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Abstract. Surface texturing has proven to be a good technique to improve the
characteristics of lubricated contacts. In journal bearings, texturing can increase
the load-carrying capacity and reduce friction between the surfaces depending
on some texture parameters such as geometry, size, and position. Although many
works are studying the influence of textures on journal bearings, most of them
apply the texture on the bearing surface (static part of the contact). In this work,
chevron-shaped textures are applied on the shaft surface (moving part of the bear-
ing) and a parametric analysis is performed considering some geometric parame-
ters of the chevron. The fluid flow is modeled using the Reynolds equation and a
mass-conserving boundary condition is used to deal with the cavitation zones. Due
to the moving nature of the texture (imposed on the rotating surface of the shaft),
a moving grid technique is employed in the Finite Volumes scheme. The results
show the existence of optimal texture shapes depending on the Sommerfeld num-
ber of the bearing (operating condition). The textures with optimum shapes can
reduce the shaft eccentricity, which indicates an increase in load-carrying capacity.
The reason for this increase in load-carrying capacity is explained by an analysis
of the lubricant’s flow dynamics in the bearing during operation, where a pumping
effect is observed which reduces the leakage flow (the bearing with textured shaft
keeps more lubricant in the bearing gap than the plain journal bearing).

Keywords: Moving Grid - Finite Volumes Method - Hydrodynamic Lubrication

1 Introduction

The increasing demand for more energetically efficient machines led Engineering to
seek ways of reducing losses during operation. One of these ways that have been inves-
tigated is the texturization of surfaces in sliding and/or lubricated contacts. In this case,
texturization can be considered as any imposed alteration of the surface topology, be it
of a structured or random nature.

The first studies on the subject focused on the unstructured textures imposed on the
surface by conventional machining manufacturing processes [1, 2]. It was observed that
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the presence of irregularities on the surface of sliding contacts did improve some hydro-
dynamic properties due to the pressure build-up and cavitation effects in the region of
these irregularities. Hence, there came the idea of purposely imposing such irregularities
on the surface of sliding contacts in a more organized (or structured) way, trying to take
advantage of the resultant hydrodynamic effects to improve the behavior of the lubri-
cated contact. Such an idea was fostered in the last decades with the advent of modern
machining techniques that allowed the controlled imposition of micrometric textures
on surfaces within acceptable tolerances: ion etching [3], abrasive jet machining [4, 5],
laser surface texturing [5, 6], mechanical micro drawing [7], grinding texturing [8].

In the last decades, much has been investigated on the application of structured tex-
tures in lubricated contacts, especially in journal bearings and sliding bearings. Textur-
ized surfaces were studied under different lubricating regimes [9-11], and they resulted
in similar reductions in the friction coefficient. It has been assumed that the textures work
as lubricant reservoirs and they provide additional lubrication under starved or boundary
lubricating regimes. Such an explanation is not consensual among researchers, and the
most accepted hypothesis is that textures locally change the hydrodynamic pressure dis-
tribution in the contact (pressure build-up) due to the presence of local cavitation regions.
As a consequence, one achieves an overall increase in the load-carrying capacity of the
contact [12].

In journal bearings, surface texturing can modify important static characteristics,
such as the rotor eccentricity, the attitude angle, the driving torque, and the oil flow.
In this case, the geometry, size, and position of the textures play an important role to
achieve positive results. However, despite the high number of works investigating the
subject, there is no consensus in the literature about the best texturing parameters in
general terms. For example, the adoption of chevron-type textures in the loaded area
of the bearing bush presented good results [13], whereas the adoption of square-type
textures in the same region was detrimental in comparison to a full texturized bearing
bush [14].

Many different texture geometries have been studied in the literature, including
circular [15], rectangular [16], triangular [17], and chevron [18], with all presenting
promising results under different operating conditions of the bearing. However, in the
majority of the works, the texture is applied to the static surface of the contact. Few
works focused on the texturization of the moving parts of the lubricated contact. For
example, one observed friction reduction in the sliding contact of a cylinder piston when
the surface of the piston had dimple patterns [19]. By adopting grooves on the surface
of the cylinder, one observed a bigger retention of lubricant on the sliding surface (an
increase of lubricant wetness) [20].

In the case of journal bearings, four different texture geometries were tested exper-
imentally on the surface of the rotating shaft: chevron, sawtooth, oblong dimple, and
aligned dimple [21]. In this case, the chevron-type texture significantly decreased the
rotor eccentricity in comparison to the non-textured case, as evidenced by the increase in
the load-carrying capacity of the bearing. In another work, the sawtooth pattern showed
to be a better solution in comparison to the trapezoidal pattern, which is still better than
the bearing with a non-textured shaft [22].
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The present work focuses on the analysis of a journal bearing supporting a shaft
with chevron textures on its surface. The results bring some insight into the physics
behind the increase of the load-carrying capacity of the bearing due to the presence of
the textures. It is observed that chevron-type textures have a positive pumping effect
on the lubricant flow in the bearing gap, thus keeping more fluid in the centerline of
the bearing. As a result, the load capacity increases. In addition, the orientation of the
chevron pattern plays an important role in the results: if the shaft rotates in the wrong
direction, detrimental effects are observed (reduction of load capacity due to pumping
of lubricant out of the bearing).

2 Mathematical Model

By adopting the classic assumptions for the fluid flow in the lubricated bearing gap, one
achieves the Reynolds equation in adimensional form, considering the film fraction in
the cavitation zones:
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where h(x, y, t) is the adimensional oil film thickness, p(x, y, 7) is the adimensional oil
hydrodynamic pressure, « is the adimensional shaft velocity, ¢ is the adimensional time,
0(x, y, t) is the oil film fraction, and (x, y) is a local coordinate system in the planified
surface of the bearing (x in tangential direction and y in axial direction). When 6 = 1,
there is full film lubrication and p > 0, whereas when 0 < 6 < 1, there is cavitation and
p=0.
The oil film thickness is composed of two terms:
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Fig. 1. Global and local coordinate system in the journal bearing.
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h(x,y,t)=hf(x,y,t)+ht(x,y,t) (2)

where A is the oil film thickness in the regions without texture, and 4, is the oil film
thickness in the regions with texture. The oil film thickness in the regions without texture
(hr) can be written as a function of the position of the shaft in the global coordinate
system:

he(x,y,1) =1+ X (¢) cos(2mx) + Y (¢) sin(2mrx) 3)

where X (¢) and Y (¢) are the coordinated of the center of the shaft in the global coordinate
system of the bearing (Fig. 1). To find the position of the shaft, one solves the force
equilibrium problem by the Newmark method:

dr?

MY =Wy
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where M is the shaft mass, Wy and Wy are the components of the hydrodynamic forces
in the (X, Y) global coordinate system, and W, is the external loading applied on the
shaft.

The second term of Eq. (2) depends on the adopted texture geometry and on the
rotating speed of the shaft. For a given instant of time, one has:

dif (x,y)el’
0if x,») ¢T

where d is the texture depth, and I is the texture domain. The main challenge in modelling
the lubricated contact with textures in the moving surface is the fact that the I" region
moves (h; varies with time). To tackle this problem numerically, one moves the domain
of the numerical solution A (in which Eq. (1) is solved) instead of I', thus artificially
keeping the texture domain in place. Hence, for every instant of time, the numerical
domain moves by d A = QRdt, where 2 is the shaft rotating speed and R the shaft
radius. Figure 2 shows the motion of the numerical domain A in two different instants
of time. In a fixed reference frame, the domain A moves from left to right. However,
in the local reference coordinate system (fixed at the numerical domain A), the texture
domain I moves from right to the left.

The use of multigrid techniques [23] also proved advantageous to reduce computa-
tional costs during the numerical simulations of the system.

ht(xvyv t) = { (5)

3 Parametric Analysis

The parameters of the journal bearing in analysis and the operating conditions are listed
in Table 1. One considers ambient pressure as the boundary condition for solving the
Reynolds equation in the numerical domain A:

p0,y,1) =p(L,y, t) = pamp(supply groove) ©)
px, 0,1) = p(x, B, 1) = pamp(axial boundary)
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Fig. 2. The domain of numerical solution A at two different instants of time.

where L is the total circumferential length of the bearing, and B is the bearing width.
The geometric parameters of the chevron texture are the chevron angle («), the chevron
thickness (e), and the number of chevrons in the texture (V;) — Fig. 3. The depth of the
texture is 25 pm in all studied cases.

Table 1. Parameter values of the bearing in analysis.

Parameter Value | Unit | Parameter Value | Unit
Bearing width (B) 25 mm Rotating speed 4,000 |rpm
Bearing nominal clearance (hy) | 50 pm Oil viscosity 0.032 | Pas
Shaft radius (R) 25 mm External load (W,) 320 N
Shaft mass (M) 10 kg

The parametric analysis is performed by keeping the chevron thickness (e) constant
and varying the values of the chevron angle («) between 30 and 70°, and the number of
chevrons (N;) between 0 and 15. One observes the effect of the texture in the resultant
eccentricity of the shaft for the operating condition in the study:

ST
E=—"— (7
hy

The obtained results are shown in Fig. 3 for different values of chevron thickness
(3 < e < 7mm). As one can see, for every chevron thickness, there is an optimum
combination of angle o and number of chevrons N, that decreases the shaft eccentricity
(an evidence of an increase of the bearing load-carrying capacity). In this case, the best
results were obtained for N; = 7, ¢ = 7 mm, and « = 60°. The resultant eccentricity was
& = 0.184, which is 9.4% smaller than that of the shaft without textures (¢ = 0.203)

(Fig. 4).
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Fig. 3. Geometric parameters of the chevron texture on the shaft surface: chevron angle (@),
chevron thickness (e), and the number of chevron textures (V).
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Fig. 4. Shaft eccentricity as a function of the texture angle o and the number of textures N;: (a)
e =3 mm, (b) e =4 mm, (¢c) e =5 mm, (d) e =7 mm.

To better understand why the textured shaft leads to a smaller eccentricity, let’s
analyze the case of the shaft with the best texture obtained in the parametric analysis
(N; =7, e =7 mm, o = 60°). Figure 5 presents the hydrodynamic pressure distribution
in the bearing gap, for a given instant of time, for the cases of non-textured and textured
shafts. In the case of the non-textured shaft (Fig. 5a), one observes a conventional hill-
shape distribution of the pressure around the position of minimum film thickness, with
a maximum hydrodynamic pressure of 5.9 x 103 Pa. This pressure distribution has a
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convex shape in the direction of the shaft rotation, which tends to push the lubricant
towards the axial boundaries of the bearing (leakage flow — Fig. 6a).

In the case of the textured shaft (Fig. 5b), the pressure distribution is completely
different: the pressure distribution is concentrated in the regions between the chevrons
because of the cavitation and pressure build-up zones created by them. For this reason,
these pressure “hills” tend to follow the shape of the chevrons, thus presenting a concave
shape in the direction of the rotating speed. As a consequence, the lubricant is not totally
pushed toward the axial boundaries of the bearing. It is rather pushed towards the bearing
centerline by the texture (Fig. 6b), in a clear pumping effect that keeps more lubricant
in the bearing gap. As a result, more lubricant remains in the region of minimum film
thickness, thus reducing the leakage flow, increasing the hydrodynamic pressure (maxi-
mum value of 9.1 x 10° Pa) and, consequently, increasing the load-carrying capacity of
the bearing.

(@)

L & e

pressure (Pa)
00e+00 le+d 2e+5 3e+d 4de+d Se+d obeo+d Te+d Be+sd 9.le+05
! . C —
Fig. 5. Hydrodynamic pressure distribution at a given instant of time: (a) non-textured shaft, (b)
chevron textured shaft (Ny = 7, e = 7 mm, a = 60°).

This pumping effect is reversed if the shaft runs in the opposite direction. Figure 7
presents the hydrodynamic pressure and lubricant flow in the bearing gap for this situa-
tion. As one can see, the pressure distribution still concentrates in the regions between
the chevron textures. However, due to the direction of the shaft surface motion, the pres-
sure “hill” now has a convex shape which reverses the pumping effect. The lubricant
is pushed towards the axial boundaries of the bearing, thus decreasing the volume of
lubricant in the bearing gap and, consequently, increasing the leakage flow and reducing
the hydrodynamic pressure. This reversed pumping effect increases the leakage flow in
comparison to the non-textured case, thus resulting in a much higher shaft eccentricity
(¢ = 0.420 — an increase of 107% in comparison to the non-textured case). Hence,
the direction of shaft rotation and the orientation of the chevron textures on the shaft
are important parameters that define the success or failure to increase the load-carrying
capacity of the bearing.
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Fig. 6. Lubricant flow in the bearing gap: (a) non-textured shaft, (b) chevron textured shaft.
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Fig. 7. Effect of running the shaft with chevron textures in the opposite direction: (a) hydrody-
namic pressure distribution, (b) lubricant flow.

The above results clearly show that there are optimum values for the texture param-
eters (Mg, e, ) according to the bearing operating condition. Although the optimization
of the chevron texture is beyond the scope of the present work, further investigations in
this direction showed that:

e N, decreases for increasing Sommerfeld numbers;
e e increases for increasing Sommerfeld numbers;
e « increases for increasing Sommerfeld numbers.

In all these cases, one achieved optimum load-carrying capacity with the optimum
chevron geometry.
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4 Conclusion

The parametric analysis of the chevron texture applied to the surface of the rotating shaft
in journal bearings showed that the rotor eccentricity can be reduced in the textured cases,
as evidence of the increase of bearing load-carrying capacity. Such an increase in the
bearing load-carrying capacity is a consequence of the pumping effect that occurs in
the lubricant flow caused by the cavitation and pressure build-up zones created by the
textures as they run over the lubricant. For this reason, the direction of shaft rotation and
the orientation of the chevron textures on the shaft play important roles in the supporting
mechanism of the journal bearing: the convex side of the chevron texture must be in the
direction of motion of the shaft surface. Optimum texture geometries can be found for
the given operating conditions of the bearing.
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