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Summary. In this paper we consider the phenomenon of vaporisation cavitation in a porous journal 

bearing. To this end, we solve the coupled problem consisting of the Reynolds equation applied in 

the bearing gap and the well known Darcy’s law, which describes the fluid flow through the 

sintered seat of the journal. The nonlinearities introduced by the emergence of the cavitation region 

are treated in the numerical scheme by means of a simulated-annealing technique. The variation of 

both the eccentricity ratio as the key parameter controlling the solution provides insight into the 

behaviour of pressure and the density of the lubricant. Here significant density variations are 

restricted to the cavitation region, which is treated as a homogeneous two-phase mixture. 

1 PRELIMINARIES 

Recent developments reveal that ionic liquids exhibit a series of properties, e.g. relatively low 

cavitation pressures, which render them as potential lubricants. Industry has gained awareness upon 

this topic, and tests for establishing tribological characteristics and impact on the environment are 

currently performed. Our concern in this paper is with the lubrication of porous journal bearing 

impregnated with ionic liquids, more specifically with the (undesired) phenomena of fluid-film 

cavitation. This phenomenon has been treated previously in several articles [1], [2], but the present 

work takes on a different approach from the numerical point of view (and not only). In any case, the 

presence of cavitation introduces steep pressure gradients near the bearing edges, one important 

issue that requires specific attention in the computational schemes. 

2 NOMENCLATURE 

c = bearing clearance 

refh  = reference film thickness, measured at 2/πθ =  

H = film thickness function 

i = iteration step 

K = coupling parameter, refir hRK /12φ=  

Pc = standard cavitation/vaporisation pressure 

Pref = reference pressure, ( )22 /6 cRΩP iref η=  

Pcav = cavitation pressure, non-dimensional with Pref 

PF = pressure in fluid, non-dimensional with Pref 
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PS = pressure in sintered matrix, non-dimensional with Pref 

r = radial coordinate of the bearing, non-dimensional with Ri 

Ri = bearing inner radius 

U = Heaviside unit step function:  0for    0)(   ,0for   1)( <=≥= xxUxxU  

rSv ,  =  flow velocity component normal to seat surface entraining lubricant fluid film 

z = axial coordinate of the bearing, non-dimensional with L/2 

γα ,  =  parameters controlling β  

β = parameter controlling isothermal compressibility of fluid, non-dimensional 

Γ  = aspect ratio, ( )2
/2 LRΓ i=  

ε  = eccentricity ratio, ] [1 ,0∈ε  

η = kinematic viscosity of the lubricant 

θ  = circumferential coordinate of the bearing, [ ]πθ 2 ,0∈  

Λ  = bearing thickness 

lρ  =  liquid density 

ρ  = density, non-dimensional with lρ  

zr ,,θφ  = permeability, components indicated by subscripts non-dimensional with 3/ refi hR  

ω  = under-relaxation factor, [ ]1 ,0∈ω  

Ω = shaft rotational speed 

3 PROBLEM FORMULATION  

In lubrication theory the phenomenon of cavitation is referred to in different contexts: several 

mechanisms described are associated with a discontinuity in the otherwise contiguous liquid 

lubricant fluid film, each of them affecting differently the problem formulation and therefore the 

solution [3]. The vast amount of the studies available deal with cavitation in the sense of a sudden 

rupture of the liquid film (in the divergent part of the bearing gap), as a consequence of either the 

presence of a gaseous component (mostly air) and/or local vaporisation. In contrast, the present 

investigation is concerned with a self-consistent description of vaporisation of the liquid into a 

homogeneous two-phase mixture of liquid and vapour, where the pressure change is insignificantly 

small and effects due to surface tension can be neglected. That is, the flow is assumed to be 

isothermal, such that the fluid undergoes a thermodynamically stable phase transformation. This 

implies that at the interface between the fully liquid phase and the homogeneous mixture there is 

zero net mass flux. 

The bearing is assumed to operate under stationary conditions and to have a plane of symmetry 

0=z (total bearing width L). A relatively thin gap separates the shaft from the seat with inner 

radius Ri, so that the local bearing clearance H approximately takes place for r = 1 and is written in 

the usual form ( ) θεθ cos1+=H . We adopt the well-known Reynolds equation to describe the fluid 

flow through the clearance, which, in non-dimensional and suitably extended form, here reads 



 
 

 CAVITATION IN POROUS JOURNAL BEARINGS LUBRICATED WITH IONIC LIQUIDS 

 

3
rd
 European Conference on Tribology, June 7-9, 2011; Vienna, Austria 3 

 ( ) ( ) rS
FF

cavF vH
z

P
ΓH

P
HPPU ,2

2
33 −

∂

∂
=









∂

∂
+









∂

∂

∂

∂
− ρ

θθθ
. (1) 

The right hand side term accounts for the variable density inside the cavitation region and the mass 

exchange between the lubricant film and the sintered seat of the bearing. The specific form of (1) 

relies on a suitably defined coupling of the film flow and the percolation of the porous seat, to be 

introduced below. We regard the density in the continuous fluid regime as constant, so that ρ can be 

approximated by 1. However, as we move outside the fluid film, into the cavitation area, ρ varies 

between 0 and 1. 

Equation (1) has to be supplemented with appropriate boundary conditions, i.e. symmetry with 

respect to ,0=z  periodicity in θ, and the requirement that PF is equal to the ambient pressure at the 

edge of the bearing, 

 0
0

=
∂

∂

=z

F

z

P
,  ,

20 πθθ ==
= FF PP   0

1
=

=zFP  (2) 

The porous structure of the seat adds one more problem to that posed by (1), (2), that is, the well-

known Darcy’s law which describes flows through porous media. For in general anisotropic 

permeability subject to periodicity in θ , as assumed here, it is written in cylindrical coordinates as 
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In general, zr φφφ θ   , ,  are given functions of zr  , ,θ . For uniform permeability ( === zr φφφ θ const.), 

equation (3) is actually Laplace’s equation. Also, in the approximation considered we have 

 PF = PS   at   r = 1. (4)  

The boundary conditions associated with Darcy’s law are symmetry, periodicity and insulation, 
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It can be shown with standard methods on the basis of (1), (3), (4), and (5) that the interior of the 

porous matrix is free of cavitation. Expressing rSv ,  in terms of Darcy’s law finally yields the desired 

coupling condition 
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where, in the approximations considered, K is a quantity of O(1) which measures the strength of the 

mass exchange between lubricant film and the sinter. Physically admissible solutions of the coupled 

problem posed by (1)-(6) have to be sought in the class of pressure (density) distributions that 

satisfy the condition of zero net mass flux across the initially unknown interface that separates the 

liquid film from the two-phase cavitation region in the gap. This imposes an additional constraint, 

which, expressed more precisely, is associated with a weak formulation of the problem and requires 

special attention in the numerical scheme. At this stage the nonlinearities tied in with the occurrence 
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of cavitation in view of (1) are noted. Most importantly, one demonstrates by exploiting symmetry 

arguments that ρ  exhibits a discontinuity at the part of the interface where condensation occurs.  

The solutions of the resulting well-posed problem are essentially parameterised byε  and K.  It is 

the primary goal of this study to investigate the resulting problem by varyingε . 

4 NUMERICAL SOLUTION 

Global conservation of mass across the interface is conveniently satisfied when a conservative 

finite-differences discretisation scheme (second-order accuracy, central and forward/backward 

differences inside and at the boundary of the computational domain, respectively) of (1)-(5) is used. 

To ease the process of discretisation, we use an orthogonal mesh with constant step size but variable 

number of grid points in the space spanned by the orthogonal directions. The highest computation 

time is required by the three-dimensional Darcy’s law, but since it doesn’t impose any major 

mathematical difficulties, a reduced number of grid points is sufficient to produce satisfactorily 

accurate results. On the other hand, the nonlinearities in the modified Reynolds equation (1), 

associated with compressibility of the fluid undergoing cavitation, ask for more points in 

circumferential direction θ . The method we propose for iteratively solving the resulting system of 

algebraic equations is the so called “simulated-annealing”, which we explain briefly. 

We start by adopting a modification of the well-established Elrod’s [4] model for the numerical 

treatment of cavitation and introducing an advantageous pressure-density relationship of the form 

 ,0   ,0   ,-   ),;( >>∞<<∞= βρβρ FFF PPP  (7) 

in (1). The parameter β  controls the hereby introduced artificial (isothermal) 

compressibility FP∂∂ρ , which, on thermodynamical grounds, is a positive quantity throughout. 

Furthermore, β  represents a monotonically increasing function of the respective iteration step i, so 

that (7) includes the incompressible limit as for 

 1for          ,1for          : =∞→∂∂<→∞→ ρρρβ FcavF PPP . (8) 

This ensures that cavF PP −  may take on any positive value outside the cavitation region, which, 

together with the in principle unbounded range of values of β required by (7), renders the numerical 

method reliable and consistent with the physical properties of the limiting solution obtained in the 

limit stated by (8). We initiate the iteration procedure ( 0=i ) by solving the formally linearised 

modification of (1) subject to (2) for 0=K , i.e. by identifying U with 1 and 
FP  with ρ , which gives 

a next estimate for ρ . Then the linear problem (3)-(5) is solved, where (4) is accounted for by the 

actual estimate for ρ by virtue of (7). Eventually, this yields an estimate for rSv , for the actually 

prescribed value of K. Accordingly, concerning (1) subject to (2) in the subsequent iteration steps 

( K ,2 ,1=i ), the value of rPS ∂∂  and ρ estimated in the preceding step feeds into (6) and serves to 

linearise the nonlinearities involved by the relationship (7), respectively. The solution of (1), (2) 

then gives an update for ρ and, in view of (7), 
FP , so that (3)-(5) is solved again and i increased by 

1. The 2L -norm of the relative error in the resulting distribution of ρ  serves as a criterion for 

convergence. This is achieved if under-relaxation is employed according to 

 ( ),111 ωρωρρ −+= ++ iii   10 << ω , (9) 

where the subscript indicates the stage of iteration. In this manner, the pressure in the fluid film is 

computed in a rational way, and the nonlinearity due to cavitation is accounted for properly. 
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Specifically, ( ) ( )γγ ρβρββ 111
224 −+−+=− cavF PP , [ ])1(tanh)( minmaxmin −−+= iαββββ , with 

γ  being an odd positive integer and the parameters , , minβα maxβ having the magnitudes 0.1, 1, 10, 

respectively, represent the forms of (7) and (8) used in the current scheme underlying the results 

discussed below. Here we set ,1=γ  and bounding β  by maxβ turns out to be necessary as it 

stabilises the growth of the oscillations observed near steep spatial gradients of ρ  near the line of 

symmetry (z = 0) and close to the phase interface that evolves as iteration proceeds. These reflect 

the inherent numerical difficulties associated with the intrinsic density jump mentioned above. 

Finally, here convergence is achieved for i being sufficiently large. Nevertheless, we stress that 

efforts are under way to cope with the original requirement (8). Here testing different values of 

, , minβα maxβ and higher values of γ  as well as more intricate explicit forms of the pressure–density 

relationship (7) seems expedient. Moreover, an adaptive grid refinement near the phase interface is 

a subject of the current activities. 

In the next section we present first results of this approach. 

5 RESULTS AND DISCUSSION 

The following numerical results were obtained by using the input parameters c = 10 µm, Ri = 4 cm,     

L = 5 cm concerning the geometry of the bearing, the homogeneous permability φ  = 10
-14

 m
2
, and η 

= 0,0693 Pa·s, Pvap = 10
-9

 Pa for the lubricant characteristics. To evaluate the behaviour of the 

pressure and density under different conditions, we varied the key parameterε .  

We start from low values of ε  ( ≈0.3) and increase those by aiming at finally approaching their 

possible maximum ( −→ 1ε ). For low to moderate values ofε , the pressure exhibits satisfactory 

behaviour and no oscillations were recorded (see Figure 1). Here the solution is neither symmetric 

(like in the case of cavitation-free system), nor anti-symmetric. The area of cavitation is clearly 

bounded and matches the general prediction that it should occur in the divergent part of the bearing. 

The cavitation area develops with increasingε  (see Figure 2).  In θ -direction it occupies almost all 

the area situated between π  and π2 , while in z direction, the distance from the “peak” of cavitation 

to the edge of the bearing decreases almost linearly. For higher values of ε , the aforementioned 

oscillations in the density distribution (see Figure 3) become more pronounced and are even 

observed in the pressure field  for the given configuration when the value of ε  exceeds 63.0≈ . 

Eventually, here convergence fails forε  larger than 7.0≈ . 

 Figure 1. Pressure in the fluid for 4.0=ε  (left) and 6.0=ε  (right) 



CAVITATION IN POROUS JOURNAL BEARINGS LUBRICATED WITH IONIC LIQUIDS   
 

6 3
rd
 European Conference on Tribology, June 7-9, 2011; Vienna, Austria 

 

 

Although this situation can be improved by increasing the number of grid points and adjusting the 

relaxation step (9), it probably indicates a local mass exchange across the phase interface associated 

with the density jump, which contradicts the requirement of the weak problem formulation. This 

failure of the numerical scheme and improving the description (7) of the mass exchange represent 

the major open points, which are topics of the present and future research efforts. 
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Figure 2. Distance to the edge vs.ε  (left), phase interfaces for 55.0,45.0,35.0=ε  (right) 

Figure 3. Density profile for ε = 0.4 (left) and ε = 0.6 (right) 


