	9.48E+03	1.30E-02
	5	1e+05	1.00E+05	2.71E-12
	6	1e+06	7.17E+05	6.97E-02
	7	1e+07	8.35E+06	2.77E-02

Table 3 .

 3 . Data sets for oscillating load.

	Seal No.	1	2
	Weight (kg)	18.14	36.28
	d1	max	1.631	1.791
	(mm)	min	1.200	1.400
	dm1 (μm)	113	103
	d2	max	2.342	2.173
	(mm)	min	2.337	2.168
	dm2 (μm)	1.27	1.54
	e (mm)	0.0508	0.0635
	d (μm)	99.90	86.40

Table 4

 4 T is the toque, R is radius of a point on seal face, W load is the normal load on seal face, T is measured by Interface Transducer SM-100 .The seal has slight wear (about 1 μm) both under 18.14 kg (40 lbs.) and 36.28 kg (80 lbs.). The CoF indicates that the lubrication regime is boundary and thin film lubrication. Hence, the lubrication model is justified as mixed lubrication and is viewed as a mixture of Elastohydrodynamic lubrication and boundary lubrication[START_REF] Minet | A deterministic mixed lubrication model for mechanical seals[END_REF][START_REF] Szeri | Fluid film lubrication[END_REF]. If Equation 12 is less than 0, then contact models should be than 0, then Equation12is applied in Elasto-hydrodynamic lubrication.

	by using

where

Table 4 .

 4 Coefficients of FrictionFigure 16. Tilted Upper Mount Coordinate System
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