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Tilting Pad Journal Bearing (TPJB) are ubiquitous in turbomachinery from small high speed compressors to large
turbine generator sets. The TPJB’s power losses increase with machine size and speed, reaching as high as 1-2
MW loss (equivalent power for about 1000 homes) per bearing, in a large turbine generator. This study presents a
novel power loss reduction technique, inserting a pocket and step in the pads, to activate cavitation in the pocket

while maintaining pad stability. The benefits are demonstrated via Thermo-Elasto-Hydrodynamic (TEHD) CFD
simulations comparing results with and without these modifications. The novel approach shows power loss re-
ductions up to —27% without a load capacity loss, while reducing required supply oil flow, and peak pad

temperature.

1. Introduction

Saving energy has become more and more important due to
increased population and global warming issues. In a recent study [1], it
was reported that the tribological contact friction consumes around 20%
of total global energy, and it was concluded that the greatest potential
for reducing CO2 emissions lies in new tribology technologies by 2050,
including surface treatments, modification, and texturing on the journal
bearing. The ideal bearing has a high lift with low drag like an airplane
wing. Many surface texturing studies have been conducted for plain
journal bearings over the last several years [2-8]. The technique im-
plants dimples with circular shapes [2-5], rectangular shapes [6-8], etc.
on the bearing surface.

The research for reducing power loss has been mainly performed for
plain journal bearings through simulations and experiments. In contrast,
there is very little parallel research on TPJBs despite their versatility and
numerous applications. Starvation is a common power loss reduction
way, which is implemented by simply reducing the supply oil flow rate
[9]. However, the method reduces load capacity and minimum film
thickness between the journal and bearing surface. Also, starvation in-
creases maximum pad temperature and cooling requirements. Ding et al.
[10] presented a power loss reduction idea for flooded lubrication TPJB.
This reduces the pressure at the supply oil inlet for the bearing and
induce air entrainment from the outlet. However, this could destabilize a
tilting pad leading to pad fluttering [11,12]. In addition, the

* Corresponding author.

over-dissolved air may lead to air contamination issues worsening the
lubricant quality. Another approach for bearing loss reduction utilizes
directed lubrication, with nozzles and open seals [13] to minimize
churning losses near the supply oil inlet. Directed lubrication is already a
commercialized and widely used technology. The method presented
here can be combined with directed lubrication to obtain further, sub-
stantial power loss reductions.

Modeling limitations have played a part in the slow pace for
advancing TPJB power loss reduction. Highly accurate TPJB models
includes multiphysics capabilities [14,15] required to model
Fluid-Structure Interactions (FSI) and Thermo-Elasto Hydrodynamic
(TEHD) interactions. Reynolds and CFD models are the major methods
to predict bearing performance. The conventional Reynolds approach
has limitations for the TPJB simulations due to the over-simplifications
of the flow physics (fluid inertia and cavitation) between the journal and
modified bearing surface. More accurate TEHD CFD models for TPJB
have been presented recently [16-18], and are utilized here to analyze
the proposed TPJB performance.

This study provides the theoretical analysis and simulation results for
a novel TPJB design to obtaining energy savings, that has the following
advantages:

(a) Significant reductions in drag power loss

(b) Maintains load capacity and pad stability

(c) Reduces supply oil flow rate and peak pad temperature
(d) Minimizes changes in dynamic force coefficients
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Nomenclature

Cip Radial Bearing Clearance, m

Cip Pad Clearance, m

Rsor Total enthalpy, J/kg

K, Loss coefficient

k Turbulent kinetic energy, m2/s2

My, Preload

R Radius, m

Re Reynolds number

r Volume fraction

p Pressure, Pa

r Modified pressure, Pa

Pcav Saturation pressure, Pa

T Temperature, degC

u Fluid velocity, m/s

Xs Total shaft displacement in the x direction (global
coordinate), mm

Xpvt Total pivot displacement in the x’ direction (local
coordinate), mm

Ys Total shaft displacement in the y direction (global
coordinate), mm

A Thermal conductivity, J/(m*K)

p Density, kg/m3

Sur Total pad angular displacement (local coordinate), deg

U Dynamic viscosity, Pa*s

y Turbulent intermittency

® Turbulent frequency, 1/s

S Mesh displacement, m

o Cavitation number

€ Eccentricity ratio

Ws Spin frequency, 1/s

DT Drag Torque, Nm

PL Power loss, W

Subscripts

f Fluid

Eff Effective

a liquid or gas (vapor) phases

1 Liquid

\Y Vapor

S Shaft

P pad

Bb Bubble

Acronyms

CFD Computational Fluid Dynamics
FEA Finite Element Analysis

FSI Fluid Structure Interaction
RANS Reynolds Averaged Navier Stokes
TEHD  Thermo-Elasto-Hydrodynamics
TPJB Tilting Pad Journal Bearing

Pad Domain

Shaft Domain

(a)

(b)

Fig. 1. Schematic of a TPJB System with three nozzles; (a) Overview, (b) Step (green) and Pocket (yellow) included on a Pad. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

The proposed novel modifications to the conventional TPJB is to
insert a pocket and step on the unloaded pads, which varies the bearing
clearance in the pocket and step regions. The purposes of the pocket and
step are (1) generating cavitation inside the pockets to reduce the shear-
stress and to (2) stabilize the pads by causing the peak pressure to occur
at the pocket and step trailing edges. The phase change from liquid to
vapor in the pockets, referred to as cavitation, decreases the shear stress
at the journal surface due to the low gas viscosity. The cavitation reduces
power loss proportional to the shear stress reduction. The static and
dynamic performances of a conventional and the novel TPJB are
compared to show the benefits of the novel TPJB. These simulations are
performed using a high fidelity TEHD-CFD model to accurately include

the pocket and step features.
2. Power loss reduction approach

This section explains the approach to reduce power loss, as validated
by TEHD-CFD simulations. The TPJB geometry including all computa-
tional domains is depicted in Fig. 1(a). The TPJB shown has five pads,
with directed lubrication provided by three nozzles. This arrangement
could be generalized for different numbers of pads and nozzles. Direct
lubrication lowers power loss significantly, and it is included to show
that the proposed TPJB changes can even further reduce power loss. The
proposed method is simply to include a pocket and a step in each upper
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Fig. 2. Journal-Bearing system (a) geometric parameters depicted with hydrodynamic pressure and shear stress, and (b) degrees of freedom.
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Fig. 3. Cavitation mechanism created by a pocket and a step in the top pad.
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Fig. 4. Fluid structure interaction (FSI) model for a TPJB

pad, as illustrated in Fig. 1(b).

The TPJB is used to support the shaft, and to provide desired stiffness
and damping for vibration control. Oil flows from the three nozzles to
both side seals and to the thin fluid-film between the journal and the
downstream pad. The pressure and shear stress acting on the journal and
pad are illustrated in Fig. 2(a). These cause the lifting force and drag
force on the shaft, respectively. Important geometric parameters include
the bearing clearance (C;3), pad clearance (C;p), and preload (m,,), as
shown in Fig. 2(a). The pressure and shear stress induced forces, and the
applied loads, determine the equilibrium values of the journal and pad
degrees of freedom (x;, ys,é’;ﬂt,xi,vt), represented in Fig. 2(b).

Fig. 3 shows a TPJB with a pocket and step designed to lower drag
power loss. The pocket and step are inserted in the upper pad, with the
step at the leading edge having a much shorter circumferential length
than the downstream pocket. The pocket and step have the dual func-
tions of stabilizing the pad motion at an equilibrium tilt angle, and
reducing the drag loss by increasing the vapor volume fraction in the
cavitation region. Cavitation is the phase change from liquid to gas, and
occurs when the pressure becomes lower than the ambient or saturation
pressure. The journal drag is significantly reduced if cavitation occurs,
since the vapor phase has a much lower effective viscosity. Downstream
peak pressure is generated at the pocket’s trailing edge so that the pad is
rotated in the opposite direction of shaft rotation. Here, cavitation starts
to occur slightly downstream of the leading edge of the pocket. The
pocket and step are applied in the pads located opposite to the applied
load direction. This causes the eccentricity ratio to be reduced, the
minimum film thickness increased, and the loading on the “upper” pads
to be lower than on the “bottom” pads. The dynamic performance of the
bearing, characterized by stiffness and damping, is altered by installing
the steps and pockets. This change though is not large, since the primary
effects of the steps and pockets is shear stress reduction, while causing
only a minor change in load capacity, especially for highly loaded
bearings. Pad tilt angle equilibrium position stability is enhanced by the
upstream peak pressure being balanced by the downstream peak pres-
sure as illustrated in Fig. 3.

3. TEHD CFD modeling method for a pocketed TPJB
3.1. Overall description

The 3 components that determine the bearing’s static and dynamic
performance include the journal and adjacent shaft segments, the pads,

and the fluid domains. Commercial ANSYS software for CFD (CFX) and
FEA (Finite Element Analysis, Mechanical APDL) are utilized to simulate
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Fig. 5. Prescribed boundary conditions for the CFD solver.

the multiphysics phenomenon (Fluid-Structure Interaction, FSI) of the
TPJB system. Fig. 4 shows both solver’s inputs and outputs are
exchanged through a python-based code (Job Script). The CFD code
provides a 3D thermal, transitional turbulence, multiphase flow solution
for the fluid domains, along with the heat conduction solution in the pad
and shaft domains, including the shaft rotational convection effect. The
CFD code’s solution for the fluid domain’s pressure and the solid do-
main’s temperature are transferred to the solid domains in the FEA
solver. The FEA solver then yields displacements caused by centrifugal
force on the shaft, and from thermal-elastic deformation of the solid
domains. The total displacement solutions from the FEA solver are
applied to the boundary faces of the CFD solver, which are the interface

boundary between the shaft and fluid domains and between the pad and

fluid domains. These total displacements update the interface boundary

location values for the mesh deformation equation in the CFD solver. In

addition, pad tilting, pad pivot, and shaft translational induced dis-
placements are determined from a Newton-Raphson based equilibrium
search algorithm. These displacements are also used to update the
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Table 1
Input parameters for smooth and pocketed tilting pad journal bearings.
Parameters Value
Shaft Diameter [mm] 80
Bearing Length [mm] 60
Bearing Clearance [mm] 0.08
Number of Pads 5
Pad Thickness [mm] 10
Pad Arc Length [degree] 56
Pad Offset 0.5
Applied Load [kN] 5-15
Preload 0.25
Operating Speed [kKRPM] 7-13
Pivot Type Rocker (Cylindrical)
Load Type Load between pad (LBP)
Outside H.C.C. [W/m?K] 50
Ambient Temperature [C] 30
Supply Total Pressure [kPa] 20-80
Lubricant ISO 32 [16]
Material (Solid Domains) Steel

H.C.C: Heat Convection Coefficient
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Fig. 6. Illustration of prescribed boundary conditions for the FEA solver; (a) shaft domain, (b) pad domain.
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Fig. 8. Pad Numbering and Bearing Geometric Features in 3D CFD model.

interface boundary location values.

The CFD code adopts an iterative algebraic solver for all governing
equations, and the mesh deformation, degree of freedom motion (dof)
boundary conditions are periodically updated in the global iteration
loop. For instance, the mesh deformation boundary position conditions
from pad tilting motion are updated every 20 iterations. The shaft
translational motion, pad pivot motion, and solid deformations updates
for the mesh deformation boundary position conditions occur every 100,
500, and 1000 iterations, respectively. Convergence criteria include (1)
variable’s residuals are below 1.e—6, (2) all monitored parameters
including domain peak temperature and domain averaged temperature
are sufficiently converged, (3) iteration increments of all updated dis-
placements for the mesh deformation equation are near zero. The
computations are ended when the convergence criteria are satisfied.

3.2. Governing thermal-fluid equations

The CFD governing equations for flow and heat transfer are sum-
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marized here. The flow regime can be turbulent in certain locations and
operating speeds. The Reynolds Averaged Navier-Stokes (RANS) equa-
tion is applied for the momentum equation, to consider the statistically
averaged turbulence effect in the time domain. The RANS equation with
the eddy viscosity hypothesis applied to the Reynolds stress term, yield
the steady-state continuity and momentum equations expressed in Egs.
(1) and (2), where py is the fluid density, p’ is the modified pressure
determined from summing the static pressure (p) and 2/3pgk, k is the
turbulent kinetic energy dependent variables, . is the effective vis-
cosity defined by summing the dynamic viscosity (4;) and the turbulent
(eddy) viscosity (u,), and u; is the velocity of the fluid.
Continuity and momentum equations (p, u;):

0
a_x[_(Pf”i) =0 M

g 0 ou;  Ou;
(3xi + axj |:ﬂeﬁ‘ <0xj + 0x,v)} (2)

The thermal flow model is desired for TPJB performance prediction,

J
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Fig. 10. Grid Independence Summary conducted for a smooth TPJB with a
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Fig. 11. Pressure Contour (10,000 N load, 9000 rpm) by CFD simulation; (a) Smooth TPJB, (b) Pocketed TPJB.

(a)

because the dynamic viscosity is an exponential function (4; = @, exp( —
B,(Tf — Try))) of the fluid temperature (Ty), and it affects both mo-
mentum and energy equation solutions. The constants a,, f8,, and T, are
0.0342 [Pa - s], —0.0308, and 40 [°C], respectively, in the CFD simu-
lation. The Reynolds averaged energy equation in the fluid domain is
given by Eq. (3). The equation includes convective, diffusive, and source
terms, and the final source term on the right-hand side is the viscous heat
dissipation, which equals the drag power loss of the TPJB. The param-
eter /s is the thermal conductivity, and the hy, is the total enthalpy,
including the static enthalpy and kinetic energy.
Fluid Energy Equation (Tj):

0 0 (. 9T\ 0 , ou; o
o ) = (350) e [u(rons (G 5)) ) @

The 2-equation, k - w based Shear Stress Transport (SST) turbulence
model, is employed in this research. The baseline (BSL) k-omega model
is derived from combining the k-omega and k-epsilon turbulence models
with blending function to overcome the drawbacks of k-omega (sensi-
tivity to freestream conditions) and k-epsilon (difficulty on near-wall

(b)

Fig. 12. Vapor Volume Fraction Contour by CFD simulation (10,000 N load, 9000 rpm); (a) Smooth TPJB, (b) Pocketed TPJB.

treatment for low-Reynolds number) models. In the baseline model,
the eddy-viscosity is further modified by a limiter to account for the
Shear Stress Transport (SST), which is the k-omega based SST model.
The k-omega based SST model is applied in this study due to its accuracy
at low-Reynolds number, and wall-function flexibility (automatic wall-
function) for the near-wall mesh treatment. The Reynolds number is
low over the entire fluid domain, and this turbulence model’s validity
for the flow with the low-Re number has been confirmed in prior studies
[16-18]. The turbulent kinetic energy (k) and turbulent frequency (@)
fields are obtained by solving Egs. (4) and (5), and the solutions are used
to determine the turbulent (eddy) viscosity (4,) in Eqgs. (2) and (3).

Turbulent kinetic energy (k):
0 0 u\ ok ,

Turbulent frequency ():
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(c-1)

(a-2)

(b-2)

(c-2)

Fig. 13. Vapor volume fraction contour with applied load and operating speed changes; (a) 5000 RPM, (b) 9000 RPM, (c) 13,000 RPM; (1) 5000 N, (2) 15,000 N.

(a)
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ox; (pruyw) =
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where ﬂ’ is 0.09, and 6,2 is 1/0.856. 0ks3, 0,3, a3, and B3 are calculated by
the blending function B; and some constants, and Py is the turbulence
production term [19]. The blending function includes the wall distance

(b)

Fig. 14. Shear Stress Contour by CFD simulation (10,000 N load, 9000 rpm); (a) Smooth TPJB, (b) Pocketed TPJB.

variable from the nearest wall to the cell, requiring solution of an
additional wall distance equation. An automatic wall function is applied,
which can account for the viscous or inertia sublayer depending on the
first cell distance from the wall.

The flow regime between the journal and pad is mainly laminar
because of the thin film thickness relative to the journal radius. The
groove region between the pads can be turbulent depending on the
operating speed. The gamma transitional turbulence model is utilized to
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Fig. 15. Temperature Contour by CFD simulation (10,000 N load, 9000 rpm); (a) Journal Surface, (b) Pad Surface; (1) Smooth TPJB, (2) Pocketed TPJB.

account for the laminar and turbulent flow regimes with transitions.
Turbulent Intermittency (y):

Ipuwy) 9 i\ oy
B ™ P\ 4Py —En+Po—E
Ox; ox; {(ﬂf +o’,) 0xj:| TP —En+FPp—Ep (6)

where o, is 1.0, and the source terms (P,1, E,1, P;2, E,2) are determined
mainly by the transition onset Reynolds number. The turbulent inter-
mittency (y) is obtained by solving (6), and the gamma solutions (y)
interact with the source terms of the turbulent kinetic energy (4) to
simulate the adaptable flow regimes.

Laminar and turbulent flow regimes can coexist in a tilt pad journal
bearing, since the thin-film flow is mostly laminar, but the flow between
pads is often turbulent due to the relatively large geometric dimensions,
and strong nozzle/orifice injection flows, such as with direct lubrication.
The flow regime modeling uncertainty is reduced by employing a tran-
sitional turbulence model. A laminar model may save 30-40% in
computational time per computational iteration, however numerical
instability has been observed in the groove regions between pads, at
high local Reynolds numbers. Although converged solutions can be
obtained with a laminar assumption, the time saving may not be sig-
nificant, since the solution requires more computational iterations when

high Reynolds numbers occur between pads. Thus, a transitional tur-
bulence model is utilized to address accuracy, numerical stability, and
computational time, in the dual flow regime bearing model.

Phase change inside the pockets is an important phenomenon that
needs to be calculated in the CFD simulation. As described in Sec. 2,
vaporization (cavitation) starts at the leading edge of the pockets, and
the fluid undergoes condensation by returning to the liquid phase. The
multiphase flow is modeled by the mixture assumptions that all fluid
phases share the momentum, turbulence, and energy equations in the
fluid domain. The continuity equation for phase «a is solved for its vol-
ume fraction (r).

Phase a Continuity Equation (r,):

V- (rapa”a) =1y @

The source term (m,) is the mass transfer between the liquid and gas
phases. The mass transfer can be derived based on the Rayleigh-Plesset
model, which considers bubble dynamics. The Reynolds cavitation
model over-simplifies the mass transfer rate and neglects mass conti-
nuity. Therefore, conventional approaches are not employed in the TPJB
simulations.

The mass transfer rate for a cavitated region is governed by the
bubble dynamics equation (8), which is derived from the generalized
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Rayleigh-Plesset equation.

d*Ry, 3 (deb)Z n 20 cav — P

e T3\ ar o ®

PrRup Py

where ¢ and Ry, are the surface tension coefficient and bubble radius,
respectively, and p., indicates the saturation pressure. Neglecting
second-order and surface tension terms in Eq. (8) yields the simplified

form
ARy 2 pear — P
da \/3 p ©

Then, the bubble mass change rate is expressed by

dR 2 Pecav — P
= 4”Rib/’vd—;b = 47R},p, 3o,
:

dmb,, 7 dVbb

o Par an

where Vy;, is the bubble volume with a sphere shape. The bubble mass
change rate per unit volume can be expressed with Eq. (10), an empirical
calibration constant (Cr), and the bubble number per unit volume (Ny, =
v/ Vi), as

3 v 2 cav
c. 30 2P —p

= 11
da "Ry \|3 p an

With further modifications suggested by Zwart et al. [Ref. 20], the final
forms of the mass transfer rates for vaporization and condensation are
given by

3P, Fuue 2 . .
, = C;r,mpM ~—(Peav = P); if Peav > p (Vaporization) 12)
Ry 3p
3p.r, |2 . .
my = Cp_m,,dﬂ —(p —Peav), If Peav < p (Condensation) (13)
R\ 3p,

where Ry, (2 nm) and ry,.(5e-4) are the bubble radius and the volume
fraction of the nucleation site, respectively, and Creq(50) and
Crcond(0.01) are empirical phase change parameters. The parameters of
the mass transfer rates are the default values given in the commercial
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Loss, (2) Supply Oil Flow.

software. Vaporous cavitation results from a phase change occurring
when local pressure drops below saturation. Vaporous cavitation is
mainly modeled with the Rayleigh-Plesset approach. Gaseous cavitation
results when dissolved gas like air is released due to a decrease in
pressure. Very few theoretical models on gaseous cavitation have been
proposed, considering gas solubilities and equilibrium assumptions be-
tween the gas partial pressure and fluid pressure [21]. Gaseous cavita-
tion is not included in the present model, but will be included in future
work. Thus, the bubble formation in the present model is affected only
by the vaporous cavitation mechanism described in Eq. (12).

This heat flow in the fluid is dominated by the fluid advection flow
exiting to the side outlet. Some of the viscous heat generated in the fluid
film flows to ambient through the shaft and pads, affecting their tem-
peratures. Calculating the solid temperatures is essential since the
resulting thermal deformations affect the film thickness, which affects
the TPJB performance. Accordingly, the heat conduction equation needs
to be solved for the solid domains, and the governing equations are
written in Egs. (14) and (15). Note that the convection term in the shaft
energy equation is included for the shaft rotation effects in the fixed
frame.

Shaft Energy Equation (T):

7 0, dT,
= hmt.\ =5 Ay : 1
0x; (Pattns) ())c,-}L 0x; as
Pad Energy Equation (T;):
0, dT,
=— 1
0 t)x,-lp ox; as

us is the shaft rotating speed at each element, and it is calculated by
multiplying the element radial location (R.) and angular velocity (ws).
The displacements of the shaft translational x and y motions, pad
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tilting and pad pivot motions shown in Fig. 2(b) are periodically updated
during the Newton-Raphson driven search for the equilibrium states.
These displacements are applied to the interface boundaries of the mesh
deformation equation between the journal and fluid-film and between
the pad and fluid-film [16]. Likewise, the displacement solutions in the
structure solver modify the interface boundary conditions to include
effects of the solid thermal-elastic deformations, and shaft centrifugal
force deformations. The mesh deformation equation is expressed in Eq.
(16), where the dependent variable is the mesh displacement (§;) rela-
tive to the initial node location. The mesh stiffness (I'g;) is chosen with
any constant value to maintain the mesh orthogonal quality and induce
uniform mesh deformations in the film thickness direction.
Mesh Deformation Equation (&;):
0 . 06

Zi_o

] g (16)

3.3. Boundary condition

Fig. 5 shows the prescribed boundary conditions for the CFD solver.
The interface boundaries between the journal and the fluid-film and
between the pad and the fluid-film are also defined in the CFD solver.
For stable convergence, the supply oil inlet is prescribed with total
pressures in the continuity and momentum equations, where the total
pressure is the sum of the static and dynamic pressures. Ambient pres-
sure is imposed at the side oil outlet. The interface boundaries between
the pad and fluid-film (including the step and pocket surfaces) are
prescribed with a no-slip wall condition, and a moving wall boundary
condition is applied to the interface boundary between the journal and
fluid-film, due to the spinning journal. A 5% turbulence intensity is
assumed at the supply, and zero gradient turbulence boundary condi-
tions are prescribed at the side oil inlet. The vapor volume fractions are
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Fig. 19. Peak Pad and Averaged Shaft Temperature Benefits of Pocketed TPJB according to applied load (w); (a) w = 5000 N, (b) w = 10,000 N, (c) w = 15,000 N;

(1) Peak Pad Temperature, (2) Averaged Shaft Temperature.

set to zero at all inlet and outlet boundary conditions.

A 40 degC oil temperature is applied at the supply oil inlet and the
side outlet for the energy equations. Heat convection boundary condi-
tions, with heat convection coefficients and surrounding temperatures,
are applied on the shaft, pad, and groove outer surfaces. All interface
boundaries between the journal and fluid-film and between the pad and
fluid film take the displacement values for all shaft and pad dofs and the
thermal-elastic deformations. Fig. 6 illustrates the prescribed boundary
conditions in the FEA solver. Symmetry boundary conditions are
imposed by applying zero displacements in the z direction. As shown in
Fig. 6(b), the additional y’-constraints in the middle of the inner pad
surface are taken to make a solvable problem. The pad pivot boundaries
are fixed in the x’, y’, and z’ directions. Displacements from the non-
linear pivot stiffness are calculated separately in a Python-based code
[16].

4. Results and discussion
4.1. Geometry, meshing and input conditions

The original TPJB is referred to as “Smooth TPJB,” and the proposed
TPJB with the pockets and steps is referred to as “Pocketed TPJB”. The
benefits of the latter are demonstrated by comparing the predicted
performances of the Smooth TPJB and Pocketed TPJB. Validations for
the CFD-TEHD and cavitation models were conducted, as reported in the
Appendix, as a precursor to the CFD based comparison of the smooth and
pocketed bearings. The geometry, mesh, and CFD input parameters of
the example TPJB are given in Table 1. The CFD simulations showed
similar levels of benefit for TPJBs with different diameters, lengths, and
lubrication types. The diameter and length considered in the example
are 80 mm and 60 mm, respectively. Each CFD-FEA TEHD simulation
requires 105 wall clock hours utilizing 12 cores of a computer server
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based on the dual Intel Xeon 2.5 GHz E5-2670 v2 10-core processors, in
the TAMU High Performance Research Computing Center (HPRC).

Based on extensive CFD simulation studies, the pocket and step are
designed to have the cavitation region as wide as possible and enough
land to produce the pressure to stabilize the pads. The specific pocket
and step geometries are illustrated in Fig. 7. Both pocket and step have
10 mm depth, and the pocket has a much larger circumferential length
than the step, as described in Sec. 2. The axial length of the pocket and
step is 53 mm, which is approximately 88% of the TPJB length. The
pocket and step are implanted in the upper pads (Padl, Pad2, and Pad3),
and the case of only a single pocketed pad (Pad 2) is also presented in
Sec. 4.2.

A wide range of applied load (5-15 kN) and operating speed (7-13
kRPM) cases were simulated to investigate the pocket and step effects for
the various eccentricity ratios and journal surface velocities. Fig. 8 il-
lustrates the eccentricity ratio (¢) and attitude angle (¢). Both smooth
and pocketed TPJBs always predict a zero attitude angle, and so this
result is not presented for individual cases. The eccentricity ratio can be
expressed as

e

e=—o
Cip

a7

The primary purpose of the novel TPJB design is to reduce the drag
torque acting opposite to the rotation direction, as seen in Fig. 8. The
mathematical expressions of the drag torque (DT) and power loss (PL)
are given in Egs. (18) and (19), respectively.

Oute;
DT = R, ) dA,
NGRS

PL=DT x wy

(18)

19
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Fig. 20. x and y log decrements for evaluation of the dynamic performance; (a) w = 5000 N, (b) w = 10,000 N, (c) w = 15,000 N; (1) Log decrement-x, (2) Log
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where R; is the shaft radius, A; is the journal surface area, u.; and w; are
the circumferential velocity and rotation speed, respectively.

As described earlier, the shaft, pad, and fluid domains are considered
in the CFD simulation. Fig. 9 depicts the modeled TPJB with the mesh for
the smooth and pocketed TPJB. A mesh independence study was con-
ducted on the Thermo-Hydrodynamic (THD) Model, and is summarized
in Fig. 10. The number of elements was selected to be 433,436 based on
the results in Fig. 10 and the corresponding computation times. The final
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mesh was identical for the smooth and pocketed bearings as illustrated
in Fig. 9.

4.2. The effect of multiple pockets and steps on upper pads
Comparison between the simulation results for the smooth and

pocketed TPJBs demonstrates the benefits of the latter. Fig. 11 shows the
pressure contours when the pockets are installed on padl, pad2, and
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pad3 of the pocketed TPJB. The color contour levels are adjusted to
focus on the pressure distribution of the upper pads, since their pressures
are much lower than that in the bottom pads.

As shown in Fig. 11(b), the peak pressures in the pocketed TPJB are
produced at the step and pocket trailing edges, which helps stabilize the
pad tilting motion. The pressure is suddenly decreased in the circum-
ferential direction where the film thickness is suddenly increased, to
conserve fluid momentum. Thus, the pressure suddenly drops at the
leading edge of the pockets, generating cavitation in the pocket. The
negative gauge pressure inside the pockets is recovered at the trailing
edge of the pocket. In addition, Fig. 12(b) shows that the negative
pressure inside the pockets causes the significant phase change (high
vapor volume fraction) from the liquid phase to the gas phase, while
cavitation is not observed in the smooth TPJB result, as seen in Fig. 12
().

The vaporization is activated more at the higher speeds, as demon-
strated in Fig. 13, because the pressure drop inside the pockets becomes
larger at the higher speeds. Fig. 13 also shows that the degree of cavi-
tation is nearly insensitive to the applied load. Further simulations have
demonstrated that a high level of cavitation occurs for a wide range of
operating conditions. This is good since it suggests that the proposed
novel features for the TPJB may be beneficial for a wide range of
applications.

In the pockets, the evaporation significantly lessens the dynamic
viscosity (4;) of the fluid, and the larger film thickness decreases the
velocity gradient (dug-/or). Therefore, the pockets reduce the shear
stress (4 Ougr/dr). A substantial shear stress reduction is confirmed in
Fig. 14, which implies a corresponding significant drop in drag torque
and power loss by Egs. (18) and (19), respectively. Fig. 14(a) shows a
significant level of shear stress on the upper pads of the conventional
TPJB despite the low pad loading. So, reducing the power loss from the
upper pads can yield a significant overall power savings for the TPJB.

Fig. 15 shows the temperature distribution on the pad and journal at
9000 rpm and 10,000 N load, for both the smooth and pocketed bear-
ings. Figs. 15(a-1) shows the temperature varying in the axial direction
due to the three nozzle oil injection cooling flows. The pad surface
temperature increases along the rotation direction, and the bottom pads
have relatively higher temperatures because of the larger viscous heat
generation in the thinner film. As shown in Fig. 15, the overall tem-
perature at both pad and journal surfaces is decreased in the pocketed
TPJB.

Fig. 11 shows that the negative gauge pressure in the pockets yields a
lower load condition on the upper pads, than for the smooth TPJB. Thus,
the journal lifts to the opposite direction of the applied load, and the
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eccentricity ratio is decreased, with an increase in the minimum film
thickness. This indicates the pockets can provide power loss reduction
benefits without sacrificing bearing load capacity. The eccentricity ratio
is increased with increasing applied load, and decreased with increased
operating speed, as shown in Fig. 16. The percent eccentricity ratio re-
ductions from the pocketed TPJB are increased with increased speed and
with decreased applied loads, resulting from the increased proportion of
the upper pad loads, with respect to the bottom pad loads.

Fig. 17 shows that the pockets tend to raise the shaft, decreasing
eccentricity ration and increasing minimum film thickness for a given
static load. The increase in minimum film thickness is more pronounced
at low loads (5000 and 10,000 N) than at high loads (15,000 N).

TPJB drag torque and power loss are significantly reduced by the
pocket cavitation, when applying the pocket and step on the upper pads,
as seen in Fig. 16(2) and Fig. 18(1). Mathematical expressions of the
drag torque and power loss are given in Egs. (18) and (19). Power loss
follows the same trends as the drag torque by Eq. (18). The drag torque
and its benefits are not highly sensitive to applied load, but are for
operating speed (RPM). This indicates the proportion of the drag torque
caused by the upper pads becomes higher at the high speeds, when
compared to that at the bottom pads. The drag torque and power loss
reductions achieved range from —12.8 ~ —27.3%, and are very distin-
guishable at higher operating speeds, independent of applied load.

Fig. 18(2) shows the predicted supply oil flow rate for the given total
pressure inlet boundary condition. The supply oil flow rate increases
with operating speed due to the increase of the side leakage flow and
total pressure at the supply oil inlet. The cavitation inside the pockets
allows the TPJB to operate with a reduced oil flow rate for the upper
pads. It is confirmed that the required flow rate is significantly reduced
with the pocket and step included. This has the practical advantage of
derating the required oil supply pump, reducing cost and power.

There is a limit on recommended pad surface operating temperatures
due to the material’s (Babbitt) melting temperature and fatigue life.
Thus, it is desirable to reduce the maximum pad temperature, especially
since modern turbomachinery operates at increasingly higher speeds.
Reducing pad peak temperature also reduces pad cooling costs. Fig. 19
shows the peak pad and averaged shaft temperatures calculated by CFD.
The pocketed TPJB results show reductions in peak pad and averaged
shaft temperatures. The power loss reduction and journal lift in the
pocketed TPJB lead to a decrease in the temperatures. The journal lift
increases the minimum film thickness, and the viscous heating is
accordingly lowered.

The static performance of the pocketed TPJB as presented in
Figs. 16-19, shows strong benefits. The dynamic performance of the
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pocketed TPJB also needs to be demonstrated. The log decrement, as
defined by

1 — (real(%)/|A])*

Odec,i = (4 : eigenvalue) (20)

is utilized for this purpose below. Log decrements are obtained from the
TPJB dynamic coefficients and are frequently employed to estimate the
stability of the rotordynamic system with TPJBs [26]. The present study
follows the methodology for calculating the dynamic coefficients and
log decrement for a Jeffcott rotor supported symmetrically by the two
identical TPJBs in Refs. [16-18]. The rotor equilibrium state transitions
from stable to unstable as the log dec value changes from positive to
negative values. Fig. 20 shows the x and y mode log decrements vs.
operating speed and bearing load. The y mode log decrement of the
pocketed TPJB is very similar to the smooth TPJB for any speed and
applied load condition. Even though the x mode log decrement of the
pocketed TPJB is lower than the existing TPJB, the positive stable status
is maintained. In this case, there exists a trade-off between drag power
loss reduction and stability. The proposed pocketed pad parameters can
be varied to balance desired power loss reduction and required log dec.

Fig. 21(b) shows that for the 3 pocketed pad TPJB, the aforemen-
tioned static performance changes (benefits) are a function of the
smooth TPJB eccentricity ratio. This shows that TPJBs operating at ec-
centricities lower than 0.5 will experience the greatest benefits in terms
of power loss and peak pad temperature reductions, by installing step
and pocket modifications. In contrast greater reduction in oil flow rate is
improved at higher TPJB eccentricities.

A study was also conducted to determine the static and dynamic
performance benefits obtained with only a single pad (2) with a step and
pocket. Fig. 21(a) shows that even though the pocket and step are
installed only on pad 2, its benefits are clear with power loss reductions
(—2.3% ~ —10.0%). Fig. 22 shows that, unlike the 3 modified pad case,
both x and y log decrements remain nearly unchanged relative to the
smooth pad case. Note that log decrements correspond to a 5000 N
bearing load, since the power loss reduction is negligible when the
applied loads are 10,000 N and 15,000 N.

This demonstrates that static performance improvements can be
obtained without the loss of load capacity, while maintaining stability.
The pocketed TPJB for pad2 only, has shown a better dynamic perfor-
mance than the pocketed TPJB for all upper pads, in Fig. 22.

The proposed pocketed TPJB is beneficial for TPJB with a pad cen-
trally located opposite to the static load direction. The selection of a 5
pad bearing was intentionally made to demonstrate potential benefits
validated by the 3D CFD model results. Similar benefits should result for
pocketed TPJBs with fewer or more pads than 5, if there is a centrally
located pad opposite the load direction. Pad pockets could be used as a
retrofit or in original equipment, to reduce power loss and required oil
flowrate.

Fluid film bearings with static loading generally experience cavita-
tion without erosion damage. Cavitation erosion occurs in journal
bearing subjected to high dynamic (cyclic) loading, such as may occur
during the crank cycle in internal combustion engines [22,23]. Quick,
large changes in pressure cause sudden bubble collapse with high impact
loads on the bearing surface, leading to erosion pitting. The erosion
damage may be reduced with the use of harder material, avoiding severe
operating conditions, etc. The proposed bearing is not subject to severely
fluctuating load conditions. Thus, it is expected that erosion damage is
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unlikely, but due to the novel design will be investigated in future work.
5. Conclusion

This study presented a model and simulation study for a modified
TPJB for reducing power loss without significant load capacity and/or
stability degradation. The proposed TPJB modifies a smooth pad by
adding a pocket and a step, on the upper pads which carry relatively low
loads, to inhibit load capacity loss. The principal mechanisms involved
include (a) lowering the power loss by inducing cavitation inside the
pockets, and (b) stabilizing the pad by generating moment balancing
pressure peaks at the pocket and step trailing edges. Cavitation gener-
ated inside the pockets lowers the dynamic viscosity and the radial
component of the circumferential velocity gradient is reduced due to the
larger clearance in the pocket. Both effects combine to lower the shear
stress that opposes the journal rotation, in effect lowering drag torque. A
previously validated, high-fidelity TEHD-CFD model was employed to
test the efficacy of an example, 3 modified pad TPJB. The drag power
loss reduction was (—2.4 ~ —27.3%) and eccentricity ratio reduction
was (—2.4% ~ —52.8%) for the static TPJB performance. Related ben-
efits include supply oil flow rate reduction (—2.0 ~ —15.0%) and pad
peak temperature reduction (+0.9% ~ —9.09%), gained for various
operating speed and applied load conditions.

Computed log decrements for a Jeffcott rotor model supported by 2
identical TPJB, with 3 modified upper pads, showed a decrease in sta-
bility margin for the x mode log dec, and near invariance for the y mode
log dec, as compared with the smooth pad case. The x log dec remained
above +0.9 for the entire speed range, in spite of its reduction relative to
the smooth pad case. A second modified bearing model with only 1
modified pad (pad 2) yielded results showing near invariance of both x
and y log decrements between the smooth and pocketed TPJB. The
power loss reduction for the single pocketed bearing was substantial but
less than for the 3 pocketed pad TPJB. These results imply that, as in
most engineering design problems, there is a tradeoff between
competing objectives, here identified as reducing power loss and
increasing rotordynamic stability.

Future work includes experimentally verifying the predictions pre-
sented. The example bearing utilized in this study has the dimensions
and properties of the bearing in a test rig for measuring bearing power
loss at the Texas A&M. The rig is scheduled for completion in 2021.
Future work also includes developing machined learning based selection
rules and guidelines for pocket and step dimensions and locations. These
will be presented with Pareto fronts illustrating tradeoffs between the
competing objectives of power loss reduction and log dec maximization.
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The TEHD-CFD modeling method in Sec. 3 was developed in previous studies [16-18] with geometric parameterizations, and validated against test
data. TEHD-CFD TPJB results are correlated with test data here, vs. load and speed. As shown in Table 2, TEHD-CFD simulation results and test data
are compared for eccentricity ratio, upper pad temperature (Padl), bottom pad temperature (Pad4), and supply oil flow rate. The pad temperature
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comparisons give important validity information because the pad temperature reflects thermal flow effects, balanced by viscous heating proportional
to the power loss, advection heat flows, and heat transfers in the fluid-film domain. Also, the correlation for the eccentricity ratio checks the validity of
the TEHD-CFD model. Table 2 shows that the relative errors between the prediction and measurement are mostly within 15% in the various operating
conditions, which supports the validity of the TEHD-CFD model.

Table 2
TEHD-CFD Model Validation for a TPJB (50.8 mm Radius, 60.3 mm Length) [18].

Load [N] Operating Conditions
Speed [KRPM]
6337 10,559
7 10 13 16 7 10 13 16

Relative Error [%] between CFD and Experiment

Eccentricity Ratio 13 15 15 2 12 13 12 1
Padl Temperature 7 8 5 2 8 9

Pad4 Temperature 9 2 1 0 10

Supply Oil Flow Rate 14 13 15 15 14 14 15 15

The TEHD-CFD model validation was previously performed when the cavitation is negligible in the fluid-film. Cavitation is especially important
inside the pockets of the novel, low loss TPJB, and so a dedicated validation of the cavitation model (Rayleigh-Plesset) was conducted. A dedicated test
rig for the proposed low loss bearing is presently unavailable. Therefore, available test data [25] with a similar flow regime (laminar) and conditions
with the pocket’s saturated cavitation, is utilized to indirectly validate the cavitation model employed in the proposed TPJB CFD study.

Fig. 23 represents the venturi geometry and cavitation features [25] introduced to validate the pocket cavitation model. The pressure measurement
points are located at A and B in Fig. 23. The pressure decreases right after the venturi neck, where the cross-section area (y-z plane) starts to increase.
The pressure drop near the neck induces the saturated cavitation (oil mist), as depicted in Fig. 23. Gaseous cavitation (air bubbles) also occurs
downstream of the neck as shown in Fig. 23. Mineral oils contain mostly 8-12% (by volume) dissolved air [24]. The proposed bearing’s CFD
simulation results will show that the amount of gaseous cavitation is negligible when compared to the saturated cavitation inside the pockets. The
additional consideration of the gaseous cavitation effect does not significantly affect the prediction accuracy for the proposed TPJB, and the
consideration is computationally inefficient. Thus, gaseous cavitation is not modeled and is considered a minor consideration in the comparison
validation.

y
X 72 30.8 71.2 130
z, mm ’ mm . mm L mm -
L N - i |
I'Flow Directi 10 mm L. -
: IOV\/:IIGCIO:; 20 mm “‘N>Gaseous Cavitation :
1A Saturated Cavitation BI

Fig. 23. Venturi Geometry and Cavitation Phenomena in Laminar Flow Regime (Depth: 10 mm) [25]

Table 3
Fluid Property (47V 100 Silicon Oil [25])

Oil Properties Values
Oil Density [kg/m3] 963
Oil Dynamic Viscosity [Pas] 0.0975
Surface Tension Coefficient [N/m] 0.0209
Saturation Pressure [Pag] 0

Table 3 provides the oil properties applied in the test [25] and CFD simulation. The generated mesh and boundary conditions are illustrated in
Fig. 24(a). The mesh density is determined through grid testing, and a denser mesh is made near the wall and venturi neck, as seen in Fig. 24(b). The
computational domain is extended in both positive and negative x directions to guarantee fully developed flow conditions from A and to prevent
reverse flow at B. The Inlet is prescribed with velocity, and pressure is imposed at the outlet. The loss coefficient per unit length is prescribed in the
sub-domains from C to the pressure outlet, to adjust the pressure at A and investigate the cavitation number, that indicates the cavitation inception.
The cavitation number (o) is defined as

2(pa — pv
o=2pa—py) @D
Prity

where ps and uy are the pressure and velocity at A, and p, is the saturation pressure 1.3 Pa. CFD simulations considering laminar, isothermal, and
mixture multiphase flows with the Rayleigh-Plesset cavitation model were conducted to confirm the selected cavitation model’s reliability.
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Fig. 24. Mesh with 159,040 Elements for Venturi; (a) Overview, (b) Magnified View near Venturi Neck

Fig. 25 shows the correlations between CFD simulation and experiment for the low Reynolds number range (laminar).
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Fig. 25. Comparison between Theory and Experiment [25]; (a) Loss Coefficient (K}), (b) Cavitation Number (o)

The pressure loss coefficient is defined as

K, — 22— pa) (22)
Prita

where pg is the pressure at B. The CFD simulations agree well with the test data [25] for the pressure loss coefficients represented in Fig. 25(a). The
cavitation number in Eq. (21) is calculated from p, and us when the minimum pressure of the domain becomes lower than the saturation pressure, and
corresponds to cavitation inception conditions. Fig. 25(b) shows that the CFD simulation accurately predicts the cavitation inception as compared with
experimental data. Croci et al. [25] measured the cavity when the Reynolds number is 1201, and the cavitation number is 6.04. The cavity size and
location are compared in Fig. 26, and the comparison shows good agreement between the CFD simulated cavity and the test measured cavity. The
cavity geometry information in the CFD simulation is identified as where the iso-surface volume fraction is 0.015. The reliability of the mixture
multiphase flow and the Rayleigh-Plesset models employed in the full TPJB CFD model, were validated through comparisons between the CFD results
and test measurements.
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