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Introduction

During launching, a payload is submitted to large vibrations, which may damage it. A good way to set free from this problem is to isolate the payload from launch vibrations. Different isolation strategies may be considered: passive, active, semi-active and hybrid between the aforementioned strategies. Considering the mechanical constraints of the desired isolation (vibration amplitudes and frequencies), among all those strategies, one is particularly suitable: a soft Payload Attach Fitting (P AF) using MR dampers. In terms of forces and strokes, MR dampers seem to be appropriate thanks to their scalability. Moreover, MR semi-active isolation is said to offer nearly as good performance as active isolation, when using MR dampers with a control loop. Finally, the fail-safe property of MR isolator in passive mode is very attractive for the launcher application.

Before designing a 6-dof MR Isolating P AF (IPAF), MR damper and MR 1-dof isolator behaviours are investigated. In the literature, we can find several modeling approaches. Phenomenological models such as Bouc-Wen and derived models [1], [START_REF] Spencer | Phenomenological model of a MR damper[END_REF] can capture the damper behaviour very well. However, they depend on experimental results to adjust the parameters. Mechanical based models are less predictive but may offer a better comprehension of the damper behaviour, especially hysteresis and force overshoots in the force-velocity plot. In [START_REF] Sims | A unified modelling and model updating procedure for electrorheological and magnetorheological vibration dampers[END_REF], Sims et al. propose a lump parameters model to capture fluid compressibility and inertia effects. In [START_REF] Wang | Dynamic modeling of semi-active ER/MR fluid dampers. Damping and Isolation[END_REF], continuity equation taking into account fluid compressibility is used, which exhibit the hysteresis effect. In this paper, a modeling based on fluid and solid dynamics equations is done. The same approach as in [START_REF] Wang | Dynamic modeling of semi-active ER/MR fluid dampers. Damping and Isolation[END_REF] is generalised, expressing the momentum equation, which exhibits fluid inertia effects. For this, variable control volumes are particularly convenient. The valve flow is solved numerically using a modified Bingham stress-strain rate law as in [START_REF] Nishiyama | Numerical simulation of MR fluid damping characteristics using a modified Bingham model[END_REF]. The MR damper behaviour resulting from this model exhibits the hysteretic loop (due to compressibility) and force overshoots (due to chambers fluid inertia) at low piston velocities. The prediction ability of the model will be soon estimated and reported in a 1 next paper, by comparing model results with those from an experimental bench in construction. 

Quasi-steady valve flow model

When flowing from chamber 1 (on the left) to chamber 2 (on the right), the fl uid passes through the piston valve. The valve model enables to know the velocity field inside the valve and to relate it to the pressure and drag forces acting on the fl uid:

If T is the shear stress and f¥J = p 1 -p 2 , the equation ofNavier-Stockes gives:

AfJ = a. (1 )
L ay

For want of something better, Lord Corp. data on fluid MRF-132AD [8] are used even if this is not the fluid used in RD-1005-3. The best approach would be to have a set of experimental points from a viscometer on the real fl uid. But here we report a method demonstration. Those dates fi t well with a modified Bingham law, used in [START_REF] Nishiyama | Numerical simulation of MR fluid damping characteristics using a modified Bingham model[END_REF]:

• =
(, au/�l � H ](H) + 7l }: (2 ) where T] is post-yield viscosity, •yct the dynamic yield stress and i; a parameter linked to pre-yield viscosity. This law has the advantage of having a continue stress roll-off at small strain rate. Let's call z the function of equation (2 ) : • = x(au/ay, H).

Thus, to get the velocity profi le u(y,H), one has to integrate the stress as follows: The integration of (3) is numerically done for a range of � P and H. Then the mean velocity u along the cross-section of the valve is calculated. This enables to find two constitutive relations of the valve: t'lp = x P (u,H) (4) and r w = z Ju, H) [START_REF] Nishiyama | Numerical simulation of MR fluid damping characteristics using a modified Bingham model[END_REF], which are implemented in the Simulink block diagram (see §4) as look-up tables. Note that the calculus described above is numerical. So it can be applied with any type of stress-strain rate model or set of experimental points. Finally, the total force of the damper is:

Fd = -MP.XP + p1(Ad -A,,)-p2(Ad -A,,-A.) + 2.Tw.2;rr RvL (6) The last term is introduced in [START_REF] Nishiyama | Numerical simulation of MR fluid damping characteristics using a modified Bingham model[END_REF]. It represents the viscous drag force. In this simulation, it represents 6.5 % of the pressure force (2n d and 3r d terms).

2.2

Gas acc umu lator model

If Peq and Leq are the internal gas pressure and equivalent length of the accumulator at the equilibrium piston position, considering that the gas transformation is adiabatic leads to:

P g = (l+�iL. q Y � p .{ 1-y ;:) (7) 2.3

Chambers model

It is well known that quasi-steady models of the valve are not sufficient to capture the real force-velocity curves of the MR damper, as they exhibit hysteresis and force overshoots at low velocity. To take these dynamic effects into account, [START_REF] Sims | A unified modelling and model updating procedure for electrorheological and magnetorheological vibration dampers[END_REF] build a lump parameters model based on MR fluid compressibility and inertia. [START_REF] Wang | Dynamic modeling of semi-active ER/MR fluid dampers. Damping and Isolation[END_REF] build a model based on continuity equation taking into account fl uid compressibility. Here, an attempt of generalising this last approach using continuity and momentum equations in variable control volumes of the chambers is done.

In fl uid mechanics problems, we can chose fixed or variable control volumes. Here, we chose variable control volumes that follow the chambers volumes. If V m(t) denotes a material volume and V0(t) an arbitrary control volume limited by a surface A0(t), that coincides to V m(t) at time t, the Reynolds transport theorem gives for a function f:

!!.._ J fdV =!!.._ J fdV + J f(v-w). ndA (8) dt v.(1) dt v.(1) A.(1)
where vis the fluid velocity, w the velocity of surface A0(t) and n the surface normal.

Chosen control volumes: V mlt) a constant quantity of chamber i (i=1;2) fluid at time t, and V0i(t) the volume delimited by chamber i at time t. Applying f = p, (fluid density) gives the continuity equation (mass flow rate). So, taking into account the fluid compressibility pas in [START_REF] Wang | Dynamic modeling of semi-active ER/MR fluid dampers. Damping and Isolation[END_REF] gives for chambers 1 & 2:

{ m1 O A (• . ) A ( • -) Va1 8p1 -= = x -x - x -u + -- p d p g v p /3 8t m2 . . . - va2 8p2 -= O = (A -A \Ix -x )+ A (x -u )+--- p d , A b p v p /3 at (9) & ( 10 
)
which is of course the same result as in [START_REF] Wang | Dynamic modeling of semi-active ER/MR fluid dampers. Damping and Isolation[END_REF] for fixed volume control. The interest of variable control volume is to express momentum equation (applying f = pv ), which expresses the dynamic equation of fl uid chambers. The left term in eq. ( 8) is then equal to the forces sum acting on the fluid. To express the right terms of eq. (8), we have to know the velocity field inside the chamber, which could be done with Computational Fluid Dynamics. Here, we make the following assumption: the velocity field is unidirectional and linearly dependent on the boundaries (piston and gas accumulator frontiers) velocities. Under this assumption, the momentum equation of chamber 1 becomes: where A p =A.i-Av is the piston surface and L1 the equilibrium chamber 1 length. This equation enables to bind p8 to p1 , thus making appear the fluid inertia terms acting on the piston. In § 3, we will see how this equation can be simplified by suppressing negligible terms. Note that momentum equation is not written for chamber 2 since it would introduce the pressure on the right side of the damper housing, which is difficult to know.
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Solving method

The modeling presented in §2 makes appear 5 equations (6), ( 7), [START_REF] Choi | Semi-active vibration isolation using magnetorheological isolators. Damping and Isolation[END_REF], [START_REF] Kelso | Precision controlled actuation and vibration isolation utilizing magnetorheological fluid technology[END_REF], (11) with 5 variablesx g , u, PP p2, p g . This system is written in a Simulink block diagram and solved with a simple RK.4 integration method. However, due to the complexity of the model, especially equation (11), the system is solved assuming that p1=p8• After resolution, we can add to the damper force the inertia terms of equation ( 11). An analysis of the results show that all quadratic velocity terms are very small compared to acceleration terms. Thus the equation (11) can be approximated by: (pg -pi)Ad = .!_ Pli(Ap(xp +xg )+ A.,(il +xJ) c12) 2

The excitation is a sinusoidal motion of the piston rod, the damper base being fixed. Finally, the damper model is inserted in a 1-dof isolator model consisting of a spring in parallel with the damper, supporting a mass of 50 kg. The isolation frequency of the undamped system is fixed to 5 Hz. The isolator is sinusoidally base-excited. As the isolator is non-linear because of the damper, the output signals are not sinusoidal. However, we can plot the ratio of maximum-output acceleration on maximum-input acceleration. This transmissibility simulation is solved in the time-domain for a range of input amplitudes and frequencies and plot in the frequency domain.

Both simulations (damper alone and in isolator configuration) will be soon compared with experimental results carried out on an experimental bench in construction using Lord RD-1005-3. The model will be readjusted using experimental results, especially the stress-strain rate curve, which is at present uncertain.
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Results and discussion

Hysteresis and MR fluid com p ressibility

The displacements induced by MR fluid compression are small compared to the piston displacements. However if MR fluid compressibility is neglected, equations (9) and [START_REF] Kelso | Precision controlled actuation and vibration isolation utilizing magnetorheological fluid technology[END_REF] show that x P is proportional to u, inducing a non-hysteretical law between Fd and On fig. 3, we can see that the model gives a usual force-velocity curve. Fig. 4 enables to understand the hysteresis. The hysteresis is due to a time delay between x and u . p This delay occurs only at low velocity, when the force changes in sign. The reason of this can be seen from a rearrangement of eqs. [START_REF] Choi | Semi-active vibration isolation using magnetorheological isolators. Damping and Isolation[END_REF] and [START_REF] Kelso | Precision controlled actuation and vibration isolation utilizing magnetorheological fluid technology[END_REF], after noting that t:,.p = a:; u = z: ( u).u and using eq. ( 7) to eliminate x 8 :

.:... 1 -c .

(

) u+--u =---x T(u ) T(u ) p 13 
where C is a multiplicative coefficient due to flow conservation and T(u) is proportional to X� (u). This equation is a first order non-linear differential equation depending on time. However, let's consider for comprehension a biviscous function for x/u). Then equation (13) can be split into two domains of u (pre-yield and post-yield). For low velocity, x�(u)=Cpre, whereas for higher velocity x�(u)=Cpost. In our case, Cpre / Cpost � 1 4 00. As a consequence, the time delay is negligible for high velocities, whereas for low velocities, it is significant. That's exactly what can be observed on fig. 4. Fluid inertia is a possible explanation a commonly observed force overshoots. With the chosen geometry (RD-1005-03), our method gives a negligible fluid inertia force compared to the damper force . The force-velocity curve is similar to fig. 3. However, fluid and gas wall accelerations have a peak (fig. 6) when the force is in post-yield region. Fig. 5 is the force-velocity curve from the model taking into account fluid inertia with a quantity of fluid equal to ten times the real quantity. For such an amount of fluid, force overshoots appear. The use of momentum equation seems to be a good way to introduce fluid inertia effect. However, the results should probably be better if the velocity field in the chambers were better known. We will try to enhance this method later. Fig. 7 shows the equivalent transmissibility for different input magnetic inductions. The more H, the less the amplification around resonance, but the worst attenuation above resonance. Tracking the mimimum transmissibility at each frequency for different H results in an optimal transmissibility curve shown in fig. 8. Using a control law, the transmissibility should tend to this optimal curve as shown in [START_REF] Choi | Semi-active vibration isolation using magnetorheological isolators. Damping and Isolation[END_REF]. Fig. 8 shows the results for the very known equivalent skyhook control with Hmax=le4 Alm.

The magnetic field is created by a current in a coil by following a 1 st order transfer function with a time constant T. Fig. 8 shows that the response time damages the isolator performance. Hence the importance to decrease the response time by using either smart coils configuration [START_REF] Kelso | Precision controlled actuation and vibration isolation utilizing magnetorheological fluid technology[END_REF], or PWM (Pulse-Width Modulation) current generation [l]. Note that in this simulation, the transmissibility in the controlled case doesn't tend to the optimal transmissibility. This point will be analyzed and compared with the experiment.

This isolation study is a principle study. The isolation objective in launcher application is -12dB in the [5; 100 Hz] range. Here, for a 1-dof isolator, -12dB is reached in the [13; 100 Hz] range, as shown in fig. 8, nearly without amplificating the input acceleration beneath 13 Hz. In the launcher application, a MR isolator should reach in a similar way the isolation objective from a low frequency F MR min slightly higher than 5 Hz (around 10 to 20 Hz). Then, to complete the isolation frequency range, a hybrid semi active I active isolator will be investigated, where the active part will have to attenuate in the [5; F MR min Hz] range. Finally, the isolator performance may be enhanced using a three parameter isolator (added serial spring) as in [START_REF] Kelso | Precision controlled actuation and vibration isolation utilizing magnetorheological fluid technology[END_REF] and by using other control laws.

Conclusion

A theoretical analysis of the MR damper behaviour is presented using fluid dynamics equations. As it is a physical approach, it enables a physical comprehension of the damper behaviour (hysteresis and force overshoots). The use of momentum equation seems to be a good manner to introduce fluid inertia effects. However the method has to be enhanced by having a better knowledge of velocity field in the chambers. The theoretical results will be soon compared to experimental results provided by an experimental bench presently in construction. The comparison and enhancement of the modeling will be reported in a next paper. The damper model is then used to predict a single dof MR isolator. The isolation study confirms that MR fluid-based technology seems to be a good way to isolate satellites from launcher vibrations during flight. Some enhancement perspectives of isolator performance are reported: hybrid active/semi-active isolation, three-parameter isolation and optimal control laws will be investigated. 
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 2 Proposed model In this paper, a theoretical model based on fluid and solid dynamics equations is proposed. It has the advantage of being totally general and independent of experimental identifi cation. The results will be compared to those from an experimental bench using RD-1005-3 damper (Lord Corp.). The diagram of this damper is shown in fig. I. The damper is well described in [6] and [7]. The damper is single-ended. An accumulator containing N2 gas (12 cm 3 ) under pressure (20 bars) is aimed at compensating the fluid displaced by the piston rod (cross-section area Ar) and preventing from fluid cavitation .

Figure 1 .

 1 Figure 1. Geometrical pararneterization of the MR damper RD-I 005-3

  u(y,H)= Jx-1 f y,H <if= -;; -Jx-1(?',H)d?'(3 ) -b .p -rw where , w = ;: b is the wall shear stress and • ( y) = � : y , by integrating ( 1) and taking into account the boundary conditions on the walls (continuity of velocity).

x,Figure 3 .

 3 Figure 3. Force-velocity from the model. Sinusoidal motion ( 5Hz, 3mm)

Figure 4 .

 4 Figure 4. Force, piston velocity, valve velocity Vs time from the model. Same motion as fig. 3

Figure 5 .- 1 Figure 6 .

 516 Figure 5. Force-velocity from the model taking fluid inertia into account. Sinusoidal motion (SHz, 3mm) 4.2 Force overshoots and fluid inertia

Figure 7 . 3 Figure 8 .

 738 Figure 7. Isolator transmissibility with an amplitude of l .8mm for different constant magnetic induction (Nm)
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