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Abstract. Hydrodynamic bearings are widely used in rotating machines, being the element responsible for the
interaction between the rotor and the supporting structure. Therefore, in order to describe the dynamic behavior of the
rotating shafts, it is necessary to know the journal bearings characteristics. The proposed methodology for the design
and development of these components, optimizing their performance and, therefore, involving research and
understanding of the phenomena associated with hydrodynamic lubrication, as well as the design parameters, directly
meets this demand. For this reason, the purpose of this paper is to analyze the static and operational characteristics of
different configurations of radial hydrodynamic bearings. The objective of this project is to develop and implement a
consistent mathematical representation for the static model of the hydrodynamic bearing through the Reynolds equation
and thereby obtaining the pressure distribution in the bearing, to evaluate the performance of different geometries in
severe conditions, high speeds and high-applied load. A numerical model for the solution of Reynolds equation, with
help from the Bernoulli equation, obtains the pressure field generated inside the oil film. The numerical approach used
in this study is done using the finite volume method. The choice of this method was made due to their widespread use in
the numerical simulation of phenomena of fluid dynamics and heat transfer. The paper presents an analysis for three
different geometries of bearings, a cylindrical, an elliptical and a three-lobe. In addition to the different geometries, the
paper also proposes a study on the effect of some geometric discontinuities in the behavior of the bearings. The
discontinuities were introduced in the form of axial grooves, and its effect is then compared with the performance of
bearings without these grooves. The grooves bring new elements to the behavior of the bearing, such as reducing
pressure on the oil film and greater retention of fluid between the shaft and bearing.
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1. INTRODUCTION

The study of rotating machinery occupies a prominent position in the context of machines and structures in view of
the significant number of typical phenomena in the operation of such equipment. The existence of a rotating component
supported by bearings and transmitting power creates a family of problems that are found in several machines such as
compressors, turbines, pumps, engines, among others. Such equipment is often an integral part of production plants or
power generation plants, in which a sudden stop can cause great financial losses. Therefore, there is an evident need of
understanding the phenomena related to rotating machinery, more significantly, in relation to components involved in
the interface between fixed and moving components, such as bearings.

The interest in understanding the phenomena associated with hydrodynamic lubrication is not recent in the academic
field. The first studies related to this subject are dated from early 1880. At that time, three different papers, with few
years of each other, and independently developed, understood and began to explain the mechanism of hydrodynamic
lubrication: N. P. Petrov (1836-1920), B. Tower (1845-1904) and O. Reynolds (1842-1912). These authors have in
common the perception that the lubrication process did not occur due to mechanical interaction between two solid
surfaces, but because of the characteristics of the fluid film separating them. This is the fundamental aspect of
hydrodynamic lubrication and from this new knowledge in a short period of time; the theoretical and experimental
foundations began to be established. Among these authors, Reynolds deserves noteworthy. He established the
differential equation that defines the pressure field between two surfaces with relative motion.

During the 20th century, several scientists attempted to solve the Reynolds equation by means of analytical and
numerical methods. In 1904, Sommerfeld published an analytical solution for the Reynolds equation, applied to long
bearings. This solution was obtained by integrating the Reynolds equation from new boundary conditions, considering
the absence of oil leakage at the ends of the bearing. Ocvirk proposed in 1952, a solution of Reynolds equation applied
to short bearings. This solution neglects the term that takes into account the circumferential flow of the bearing,
considering that it is small when compared to the flow in the axial direction of the shaft.

The first use of computers for the solution of Reynolds equation, with the correct boundary conditions, was made in
1956 by Pinkus. Pinkus examined the pressure distribution in elliptical bearings (1956), partial arcs bearings (1958) and
three-lobe bearings (1959), experimentally investigating the instability of these geometries.

With very little time, a large spectrum of solutions had been developed for numerous types of bearings, both the gas
and those who use oil as a lubricant. The most important contribution of information technology, in this field, was the
fact that within five years, the solution for finite bearings had been established and that time is extremely short
compared to the time of the beginning of Tribology.
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The researches involving the numerical solution of the pressure distribution in hydrodynamic bearings have been
limited, in most cases, to use the methods of finite differences or finite elements. Objectively, there are no advantages or
disadvantages in choosing one method or another; all of them serve the purpose of finding the solution of the
conservative equation in a discretized domain. However, the differences become evident when considering the
characteristics connected with the conditions of use and application. Works such as those conducted by Singhal (1981)
and Colin (1971) show the applicability of the method of finite differences in fluid dynamics and lubrication problems,
especially for the possibility of a discretization of Reynolds equation by nodal points. Similarly is the finite element
approach, but in this case the application is more complex in the mathematical point of view.

The use of the finite volume method is less common for tribology researchers, probably due to the poor diffusion of
the technique among solid mechanics scholars. One of the main references about the method was published by Patankar
(1980), with simple and direct approaches, bringing the main concepts of the method, and even focusing on the use of
the method in problems of heat transfer, Patankar dedicates some chapters to problems of fluid mechanics and its main
nonlinear characteristics. Still in the line of conceptual finite volume method, another reference is the work of Maliska
(2004), with extensive computational approach and the issues surrounding the development of programs for CFD
(Computational Fluid Dynamic), or the computational study of the fluid dynamics, it meets almost all the basics aspects
for those who want to develop their first models using the method.

Some of the most relevant papers with FVM (Finite Volume Method) applied to journal bearings were conducted by
Castelli (1968), who did a review on numerical methods for bearings and proposed some solutions and studies. More
recently, Arghir et al. (2001) worked with the solution for triangle-based volumes to the problem of oil film bearings.
Later, in another paper, Arghir et al (2002) proposed a solution to problems of discontinuity in the oil film applied to
cylindrical bearings. The latest paper clearly showed the characteristics of the assembly and placement of the meshes in
situations where there are discontinuities in the oil film, caused by grooves inside the bearings. References on a mesh
for flow analysis at the boundaries of the domain were shown in a study conducted by Kogure et al. (1983). In the case
of the coordinate system transformation to an adaptive mesh, Kang et al. (1996) may be cited for their contribution to
the approach of the discontinuities in the oil film.

2. THEORY AND RESULTS
2.1 Reynolds Equation

The basis of the modern theory of hydrodynamic lubrication is the Reynolds equation. Its solution gives the pressure
distribution in the lubricating fluid. The pressure field is the information needed for the solution of most problems in the
analysis of hydrodynamic bearings, and hydrodynamic reaction forces are derived from the integration of this pressure
field.

The Reynolds equation for lubrication is evaluated in the specific case where the thickness of the oil film is
discontinuous. This procedure was accomplished by Arghir et al. (2002). In their paper it was presented a description of
the approach in one dimension and results for a thrust bearing in one and two dimensions. The present work describes
this procedure for different journal bearings in two dimensions. For this approach, considering the balance of flows of
lubricating fluid in each control volume, the Reynolds equation must be written in terms of these flows. The flow of
lubricating fluid in a bearing occurs due to the shearing of the fluid, caused by the relative motion of the shaft regarding
to the bearing, dragging the lubricating oil; and due to pressure gradients.
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Figure 1: Bearings with Discontinuities and the Representation of the Coordinate System

Considering the y and X coordinate system, the flows of fluid per unit of length in each of the two directions are
given by:
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With the expressions for the flow in each direction, the continuity equation for the fluid present in the bearing
clearance can be written as follows:

0
q, N dq, _0h

= — 3
dy ox ot )
Bringing equations (1) and (2) into equation (3), the Reynolds’ equation is obtained.
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where p is the pressure generated within the fluid, ¢ is time, y and x are the cartesian coordinates in the inertial

reference system, as shown in Fig. 1, p is the absolute viscosity of the lubricant, U is the peripherical velocity of the
rotor and h is the film thickness, according to the bearing geometry.
In this paper the bearing is analyzed statically (even with the rotation of the shaft, the term "static analysis" is used

oh

by researchers (see Lund 1987)), thus, the term = present in equations 3 and 4 is neglected.
ot

2.2 Calculation of the Pressure Distribution with Film Discontinuities through the Finite Volume Method

According Arghir et al. (2002), in the immediate vicinity of a film thickness discontinuity, the pressure has very
rapid and almost abrupt variation. This is due to an embedded recirculation zone which cannot be described by
lubrication theory, which can only handle flows with almost parallel streamlines. According to the simplifying
assumptions of lubrication, this rapid variation must be located at the discontinuity and the pressure field should be
discontinuous. The usual practice to describe the rapid pressure variation in the theoretical lubrication model is to write
the generalized Bernoulli equation immediately before and after the discontinuity.

p+/’Uz2=p++p”2+2+§p[MAX(Z_’U+)]Z 5)

The pressure drop coefficient f takes into account an additional energy loss due to viscous effects and it is an

addition contribution to the analysis. This additional equation should somehow be linked to the solution of the Reynolds
equation in the oil film.

For the numerical solution, we start from equation 3, considering static analysis (Bl = 0) , rearranging as follows:
ot
dq,0x +dq,dy =0 (6)
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Figure 2: Mesh of a Finite Volume Enhancing the Point i, j

For a volume (i, j), shown in Fig. 2, the following expression is obtained:



Proceedings of COBEM 2011 21% Brazilian Congress of Mechanical Engineering

Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil
(‘I:j —4q;; )Ax + (q:j —4q;; )Ay =0 @)
In which:

g, = _(h}J B =k, +Uhij 4" = _(ff) - R,-F; +Uh;,vj
02 Vi 2 24 v Y 2
3)
ar = _(h}J B —F, g, = _(}13) F—E;
| 12u i Kz "X | 12u i X X2
For flow continuity, the equilibrium is needed, in each control volume, as follow:
qie—l,j = qz‘,w} ©)
qif)j = qz':fl,j (10
qt‘,nj—l = qifj 1D
qi,nj = qifjﬂ (12)
Substituting relations (8) in (9), the following expression is obtained:
(L) fuctu il [0y non v 0
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To simplify the equation, two new variables are introduced:
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Substituting (14) in (13), the following expression is obtained:
e e e w w w U w e
bi—].jPi—].j - bi—].jPi—l.j = bi.jPi.j - bi.jPi.j + ?(hi.j - hi—l.j) (15)

As previously mentioned, the pressure field at the interface of discontinuities should be discontinuous, and to
describe the rapid variation on the pressure, in the theoretical model of lubrication, it is necessary to write the
generalized Bernoulli equation (5) immediately before and after the discontinuity, i.e., in positions north, south, east and
west of each control volume.

Thus, to the west side of the control volume, the Bernoulli equation can be written as:

Ve )2 V)2 max(V¢, ., V")|?
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In which the velocities are given by:
950 w q,"
Viil.j =L Vij = Y,j (17)
hie—l‘j ’ hi‘fj
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The & coefficient takes into account an additional energy loss due to viscous effects. In this analysis, for the sake of

simplicity, this coefficient is considered null, i.e. £ =0, making equation (16) as follows:

Piil = PM +AL -1/2,j (18)
In which:
w2 e 2
PV pVEa ) (19)
i-1/2,j — -
2 2
Substituting P, . from equation (18) in equation (15) and isolating P, the following expression is obtained:
U
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The procedure to obtain the pressure on the remaining edges, P, P, e P, is identical to the previously used to

find R‘; . Start from equations (10), (11) and (12), it is obtained the following set of equations:

U
e w w w e
bx jP, j +b,+1 il b1+1 jiv12,) |: (hm i hi.j)

¢ = 20
Pi j e w
N ( i+ bH—l J )
PS = b: ,Pz j +bxn, 144, j-1 _bi’Tj—lAi,j—llz (22)
v ( ; T+ bl”] 1 )
[)inf b P +bIY/+1 i,j+1 +bis.j+lAi,j+l/2 (23)
h (bn + bxgﬁrl )

Having found the expressions for the pressure in each of the edges of the control volume, the next step is to find an
expression for the pressure at the center of each volume, P, i Starting from equation (7), substituting the values of

equation (8):
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Before taking equations related to the edges of each volume, new variables are introduced to simplify the algebraic
manipulations.
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With these new variables, and taking the expressions of each of the edge pressures (Pl.‘”/'., PI."/., Pl.:"]. and PI._”].) in

equation (24), we derivate an expression for the pressure at the center of each volume:

p = Pi,j+1( lj+lAy) :, 1( ij- 1Ay) P, j(Tl+l ij)+ P_ (fi—l.ij)"' Si.j
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The values P, for all points of the discretized mesh are integrated numerically to obtain the radial and tangential

resulting hydrodynamic forces on the shaft. These forces are in the local system, and are represented here by F and
F:

t

n_om

F, =Y > P, cos6,(Ay)(Ax) (28)

=1

3
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i=l j=1

e

The forces, obtained in the local reference system, are decomposed in the inertial system, using the attitude angle ¢ .
Thus, the following expression is obtained:

F,| |-F sing+F cosg 20
F. B F._cos@+F,sin¢ G0

For any known geometry and a given eccentricity ratio €, an equilibrium position of the shaft is determined when
F, =0, which can be obtained by associating the appropriate value of Q.

2.3 Results and General Comments

The following sections present the results and analysis of pressure distribution for the three different bearings
geometries proposed. Bearings with and without grooves are compared and the influence of these geometric
discontinuities is observed.

2.3.1 Pressure Distribution for the Three Different Bearings’ Geometry
The first results analyzed are those obtained for the three different bearings’ geometries. Analysis are made to a

cylindrical bearing, an elliptical bearing and a three-lobe bearing, both preloaded with m=0.4. The geometric
characteristics of each type of bearing are shown in Fig. 3.

2) Cylindrical b) Elliptical ¢) Three Lobe

Figure 3: Design of Cylindrical, Elliptical and Three-Lobe Bearings

All these first results are for smooth bearings, without the inclusion of any kind of groove. In all cases, the rotation
and applied load are the input parameters. With the value of these variables and the geometric data of the bearing, the
equilibrium position is found and the pressure distribution is evaluated. The bearing geometric characteristics and
operation parameters are given in Table 1.
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Diameter (m) | Axial Length (m)

Radial Clearance (m)

Load (N)

Viscosity (Pa.s) Rotation (rpm)

0.03 0.02

9.0x107 100

5.449x107 6800

Figures 4 to 9 show the pressure distribution of the first cases examined. In cylindrical and elliptical bearings the
origin of circumferential direction is given in the first quadrant. For the three-lobe bearing, as the beginning of any of its
lobes coincides with no beginning of a quadrant, the pressure distribution is plotted from the lower lobe of the bearing.
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Figure 4: Pressure Distribution Cylindrical Bearing
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Figure 7: Center Line Pressure Elliptical Bearing

x10°

x10° 6

5

45 5

4

35 §4

s e

25 b4 3
o

2 2,

15

1 1

0.5

0 0

\
\
\
\
AVANPEY

Circumferential Angle [rad]

Figure 8: Pressure Distribution Three-Lobe Bearing

2 3 4 5
Circumferential Angle[rad]

Figure 9: Center Line Pressure Three-Lobe Bearing



Proceedings of COBEM 2011 21% Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

Fig. 6 and Fig.7 shows the presence of two peaks of pressure for an elliptical bearing, where 0 to 77 represents the

upper lobe of the bearing and 7 to 27 , the lower lobe (Fig. 3b). This can be explained, for this type of bearing, by the
fact that for low eccentricity ratios, we have the shaft located on the upper semi-plane of the bearing, making the oil
film present in the upper lobe to be compressed, generating larger reaction forces and, consequently, a pressure field in
that region.

As the three-lobe bearing is composed by three lobes, it can be notice that its arcs are of 120° (Fig. 3c). The first
peak of pressure is related to the lower lobe (1), the central peak corresponds to the right lobe (2) and the last peak, to
the left lobe (3). It can be noted by the graphs, Fig. 8 and Fig. 9, the highest pressure is on the lower lobe. The right lobe
of the distribution has a slightly higher peak of pressure than the left lobe.

2.3.2 Pressure Distribution for the Bearings with Axial Grooves

The influence of axial grooves in the static behavior of the bearings is now evaluated for the case of cylindrical,
elliptical and three-lobe bearings. The most important characteristics of these grooves are shown in Fig. 1. For this
analysis, the number of the grooves is fixed in 6 and the width of the grooves is fixed at 8mm for all cases analyzed. For
all kinds of bearings, the results are shown for the depth of grooves of 0.01mm and 0.1mm. The bearings used have the
same input data presented in Table 1. For lobular bearings the preload used in this analysis is m=0.2. As could be noted
in the previous figures, only with the analysis of the Center Line Pressure is already possible to notice the influence of
the desired parameters. Therefore, for the next cases, only this type of graph will be presented.
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In Figs. 10 to 15 the presence of six axial grooves may be noted, being one near the origin, and the others equally
spaced around the circumference of the bearings. It can be observed that increasing the depth of the groove, the peak of
pressure that appears in the vicinity of that groove also increases. This fact can be explained by the decreasing in the oil
film thickness in this region.

The behavior of lobular bearings (elliptical and three-lobe) regarding to the grooves is very similar to that found in
cylindrical bearings. First, it can be seen that the presence of the grooves not only makes the rising of new peaks of
pressure, but also divided the existing peaks in the smooth bearings in a greater number of peaks. It is observed that, in
all kinds of bearings, the increasing in the grooves depth causes an increase in the new pressure peaks magnitude
generated, as well as an increase in the magnitude of the peaks that existed before the insertion of such grooves.
Another fact to highlight is that the emergence of new peaks of pressure in the upper part of the bearing generates forces
in the negative direction of z axis. These forces contribute in a negative form in the bearing load capacity, i.e. by
increasing the number of grooves and their depth; there is a decrease in the bearing load capacity.

2.4 GENERAL COMMENTS

In all cases analyzed in this paper, the rotation of the shaft is always 6800rpm. At this speed, the fluid flow is in
laminar regime, and therefore the consideration that the dissipated energy due to viscous effects is negligible (& = 0) is

perfectly acceptable, since this term would not bring any relevant information to the formulation.

The pressure used in all results presented in the study is the gauge pressure. Since the solution of Reynolds equation
can give negative results of pressure, a relaxation process was used. The relaxation process used makes the negative
part of the pressure field obtained to be null after each iteration. Thus, it is possible to obtain a solution closer to the
reality of a bearing in operation, since, in practice, the bearing will always be submerged in oil, causing a positive
pressure field.

The model was validated with both analytical results (model of short and long bearings) and with established
numerical methods, such as the Finite Difference Method, and also with commercial software (PHOENICS). These
validations can be seen in Machado (2011). Therefore, the initial objective of the paper, the parametric study performed
on different type of bearings, could be achieved satisfactorily.

2.5 CONCLUSIONS

In this paper, the feasibility and benefits of using the finite volume method in the study and design of journal
bearings with different geometries, smooth and grooved, under the condition of hydrodynamic lubrication, were
evaluated. The model contemplated with satisfactory efficiency, the main objective of the paper as originally proposed,
to evaluate the static behavior of different types of bearings.

In the results presented for the pressure distribution in the three different geometries of bearings with no grooves, it
is important to evaluate the beneficial effect of increasing the number of lobes on the static behavior of the bearing. The
increase in the magnitude of the pressure causes the load capacity of multilobular bearings being greater than for the
case of cylindrical bearings.

After the grooves were introduced in the bearings, it might be noted that new peaks of pressure rose in their vicinity.
It is also observed that the increasing in the depth of the grooves causes an increasing in the new peaks of pressure
magnitude, as well as an increasing in the magnitude of the peaks that existed before the insertion of such grooves. In
all bearings simulated here, the occurrence of new peaks of pressure in the upper part of the bearing contributes in a
negative form in the bearing load capacity.



Proceedings of COBEM 2011 21% Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

Overall, it is possible to conclude that the proposed numerical model is promising, and it can represent the physical
phenomenon in a satisfactory way. Surely, it can bring contributions to the research related to hydrodynamic bearings
and rotor dynamics.
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