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EQUILIBRIUM OF A JOURNAL BEARING:
A SIMPLIFIED CFD-ANALYTICAL COUPLED APPROACH

FRANCO CONCLI
Faculty of Science and Technology, Free University of Bolzano/Bozen, Italy

ABSTRACT

Journal bearings are historically designed using the half-Sommerfeld theory. The semi-analytical
solution of the continuity and momentum conservation equations is used as the starting point. Possible
negative values of the pressure were substituted with the ambient pressure. This hypothesis provides
acceptable results, even if for a better understanding of the phenomena cavitation effects should be
considered and modelled numerically. The authors have already proved the capability to achieve very
accurate results with the Kunz cavitation model. The numerical results were validated in terms of
pressure distribution with experimental data coming from different setups. In this paper, a simplified
CFD-analytical coupled approach for the calculation of the equilibrium position and its trajectory of
the journal is shown.
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1 INTRODUCTION

Journal bearings are mechanical components designed to support shaft. They can carry
(mainly) radial loads. Their load-carrying capacity derives from pressures that arise in the
convergent/divergent clearance of a journal bearing. Even if both the journal and the ring are
cylindrical, during operation their axes are not coaxial. This causes a very high pressure in
the convergent clearance and a successive pressure drop after the smallest clear opening size.
The pressure drop is however physically limited by the vaporization pressure (p,). This
physical property of the lubricant discriminates by the liquid phase of the oil and its vapor
phase. After reaching the vaporization value, in fact, the pressure cannot decrease anymore
before all the liquid is completely transformed into vapor. This fact produces an unbalance
in the pressure and, consequently, the supporting effect.

The first works on journal bearings was carried out by Sommerfeld [1] in 1904. He solved
the Reynold’s equations for an infinite bearing. This work was successively elaborated by
Swift [2]. This solution is valid for long bearings (L/D >> 1). The pressure distribution is
therefore considered constant in the axial direction. Moreover, the analytical solution is
possible only assuming that the convergent/divergent is fully lubricated. Cavitation and
pressure limitation due to vaporization effects are not considered. The solution results
therefore in a symmetric distribution in which the pressure drops significantly under the
physical limit p,. These models predict that the equilibrium position of the journal lies
directly below the bearing center. However, this result has been proven to be wrong [3] and
never observed experimentally.

Therefore, the full-Sommerfeld theory was improved leading to the so-called half-
Sommerfeld film condition proposed by Gumbel [4] in 1914. The negative pressures were
artificially substituted by mean of the vaporization pressure. Fig. 1 shows an example of
results achievable with the full- and the half-Sommerfeld models in terms of pressure
distribution on the journal.

Dowson [6] proposed an empirical approach to artificially correct the full-Sommerfeld
results.
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Figure 1:  (a) Schematic layout of a journal bearing under load (Rb bearing radius, Rj
journal radius, ¢ attitude angle, e eccentricity and ® rotational speed); and
(b) Full-Sommerfeld and half-Sommerfeld pressure distribution. (Source:
Adapted from [5].)

More recently, with the increasing computational performances, more and more numerical
approaches were presented. Mane and Soni [7] and Chauhan et al. [8] used CFD techniques
to overcome the 2D approximation and consider the tridimensional effects. However, their
models still neglect vaporization and a correction of the results in order to avoid having
negative pressures was required. A similar work was presented by Gao et al. [9] using water
instead of lubricant. Gandjalikhan Nassab et al. [10] compared their numerical results with
the experimental data by Pan and Vohr [11]. The work of Gandjalikhan Nassab relies on the
Heshmat [12] hypothesis of keeping the pressure constant in the cavity region. Other
numerical analysis where presented by several authors. Among them Sawicki and Rao [13]
and Riedel et al. [14] which compared the results with the experimental ones by Jakobsson
and Floberg [3] and Vijayaraghavan and Keith [15] respectively.

More recently, the author has presented a full 3D numerical approach that includes the
vaporization effects. The model was developed in the OpenFOAM® [16] environment.
Different cavitation models, e.g. Kunz et al. [17], Merkle et al. [18], Liebrecht et al. [19],
[20] and Gonda et al. [21], were tested. The results were compared with those measured by
Gao et al. and by Jakobsson. The model was capable to predict the pressure distribution with
an error of less than 5%. However, the computational cost of considering the vaporization
effects lead to an increase of the computational effort by 350 times with respect to the full-
lubricated 3D simulation (which results should be corrected artificially to avoid negative
pressures). This latter model, despite the very low computational effort, is capable to predict
the pressure distribution with an error of about 10% only. Considering that the aim of this
work is to predict the trajectory of the journal, the leaner full-lubricated model was selected
as the most appropriate one.

2 MATERIALS
The bearing studied in this research is a small journal bearing. The journal radius is equal to
2 mm and a radial clearance equal to 10 um. The axial width is 13 mm (L/D >> 1). The
average rotational speed is equal to 328 rad/s. The mass of the journal itself is 1.307 10~ kg.
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However, the study was performed considering an additional mass (shaft) ranging from 0.05
to 1 kg.

The lubricant used is a Kluebersynth GH 6-22 with a density at 15°C equal to
pisec = 1,060 kg/m? and a viscosity that results equal to Naec = 220e°m?/s at 40°C and
Niooec = 40e75m?/s at 100°C.

3 METHODS
A hybrid CFD-analytical [22]-[24] approach was used.

3.1 Computational fluid dynamics

CFD [25] was used to model the bearing and to simulate the drag and lift forces for a given
rotational speed and a different eccentricities. Simulations were performed in the open-source
environment OpenFOAM® [26].

The method used is based on Finite Volumes (FV) [27]. The computational domain is
discretized into small cells. Specifically, it was subdivided in about 4,000 hexahedrons (ten
elements in the radial direction) (Fig. 2).

Figure 2: Detail of the mesh of the journal bearing.

To each cell balancing equations are applied: the mass conservation and the momentum
conservation [28§]

Z—’;+V(pv) =0, M
g—’; + V(pvv) = =Vp + V[u(Vv + V') + pg + F, @

where p is the lubricant density, v is the velocity vector, p is the pressure, g is the
gravitational acceleration and F the vector of the external forces. The energy conservation
was not activated, and the fluid considered isothermal. The mean temperature was set acting
on the properties of the fluid. The density at a certain temperature 8 was calculated with the
following equation [29]

pg = p1soc — (6 — 15) - 0.0007, (3)
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while the viscosity was determined using a logarithmic relation between the known viscosity
values at 40°C and 100°C.

With the present approach, the fluid is regarded as a continuum and its behavior is
described by means of its macroscopic properties.

The PDE are discretized into algebraic equations and solved using a PIMPLE (merged
PISO-SIMPLE) scheme. The PIMPLE scheme combines the structure of the SIMPLE
algorithm allowing the under-relaxation and a fast convergence of the solution with the
velocity correction loops that are typically of the PISO mode.

Simulations were performed for different levels of eccentricity and the results reported in
terms of drag and lift forces.

Fig. 3 shows the pressure and velocity fields.
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Figure 3: CFD results: Pressure and velocity contours.

Figs 4 and 5 show the force and the attitude angle for different eccentricities and a
rotational speed of 328 rad/s. The relation is clearly not linear. These data will be used
successively for the calculation of the trajectory of the journal.

3.2 Dynamics

Starting from the results obtained from the CFD model, a force balance (Newton equation)
was used to calculate the equilibrium position and the trajectory of the journal.

In addition to the fluid dynamic forces (Frp), gravitational- (g - m) and inertial-effects
(a - m) should be considered

ZFZFCFD+m'a+ m'g=0. (4)

Fcpp and g are known both in terms of direction and magnitude. Consequently, the
acceleration a can be calculated. The final equilibrium position of the journal can be therefore
calculated together with the trajectory. After a given time dt, the new equilibrium position
can be calculated from the actual one knowing the corresponding displacement s
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Figure 4: Total hydraulic force versus eccentricity: 328 rad/s.
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Figure 5: Attitude angle versus eccentricity: 328 rad/s.
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The calculations were performed in the open-source software Scilab [30].
Figs 6-9 show the trajectories of the journal from the geometrical center of the bearing
(x =0,y =0) to the equilibrium position for different external load and operating conditions.
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Figure 6: Trajectory of the journal: 0.05 kg — 328 rad/s.
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Figure 7: Trajectory of the journal: 0.1 kg — 328 rad/s.
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Figure 8: Trajectory of the journal: 0.5 kg — 328 rad/s.
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Figure 9: Trajectory of the journal: 1 kg — 328 rad/s.
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Figs 10—13 show the variation of the eccentricity versus time.
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Figure 10: Eccentricity versus time: 0.05 kg — 328 rad/s.
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Figure 11: Eccentricity versus time: 0.1 kg — 328 rad/s.

WIT Transactions on Engineering Sciences, Vol 128, © 2020 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Advances in Fluid Mechanics XIII 21

Figure 12: Eccentricity versus time: 0.5 kg — 328 rad/s.
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Figure 13: Eccentricity versus time: 1 kg — 328 rad/s.
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Figure 14: Stabilization time versus journal mass: 328 rad/s.
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Figure 15: Excitation frequency versus journal mass: 328 rad/s.
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It can be clearly observed that the equilibrium position did not lies on the vertical axis but
is slightly shifted also laterally. This effect is well known and occurs due to the cavitation
that produces an unbalance of the pressures between the convergent and the divergent gaps.

The equilibrium position is significantly depending on the mass of journal (0.05 to 1 kg).
Moreover, also the duration T of the transitory is related to the mass. Higher values of mass
imply a higher acceleration and offset from the geometrical center of the bearing (Fig. 14).
A higher eccentricity is in turn related to higher viscous forces coming from the fluid that
produces a bigger damping effect. Therefore, the time required for reaching the equilibrium
position reduces. At the same time, the oscillating frequency decreases as well. The
knowledge of the frequencies are important for a preliminary evaluation of the Noise
Vibration Harshness (NVH) behavior of the bearing. The starting phase, in fact, promotes
the excitation of different frequencies f (Fig. 15) that can interact with the eigenfrequencies
of the system causing noise and undesired vibrations. For the studied configurations, the
excited frequencies results in the range 2—-80 Hz.

4 PERFORMANCE ENHANCHMENTS
The CFD simulations were performed in the open-source OpenFOAM® environment. Each
simulation (for a specific eccentricity) took approximately 150 seconds on a 12 GFLOPS
hardware. The solution of the Newton equation was performed in the open-source software
Scilab with an effort of few seconds. The method results therefore lean and could be
potentially very interesting for engineers in the design phase.

5 CONCLUSION

This paper a hybrid approach is shown, which combines the numerical solution of the
Reynolds equations of fluid dynamics with an analytical approach for the solution of the
Newton equation for the force balance. The procedure leads not only to the equilibrium
position but also the trajectory, the stabilisation time and the excited frequencies. This latter
information can be very useful for having an indication about the NHV behaviour of the
system during the start-up. The approach has been developed coupling an open-source CFD
code — OpenFOAM® — and Matlab. In addition to the equilibrium position and the trajectory
from the start up to the regime condition, the model also provides the pressure distribution
both on the surfaces of the journal and the ring as well as the pressures and velocity fields of
the lubricant mixture. This model is therefore a powerful tool to better design new bearings
on the basis of a deep understanding of the physics of the system.
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