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Introduction

Unlike journal bearings lubricated by conventional Newtonian fluid, having a unique rheological behavior, the use of ferrofluids (or magnetic fluids) as lubricant is an ingenious method of controlling the vibrations of rotating guidance systems. With the application of an external magnetic field to the fluid film confined into the journal bearing gap, the ferrofluid changes its viscosity, stiffness and damping properties, which will have a direct impact on rotor dynamic behavior. This type of bearings can be used for instance to ensure rotor guidance in rotating machines for power generation, pumps, large electric motors and combustion engines. However, the journal bearings stability may affect the proper functioning of machines, hence the importance of identifying and avoiding instability regions of journal bearings to preserve the lifetime of systems working in dynamic regime.

Lund and Thomsen [START_REF] Lund | A calculation method and data for the dynamic coefficients of oillubricated journal bearings[END_REF] used the film pressure perturbation method to evaluate the four stiffness and the four damping coefficients of a rigid aligned journal bearing. Ebrat et al. [START_REF] Ebrat | Calculation of journal bearing dynamic characteristics including journal misalignment and bearing structural deformation[END_REF] calculated the stiffness and damping coefficients by disturbing the film thickness of the journal bearing. They confirmed their numerical results by those of Lund and Thomsen [START_REF] Lund | A calculation method and data for the dynamic coefficients of oillubricated journal bearings[END_REF]. Merelli et al. [START_REF] Merelli | Dynamic coefficients of finite length journal bearing. Evaluation using a regular perturbation method[END_REF] obtain analytical expressions to describe the static and dynamic behavior of hydrodynamic journal bearings. Synnegard et al. [START_REF] Synnegård | Influence of cross-coupling stiffness in tilting pad journal bearings for vertical machines[END_REF] evaluated how cross-coupling coefficients affects the dynamics of a vertical rotor with tilting pad journal bearings. Smolík et al. [START_REF] Smolík | Investigation of bearing clearance effects in dynamics of turbochargers[END_REF] studied the effects of radial bearing clearances on the dynamical response of the turbocharger rotor. However, all the previous mentioned studies have investigated the journal bearing dynamic performances with a conventional Newtonian fluid. This work consists of a numerical study of the dynamic performance and stability conditions of finite hydrodynamic journal bearings lubricated by ferrofluids. The Shliomis model [START_REF] Shliomis | Effective viscosity of magnetic suspensions[END_REF][START_REF] Shliomis | Magnetic fluids[END_REF] is used to consider the effects of the rotation of ferromagnetic particles and their magnetic moment. The applied magnetic field is created by a finite wire of electric current placed at an optimum angle outside the journal bearing [START_REF] Laghrabli | Static characteristics of ferrofluid finite journal bearing considering rotational viscosity effect[END_REF][START_REF] Laghrabli | Ferrofluid lubrication of finite journal bearings using Jenkins model[END_REF]. The modified Reynolds equations derived here are discretized using the finite difference method on a rectangular mesh of constant grid size and solved iteratively by the Gauss Seidel method with a relaxation coefficient for accelerated convergence of the solution. The stiffness and damping coefficients are determined by applying the mathematical perturbation method, in order to specify the stability map corresponding to each relative eccentricity and for different concentrations of ferromagnetic particles. Figure 1 shows the geometry of the studied bearing which is presented by two independent Cartesian coordinate systems, (x,y,z) fixed at the center of the bearing and which measures the displacements of the shaft with respect to the center of the bearing and (x',y',z') which presents the Cartesian coordinates of the developed journal bearing.

Analysis

The modified Reynolds equation for journal bearings operating under dynamic conditions is obtained here as follows [START_REF] Atlassi | Rotational viscosity effect on the stability of finite journal bearings lubricated by ferrofluids[END_REF]:

1 R 2 ∂ ∂θ ( h 3 η+η sx' ∂p ∂θ ) + ∂ ∂z ( h 3 η+η sz' ∂p ∂z' ) =6ω ∂h ∂θ + 1 R ∂ ∂θ ( h 3 η+η sx' f mx' ) +12h ̇ (1) 
With:

η sx' = 1 4
μ 0 τM 0 H : rotational viscosity in the x' direction (τ ̄=

6ηφ nK B T(1+ξ coth ξ) ); η sz' = 1 4 μ 0 τ̄M 0 H H y'
2 : rotational viscosity in the z' direction;

f mx' = μ 0 M 0 H H x' ∂H x' ∂x'
: magnetic force induced per unit of volume;

M 0 = nμ(coth ξ -1/ξ) : equilibrium magnetization given by the Langevin formula [START_REF] Shliomis | Effective viscosity of magnetic suspensions[END_REF]; R: journal bearing radius; ω : angular speed of the journal bearing.

The externally applied magnetic field adopted in this study is that created by a finite wire of an electric current located at a distance 𝑅 0 , greater than the radius R of the journal bearing, and parallel to the axial direction z' from the bearing center O. The strength of this magnetic field is simply given by [START_REF] Laghrabli | Static characteristics of ferrofluid finite journal bearing considering rotational viscosity effect[END_REF]:

𝐻(θ,𝑧′) = I e 4πr {sin tan -1 ( L 2 ⁄ +z' r ) + sin tan -1 ( L 2 ⁄ -z' r )} (2) 
where

𝑟 = √𝑅 2 +𝑅 0 2 -2𝑅𝑅 0 cos(Ψ-θ);
L : journal bearing length; I e : strength of the current passing through the wire.

The calculation of dynamic coefficients, therefore of the pressure field, requires the use of numerical methods. In dynamic regime the movement of the center of the shaft is described by the amplitudes Δx and Δy measured from its static equilibrium position. Using the fundamental assumption of small journal displacements, the film thickness can be written in the following form:

h = h 0 + Δx cos (θ + Φ) + Δy sin (θ + Φ) ( 3 
)
where Φ is the attitude angle an h0 is the film thickness for the static regime given by:

h0 = c (1 + ε cos θ) ( 4 
)
The shaft center displacements remaining small, we have:

h ̇ = Δẋcos (θ + Φ) + Δẏsin (θ + Φ) (5) 
The shaft center movement causes a perturbation in the pressure field 𝑝 0 in static regime: p = p 0 + p x Δx + p y Δy + p ẋΔ 𝑥+ p ẏΔ ẏ [START_REF] Shliomis | Effective viscosity of magnetic suspensions[END_REF] Injecting Eq. ( 3) and ( 5) into Reynolds equation (1), and using the following approximation:

h 3 ≈ h 3 0 + 3h 2 0 (Δx cos (θ+Φ) + Δy sin (θ+Φ) ) (7)
we obtain the five following equations:

L 0 (p 0 ) = 6ω ∂h 0 ∂ θ + 1 R ∂ ∂ θ ( h 0 3 η+η sx' f mx' ) (8) L 0 (p x ) = -6ω sin (θ+Φ) + 1 R ∂ ∂ θ ( 3h 0 2 cos (θ+Φ) η+η sx' f mx' ) + L x' (p 0 ) (9) L 0 (p y ) = 6ω cos (θ+Φ) + 1 R ∂ ∂ θ ( 3h 0 2 sin (θ+Φ) η+η sx' f mx' ) + L y' (p 0 ) (10) L 0 (p ẋ) = 12 cos (θ + Φ) (11) L 0 (p ẏ) = 12 sin (θ + Φ) (12) with L 0 (.) = 1 R 2 ∂ ∂ θ ( h 0 3 η+η sx' ∂ ∂ θ (.)) + ∂ ∂z' ( h 0 3 η+η sz' ∂ ∂z' (.)) { L x' (.) L y' (.) } = - 1 R 2 ∂ ∂ θ ( 3h 0 2 η+η sx' { cos (θ+Φ) sin (θ+Φ) } ∂ ∂ θ (.)) - ∂ ∂z' ( 3h 0 2 η+η sz' { cos (θ+Φ) sin (θ+Φ) } ∂ ∂z' (.))

Pressure boundary conditions

The hydrodynamic pressure and the magnetic force have a symmetry with respect to the median plane of the journal bearing (z'=0). Based on this symmetry and to save computation time, equations ( 8 

Stiffness coefficients Kij

The calculation of p ̅ x and p ̅ y are used to determine the dimensionless stiffness coefficients K ̅ ij :

x ̅= 𝑥 𝑐 , y ̅= 𝑦 𝑐 , p ̅ = p ηω ( c R ) 2 , 𝐾 ̅ ij =K ij 𝑐 W 0 K ̅ xx = -2 ∫ ∫ 1 𝑊 0 ̅̅̅̅ p ̅ x cos (θ+Φ) dθ d𝑧′ ̅ 2π 0 0.5 0 (17) K ̅ yx = -2 ∫ ∫ 1 𝑊 0 ̅̅̅̅ p ̅ x sin (θ+Φ) dθ d𝑧′ ̅ 2π 0 0.5 0 (18) K ̅ xy = -2 ∫ ∫ 1 𝑊 0 ̅̅̅̅ p ̅ y cos (θ+Φ) dθ d𝑧′ ̅ 2π 0 0.5 0 (19) K ̅ yy = -2 ∫ ∫ 1 𝑊 0 ̅̅̅̅ p ̅ y sin (θ+Φ) dθ d𝑧′ ̅ 2π 0 0.5 0 (20)
where 𝑊 0 ̅̅̅̅ is the dimensionless load capacity in the static regime.

Damping coefficients Cij

The calculation of p ̅ ẋ and p ̅ ẏ are used to determine the dimensionless damping coefficients C ̅ ij :

x̅ = xċ ω , y̅ = yċ ω , p ̅ = p ηω ( c R ) 2 , C ̅ ij =C ij cω W 0 C ̅ xx = -2 ∫ ∫ 1 𝑊 0 ̅̅̅̅ p ̅ ẋc os (θ+Φ) dθ d𝑧′ ̅ 2π 0 0.5 0 (21) C ̅ yx = -2 ∫ ∫ 1 𝑊 0 ̅̅̅̅ p ̅ ẋs in (θ+Φ) dθ d𝑧′ ̅ 2π 0 0.5 0 (22) C ̅ xy -2 ∫ ∫ 1 𝑊 0 ̅̅̅̅ p ̅ ẏc os (θ+Φ) dθ d𝑧′ ̅ 2π 0 0.5 0 (23) C ̅ yy = -2 ∫ ∫ 1 𝑊 0 ̅̅̅̅ p ̅ ẏs in (θ+Φ) dθ d𝑧′ ̅ 2π 0 0.5 0 ( 24 
)
The calculation of the dynamic coefficients allows to calculate the dimensionless whirling frequency (DWF), the dimensionless critical mass (DCM) and the dimensionless threshold speed (DTS) :

DWF= √ (K ̅ xx -K ̅ o)(K ̅ yy -K ̅ o) -K ̅ xyK ̅ yx C ̅ xxC ̅ yy -C ̅ xyC ̅ yx (25) DCM= K ̅ o DWF 2 (26) DTS=√DCM= √ K ̅ o DWF (27) 
where

K ̅ o = K ̅ xxC ̅ yy + K ̅ yyC ̅ xx -K ̅ xyC ̅ yx -K ̅ yxC ̅ xy C ̅ xx + C ̅ yy (28)

Numerical simulation

In this work, for each given relative eccentricity a first calculation is made to determine the angle corresponding to the maximum pressure using a non-ferrofluids lubricant. This angle will correspond to the angular position Ψ of the electric current wire generating the applied magnetic field. The second stage consists in calculating the pressure p0 corresponding to the static regime for determining the attitude angle Φ. The latter will serve as the basis for the calculation of the different dynamic coefficients.

The algebraic system, obtained after discretization by the finite difference method of the flow equations on a rectangular mesh of constant grid size, is solved numerically by the iterative method of Gauss Seidel with a relaxation coefficient for an accelerated convergence of the solution. The resolution of all the equations is ensured by a FORTRAN program specially developed in this work.

Results

It's found in this work that the use of a ferrofluid as a lubricant has a destabilizing effect for a circular journal bearing for low loads (low relative eccentricities), this unstable zone is more significant with high loads (high relative eccentricities). Consequently, the zone corresponding to the dimensionless whirling frequency will be widened with the use of ferrofluid as a journal bearing lubricant. 

Conclusions

Based on a mathematical computational method of film thickness perturbation, the dynamic characteristics of a journal bearing lubricated by ferrofluids are presented to finally bring out the stability map as a function of the concentration of ferromagnetic particles. The applied external magnetic field is that created by a finite wire displaced out of and parallel to the journal bearing. The dynamic regime is necessarily accompanied by the rotation of the ferromagnetic particles effect, this is taken into account by using Shliomis model. With this method, five governing equations are derived and solved numerically by the Successive Over Relaxation method. The results from the developed program were validated with those of the literature for a Newtonian fluid case and excellent agreement was noted.
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 1 Figure 1 Journal bearing coordinate system and notation.

  ) to (12) are only solved on half of the bearing. Reynolds boundary conditions in dimensionless form accounting for bearing cavitation phenomena are used:𝑝̅ (θ , 𝑧′ ̅ = 1𝑐 ,𝑧′ ̅ ) = 𝑑𝑝̅ (θ 𝑐 ,𝑧′ ̅ ) 𝑑𝜃 = 0(16)with θ 𝑐 represents film breakage or reformation angle.

Figure 2

 2 Figure 2 Stability map for different concentrations of ferromagnetic particles for ω = 500 RPM.

This work shows that the use of ferrofluid as a lubricant is not the optimal choice to ensure the stability of a finite journal bearing, despite its considerable contribution to improve the pressure and the load capacity. Therefore, based on this study, lubrication specialists must find a compromise between improving pressure and guaranteeing operating stability.