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EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON EXFOLIATED GRAPHITE SEALS

In order to improve the sealing performances of porous braided packing rings, an experimental study is currently performed on a dedicated device. This device has been specially designed to measure the stresses during cyclic loading tests with compressed exfoliated graphite valve packing. Indeed, different tests which reproduce the opening and closing cycles of the valves have been performed to enhance the understanding of the response of the packing mechanical behavior. To this respect, an Hyperelasto-Hysteretic model is now being developed to reproduce the mechanical behavior of the compressed exfoliated graphite. The material parameters of this model are then identified to describe the stress-strain response of the studied packed stuffing-box under these cyclic loading tests.

Nowadays, environmental issues are a priority for industries and environmental regulations to reduce valve fugitive emissions are more and more rigorous [START_REF] Kazeminia | Stress Analysis of Packed Stuffing-Boxes[END_REF]. Consequently, the leaks in valves used to control fluid circulation in nuclear, petrochemical and chemical sites have to be limited. In these industries, compression packing is the most widely used seal for valves. Two examples of the use of packing rings in valves are presented in Fig. 1. The compression packing system consists of a number of packing rings, usually made from a relatively soft material, inserted between the stem and the housing. By tightening the gland, an axial pressure is applied to the packing which is then transmitted by a radial pressure as the packing expands against the housing and the stem [START_REF] Ho | Tribological investigation of packing friction along the stem of a valve[END_REF]. The sealing is finally obtained by maintaining a minimum contact pressure at the stem/packing and packing/housing interfaces [START_REF] Kazeminia | Stress Analysis of Packed Stuffing-Boxes[END_REF].

In industry, the stuffing-box design including the number of packing rings ands the associated relevant initial tightening force are often based on a purely empirical foundation. Part of the researches conducted on packed stuffing-boxes focuses on an analytical approach of the distribution of the packing contact stress, with the assumption of an elastic and isotropic behavior, using an analytical model [START_REF] Kazeminia | Stress Analysis of Packed Stuffing-Boxes[END_REF][START_REF] Ochonski | Radial stress distribution and friction forces in a soft-packed stuffing-box seal[END_REF][START_REF] Pengyun | A theoretical analysis of the lateral pressure coefficients in a soft-packed stuffing-box seal[END_REF][START_REF] Diany | Analytical evaluation of stresses and displacements of stuffing-box packing based on a flexibility analysis[END_REF]. With the development of numerical tools, others researchers have investigated a coupled experimental and numerical approach. In this case, the exfoliated graphite behavior is simulated using a Cam-Clay model initially developed for clay or rock [START_REF] Roe | Performance prediction of exfoliated graphite seals: 1. determination of parameters and verification of model[END_REF][START_REF] Vasse | Developing a Numerical Model to Describe the Mechanical Behavior of Compressed Expanded Graphite for Valve Stem Sealing[END_REF].

In order to give a better answer to the industry requirements, this paper aims to develop a macroscopic Hyperelastic-Hysteresis model able to describe the complex packing behavior and to take into account the porosities of this material. Ultimately, this model will be include in a Finite Element Analysis (FEA) of the whole valve stuffing-box. To this respect, dedicated test devices and experimental procedures are developed to identify the relevant packing mechanical behavior parameters. The good performance of the proposed model is illustrated by the comparative analysis of the predictive solution with experimental data. These research works are conducted in collaboration with the CETIM (Technical Center for Mechanical Industry, [START_REF] Cetim | Cetim -Centre technique des industries mécaniques[END_REF]) for the purpose of sharing knowledges on both valve packing design and material behavior modeling.

Experimental conditions 2.1 Material

Die-formed flexible graphite packing rings are used for the tests. They have a square section of 8 mm, with an internal diameter of 30 mm and an external diameter of 46 mm (see Fig. 2). For a better understanding, only one ring is considered in this study. This simplification allows to identify the mechanical behavior of an elementary ring before investigating the whole packing made of several rings, which will involve more uncertainty in the contact conditions between each rings. 

Experimental setup

To describe the material behavior, most authors used an analytical model [START_REF] Ochonski | Radial stress distribution and friction forces in a soft-packed stuffing-box seal[END_REF][START_REF] Diany | Short term relaxation of stuffing box packings[END_REF] or the Cam-Clay model [START_REF] Roe | Performance prediction of exfoliated graphite seals: 1. determination of parameters and verification of model[END_REF][START_REF] Vasse | Developing a Numerical Model to Describe the Mechanical Behavior of Compressed Expanded Graphite for Valve Stem Sealing[END_REF]. They have developed experimental tests to identify the material parameters involved in their behavior models. The aim of the experimental device used in the context of this study is to reproduce the contact conditions experienced by the packing in a stuffing box.

The experimental leak detection test developed by the CE-TIM allows compression tests of packing by controlling the level of clamping. This device is not used here to control the sealing but to measure the evolution of the axial stress during a compression test. Fig. 3 shows a view of the overall setup and Fig. 4 and 5 respectively present a CAD 3D and a section through the housing with a ring, stem and housing in place. In this apparatus, the stem and the gland are merged in a unique part because no stem stroke is performed during the test. This device is placed between two compression plates of an Instron 8803 machine equipped with a load cell of 500 kN. During the tests, performed at room temperature, the displacement of the stem is controlled through the Instron WaveMatrix. This apparatus enables to perform the tests required for the involved Hyperelasto-Hysteresis model material parameters identification. This model has already been used with other polymer materials [START_REF] Vandenbroucke | A hyperelasto-visco-hysteresis model for an elastomeric behaviour: Experimental and numerical investigations[END_REF][START_REF] Zrida | Experimental and numerical study of polypropylene behavior using an hypervisco-hysteresis constitutive law[END_REF][START_REF] Laurent | A simplified methodology to identify material parameters of a hyperelasto-visco-hysteresis model: appli-cation to a fluoro-elastomer[END_REF]. The test protocol involves cyclic compression able to emphasize weight of the model different parts in the global behavior: the no-linear elasticity part, the viscosity reversible part and the irreversible hysteresis part. For these reasons, a large campaign of cyclic loading-unloading compression tests have been performed. This tests involve different strain rates and different relaxation phases. The influence of the viscosity, strain rate and the evolution of the hysteresis during these loading/unloading compression cycles have then been studied in details. The collected data allowed the development of a predictive first model in an homogeneous confined environment. 

Results

The results have basically been performed using a strain rate of 10 -3 s -1 . Deviations from this strain rate are indicated on the specific figures.

Loading-unloading compression tests:

To identify the viscous part of the tested die-formed exfoliated graphite mechanical behavior, three tests were carried out:

• loading-unloading compression tests,

• loading-unloading compression tests with a relaxation step,

• compression tests with different strain rates interrupted by relaxation steps.

All these tests are presented in nominal stress-strain curve in Fig. 6.a and in nominal stress-time curve in Fig. 6.b.

The loading-unloading compression test is used as a reference for comparison with the other tests involving the viscosity phenomena. For this test, a loading until a deformation of around 25% is performed by imposing a displacement of the gland. This latter is followed by an unloading step to reach a zero stress.

The loading-relaxation-unloading test used the same parameters but with the introduction of a relaxation phase between the loading and the unloading. To this respect, a relaxation time of around thirteen hours is chosen to show the real influence of viscosity during this step.

Finally, a simple compression test, interrupted by relaxation steps, is performed with various strain rates. A 10 -2 s -1 strain rate is applied for the first phase whereas a 10 -4 s -1 strain rate is applied for the last phase. For this test, the same displacement is imposed during each strain rate steps and a relaxation time of fifteen minutes is carried out.

In light of these results, the viscosity does not appear to affect the response of the seal: the strain rate has no influence in the stress-strain curves. To complete this analysis, Fig. 6.b shows the evolution of the stress with standardized time (corresponding the considered elapsed time divided by the whole test duration). This standardized time is introduced to compare the results in the same graph. Fig. 6.c shows the nominal stress versus time during the relaxation step of the loading-relaxation-unloading test. At the end of the loading, the maximum nominal stress is 53 MPa. After the beginning of the relaxation step, the nominal stress falls at 50 MPa and then stabilizes around 51 MPa. All these results show that the viscosity is weak and that the contribution of the viscosity on the stress level is light (≈ 4 -6%).

Cyclic loading-unloading compression tests:

To analyze the hysteresis' evolution and to evaluate its contribution in the mechanical behavior, a loading-unloading compression cyclic test (five loops) is carried out. During these cycles, the strain is increased, successively, by approximately 5, 10, 15, 20 and 25%. Fig. 7 shows the response in stress-strain and stress-time curves.

The hysteresis loops are very close for the different cycles. However, when a cycle is repeated five times, the area of the first and last loop are different. The analysis of the area of the loops shows that this area is reduced in function of time. Based on the first loop, the contribution of the hysteretic part is around 10% of the total stress.

Hyperelasto-Hysteresis behavior model

Based on these experimental results, the material parameters of a macroscopic Hyperelasto-Visco-Hysteresis (HVH) behavior model are identified [START_REF] Vandenbroucke | A hyperelasto-visco-hysteresis model for an elastomeric behaviour: Experimental and numerical investigations[END_REF][START_REF] Zrida | Experimental and numerical study of polypropylene behavior using an hypervisco-hysteresis constitutive law[END_REF][START_REF] Laurent | A simplified methodology to identify material parameters of a hyperelasto-visco-hysteresis model: appli-cation to a fluoro-elastomer[END_REF]. This model, which was implemented in the Herezh++ code, superimposes the stress components instead of the strain. Three branches stand for the different characteristic behavior, classically for the polymer material behavior:

• the hyperelasticity contribution stands for the reversible elastic phase which occurs at the onset of the loading,

• the viscosity contribution models the strain rate dependent phase,

• the hysteresis contribution stands for the irreversible plastic phase.

The hysteretic no-viscous contribution is independent of the time and characterizes the difference of progress made by the material to find again its original state and to simulate the cycles. The viscosity part has a minor contribution in the stress response of the compressed exfoliated graphite material. This contribution has been ignored in a first step. Thus, the model used in this study takes into account only two contributions: the nolinear hyperelastic reversible component and the no-viscous hysteresis component.

Due to the porosity of the material used, the behavior depends on the level of compaction. To take into account this aspect, some improvements are introduced to the previous version of the HVH model [START_REF] Vandenbroucke | A hyperelasto-visco-hysteresis model for an elastomeric behaviour: Experimental and numerical investigations[END_REF][START_REF] Zrida | Experimental and numerical study of polypropylene behavior using an hypervisco-hysteresis constitutive law[END_REF][START_REF] Laurent | A simplified methodology to identify material parameters of a hyperelasto-visco-hysteresis model: appli-cation to a fluoro-elastomer[END_REF]:

1. The hyperelastic part and the hysteretic part are split into two sub parts: the first controls the variation of volume and the second controls the variation of shape, 2. Four weighting functions of the relative volume change V are introduced in order to control each individual parts: hyperelastic and hysteretic. Thus, the total stress of the model is the superimposition of several stress contributions:

σ = f m • S hyp + g m • σ hyp + h m • σ hys + i m • S hys (1) 
where:

. S hyp is the spherical hyperelastic component dependent of V , . σ hyp is the deviatoric hyperelastic component dependent of the variation in shape. To model this part, an original hyperelastic potential proposed by Orgeas is used [START_REF] Orgéas | Etude expérimentale et numérique du comportement thermo-mécanique d'un alliage à mémoire de forme industriel niti[END_REF], . σ hys is the deviatoric part of the hysteresis component, classically used in the HVH model [START_REF] Rio | Finite element simulation of 3d mechanical behaviour of niti shape memory alloys[END_REF], . S hys is the new spherical part of the hysteresis tensor, specifically introduced in this version of the model.

These contributions are now presented in the following sections.

Deviatoric part of the hyperelastic model σ hyp

Regarding the deviatoric part of the hyperelastic contribution, the potential proposed by Orgeas [START_REF] Orgéas | Etude expérimentale et numérique du comportement thermo-mécanique d'un alliage à mémoire de forme industriel niti[END_REF] is used. This potential w d is related to the change of form (i.e. the deviatoric component of the strain tensor) and is taken as a function of the intensity Q ε of the deviatoric Almansi strain tensor ε:

Q ε = (2 ĪI ε ) 1/2 (2)
with the use of the following invariant term:

ĪI ε = 1 2 ε i j ε j i - (trace(ε)) 2 6 ( 3 
)
The form of w d potential is given by the following equation:

w d = Q σ rev Q ε + µ 2rev Q 2 ε + µ 1rev 2 [Q ε (Q ε + 2Q εc ) -(Q ε + Q εc ) α 2 1rev + (Q ε + Q εc ) 2 1/2 +Q εc α 2 1rev + Q 2 εc 1/2 -α 2 1rev ln Q ε + Q εc + α 2 1rev + (Q ε + Q εc ) 2 1/2 -ln Q εc + α 2 1rev + Q 2 εc 1/2 + µ 3rev 2 Q ε Q ε -2 Q 2 ε rev + α 2 2rev 1/2 +α 2 2rev ln Q ε -Q ε rev + α 2 2rev +(Q ε -Q ε rev ) 2 1/2 -ln -Q ε rev + α 2 2rev + Q 2 ε rev 1/2 +(Q ε -Q ε rev ) α 2 2rev +(Q ε -Q ε rev ) 2 1/2 +Q ε rev α 2 2rev + Q 2 ε rev 1/2 (4)
with:

Q εc = (µ 1rev α 1rev ) 2 -Q 2 σ rev 2µ 1rev Q σ rev ( 5 
)
Seven material parameters, presented in Fig. 8.a, control this potential:

-Q σ rev for the first plateau position, -µ 1rev , µ 2rev , µ 3rev for the slope of 3 phases: the beginning of the response, the plateau, the response for the large deformations (i.e. for the dense material), -α 1rev for the transition between phases 1 and 2, -α 2rev for the transition between phases 2 and 3, -Q ε rev for the position of the transition phases 2 and 3.

The reversible component of a simple experimental shear test is sufficient to identify these seven parameters.

Spherical part of the hyperelastic model S hyp

The spherical part of the hyperelastic component controls the variation of volume. This potential is proposed by Favier [START_REF] Favier | Contribution à l'étude théorique de l'élastohystérésis à température variable: application aux propriétés de mémoire de forme[END_REF]:

w v = K 6 ln 2 (V ) (6) 
with:

w v the hyperelastic potential of the volume change, -K the coefficient of the volumetric compressibility.

This potential describes a simple linear behavior between the pressure and ln(V ). However, the final behavior depends on the weighting function f m which allows a more complex behavior. 

Q σrev √ 2 µ 1rev + µ 2rev α 1rev µ 2rev µ 3rev + µ 2rev α 2rev Q ε rev √ 2 n p Q o √ 2 µ 0hys

Hysteresis

The hysteresis contribution describes the irreversible noviscous aspects of the behavior. This model is particularly suitable to take into account cyclic deformation loops [START_REF] Zrida | Experimental and numerical study of polypropylene behavior using an hypervisco-hysteresis constitutive law[END_REF]. As for classical elasto-plasticity modelling, the hysteresis model is firstly adapted to pure deviatoric behavior. Nevertheless even if the dense material presents only a deviatoric hysteresis, one can usually observe on corresponding porous materials an hysteresis behavior attributed to the macroscopic volume change. For instance, in the case of a macroscopic volume change, without any global shape modification, the local heterogeneities induced by the local holes in the material lead to local deviatoric behaviors near the holes. At a macroscopic level, this leads to a global spherical hysteresis.

Consequently, in this study, the initial deviatoric hysteresis behavior of the Hyperelasto-Hysteresis model is completed by a spherical hysteresis part. The hysteresis model uses the concept of discrete memorising events that appear during the loading history. The behavior at "t + ∆t" depends on data at time t, but also on other several older times. Thus, the model is represented by a differential equation in time. An additional equation is used to manage these specific memorized data. The stress tensor is obtained through time integration (Jauman derivative) of the incremental equation.

Deviatoric part of the hysteresis model σ hys :

The relation [START_REF] Vasse | Developing a Numerical Model to Describe the Mechanical Behavior of Compressed Expanded Graphite for Valve Stem Sealing[END_REF] describes the incremental evolution proposed by Pegon [START_REF] Pegon | Contribution à l'étude de l'hystérésis élastoplastique[END_REF]:

σ hys = 2µ 0hys D + β φ ∆ t R σhys (7) 
In this equation, ∆ t R σhys is the stress variation between the current time "t" and a reference time noted "R" associated with a previous inversion. φ is the intrinsic dissipation as proposed by P. Guélin [START_REF] Guélin | Remarques sur l'hystérésis mécanique: les bases d'un schéma thermo-mécanique à structure hériditaire[END_REF]; it has to be always positive. This property allows to determine the inversion points. β is a function of the loading history so that:

-the behavior is almost linear with a shear modulus of µ 0hys at the origin of the loading and after any loading inversion, -the maximum hysteresis shear stress intensity is Q o / √ 2, as shown in Fig. 8.b.

where:

Q ∆σ = trace ∆ t R σhys .∆ t R σhys (8) φ = ∆ t R σhys : D - (Q ∆σ ) 2 2µ ẇ′ w ′ (9) β = -2µ 0hys (w ′ Q 0 ) n p (Q ∆σ ) 2-n p (10) 
w ′ = w cos(α) (11) 
and α is the angle between the tensor ∆ t R σhys and ∆ R R -1 σhys . w is the Masing parameter, equal to 1 for the first loading path and 2 for the following loadings.

Spherical hysteresis part trace

∆ t R σ hys = -∆ t R P:
The proposed relation ( 12) is similar to the equation ( 7) for a radial loading (i.e. cos(α) = 1 and ẇ′ = 0) and describes the incremental evolution of the pressure:

-∆ t R Ṗ = 2µ 1hys V 1 - Q m p ∆P (wQ 1 ) m p (12) 
with:

Q ∆P = |(∆ t R P)| (13) 
The parameters of the full hysteresis model are: µ 0hys , Q 0 and n p for the deviatoric part, and µ 1hys , Q 1 and m p for the spherical part.

Numerical simulations with the HVH model, discussion

For the determination of the material parameters, a method by successive identifications is used. First, only the seal is modeled with the boundary conditions imposed by the confinement of the ring. The material parameters are firstly, determined from the loading-unloading compression test data. Secondly, cyclic compression test data are used to improve them. Second, the contact between the packing/housing interface is taken into account.

The results of this identification method of material parameters are presented in Fig. 9. Fig. 9.a) corresponds to the case of the loading-unloading compression test whereas as Fig. 9.b) illustrates the loading-unloading compression test with five cycles at different strain levels. Good consistency is observed between the experimental and numerical data obtained in these cyclic tests.

The following material parameters of the Hyperelasto-Hysteretic model have been used to simulate these tests:

-Orgeas potential : K = 0MPa, Q σ rev = 10MPa, µ 1rev = 0.1MPa, µ 2rev = 1MPa, µ 3rev = 11.5MPa, α 1rev = 0.1, α 3rev = 0.1, Q εrev = 0.04. -The coefficient K of the volumetric compressibility follows the polynomial curve: K = -171.4

+ 1490 •V -3391. •V 2 + 3000 •V 3 -926 •V 4 -Deviatoric hysteresis : n p = 1.75, µ 0hys = 420MPa, Q 0 = 26MPa. -Spherical hysteresis : m p = 1.75, µ 1hys = 1000MPa, Q 1 = 26MPa.
The evolution of the weighting functions f m , g m , h m , i m of the relative volume change V are presented in Fig. 10.

The evolution of the weighting functions shows that:

-The bulk modulus function f m is almost constant. It means that densification, i.e. the reduction of V , does not influence the bulk hyperelasticity. -The deviatoric Orgeas hyperelasticity function g m could be approximated by a simple linear decreasing function of V . This is coherent with the fact that the porosity could induce some flexibility around the pore and decreasing the porosity will diminish these flexibilities. -In contrast with the hyperelasticity, the hysteresis functions h m and i m increase with the rise of the density. Here, these functions are identified as similar and simply linear.

These weighting functions are very simple and have only been introduced to highlight the influence of the porosity represented by the variation of V .

Despite these very simple relations, the results presented in Fig. 9 show that a good consistency was observed between the experimental and numerical data obtained in these complex cyclic tests. Indeed, the model is able to take into account the evolution of the loops associated with different levels of porosity. These comparisons also consolidate behavior decomposition proposal: -hyperelasticity and no-viscous hysteresis part are the major contributions -inside each of these contributions, the decomposition into a spherical and a deviatoric part is useful.

Conclusion

The test device was developed in order to reproduce the behavior of the packing in the stuffing box. The idea was on the one hand, to improve the understanding of the mechanical behavior of a ring in its environment and, on the other hand, to develop a numerical model able to describe the complex response of the packing. A database initiated from the experimental results allowed to identify the various contributions of an Hyperelasto-Hysteresis model. The latter offers a good prediction of the packing's behavior.

Further to these first results, a new device test capable of determining the friction between the packing and the housing is under development. This future experimental device must allow takinng into account this important phenomenon. Next to this future development, the use of the three dimensions of the mechanical response of the packing (instead of two) is also being considered. This further modification is possible by simply adding in the database, the measured axial and circumferential strains of the housing.
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 1 FIGURE 1. Two kinds of shut-off valve with a stuffing box system a) Standard. b) Extreme services [9].
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 2 FIGURE 2. Die formed exfoliated graphite packing.
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 3 FIGURE 3. Test device, view of the overall setup.
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 45 FIGURE 4. Test device, CAD 3D view.
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 6 FIGURE 6.Results of loading-unloading compression tests. a) Nominal stress versus nominal strain. b) Nominal stress versus time standard. c) Nominal stress versus time for loading-relaxationunloading compression test.
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 7 FIGURE 7.Results of loading-unloading compression cyclic test with five loops. a) Nominal stress versus nominal strain. b) Nominal stress versus time.
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 8 FIGURE 8. Meanings of the parameters for the deviatoric parts: a) hyperelasticity b) hysteresis.
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 9 FIGURE 9.Comparison between the experimental mechanical response and the numerical results. a) Loading-unloading compression test. b) Loading-unloading compression test with five cycles at different strain levels.
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 10 FIGURE 10. Weighting curve for each contributions.
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