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Abstract: Hydrogen is the cleanest fuel available because its combustion product is water. The
internal combustion engine can, in principle and without significant modifications, run on hydrogen
to produce mechanical energy. Regarding the technological solution leading to compact engines, a
question to ask is the following: Can combustion engine systems be lubricated with hydrogen? In
general, since many applications such as in turbomachines, is it possible to use the surrounding gas as
a lubricant? In this paper, journal bearings global parameters are calculated and compared for steady
state and dynamic conditions for different gas constituents such as air, pentafluoropropane, helium
and hydrogen. Such a bearing may be promising as an ecological alternative to liquid lubrication.

Keywords: thermal hydrodynamic lubrication; gas bearing; compressible; vapor; turbulent; 2
phase flow

1. Introduction

Hydrogen is the cleanest fuel available as its combustion product is water. This
advantage has enabled hydrogen technology to quickly establish itself as the technology of
the future not only for fuel cell vehicles (FCVs), but also for other high-energy consumption
applications. Combining a hydrogen fuel cell with an electric motor is obviously an
ideal situation for obtaining mechanical energy without emitting greenhouse gases or
other forms of pollution. The hopes of commercialization seem hypothetical in the short
to medium term, thus a credible transitional solution has emerged by decoupling the
following two “futuristic” technologies considered: hydrogen on the one hand, and the
fuel cell on the other. Therefore, we propose as a first step to use hydrogen with a mature
technology, namely, the internal combustion engine and its bearing components.

The internal combustion engine can, in principle and without significant modifications,
run on hydrogen to produce mechanical energy by releasing only water vapor and oxides
of nitrogen (NOx). As a result, the hydrogen internal combustion engine could contribute
to meeting the following double challenge already identified: remedying the scarcity of oil
resources and reducing greenhouse gas emissions, provided, of course, the hydrogen used
is not made from fossil fuels. Converting such an engine to hydrogen does not change its
basic functioning, only a few modifications become necessary. The specific power limitation
can be eliminated via appropriate injection devices (high-pressure direct injection) and
supercharging (turbo or compressor). We can then end up with extremely high-efficiency
engines (greater than 40%) over the entire operating range. Such efficiencies can even
exceed those of the best diesel engines. Concerning the technological solution leading to
the compact engines, questions to be asked are as follows: Is it possible to use hydrogen
both as a fuel and as a lubricant? Can systems in the combustion engine be lubricated
with hydrogen?

In the context of the increased evolution of mechanical systems, the constant develop-
ment of vehicle propulsion also leads to an improvement in fuels and lubricants (brake
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fluid, refrigerant, or engine oils). In the development of fuels and lubricants, increased
propulsion performance and efficiency play a crucial role, but protecting the driveline
from wear and deposits is also important. In the age of global warming, protecting the
environment is becoming increasingly important. It is therefore logical that efforts to
increase energy efficiency also target a more economical use of the available resources. The
search for new alternative fuels is thus one of the central missions in advancing the tech-
nology. To develop fuels and lubricants that are environmentally compatible is particularly
important, whether at the stage of their manufacture, disposal, or from the point of view of
their biodegradability.

On the other hand, the energy sources used for road transportation include natural
gas (CNG and LNG), biogas, liquid gas (LPG), bioethanol, biodiesel, hydrogen (H2), and
electricity, among others. Only biogas, bioethanol, and biodiesel, as well as hydrogen,
wind, solar or hydroelectricity, constitute complete ecological alternatives. Natural gas and
liquid gas are indeed still fossil energy sources (i.e., non-renewable). However, they allow
combustion that is less polluting than gasoline and diesel. In addition, their ecological
balance can be significantly improved with the addition of biofuels. As for hydrogen
propulsions—whether it is a combustion engine, a gas turbine, or a fuel cell—the significant
energy expenditure required to produce and transport hydrogen is affecting their otherwise
very good ecological balance.

Ammonia refrigeration lubricant is specifically designed for use in ammonia refrigera-
tion systems. Ammonia refrigeration lubricant (R717AC-LT) is highly stable and specifically
formulated so that it does not react with ammonia. The technology is also used by most
original equipment manufacturers for their factory and service fill. These lubricants have
very low volatility, enhanced stability, and reduced solubility in ammonia, resulting in very
low lubricant use and increased efficiency of the ammonia refrigeration system. The refrig-
erants R717AC-LT and R717AC-XLT are formulated to have even better low-temperature
properties and are designed to operate in extremely low-temperature flash freezers.

If the combustion gas and lubricating gas are the same, a separate lubricant feeding
system becomes unnecessary. A realistic solution in a hydrogen or refrigerant environment
is a lubrication system using one of these as the working fluid. A number of studies over
the last 20 years have shown that bearings are the best options for a consequent range
of applications, such as oil-free turbomachinery [1,2]. To implement bearings into new
systems, many problems remain. Studies already exist, but they are either experimental [3]
or analytical without a specific lubricant behavior analysis [4]. Gas-lubricated bearings
require a specific thermo-hydro-dynamic (THD) or thermo-elasto-hydro-dynamic (TEHD)
theoretical and numerical model. In this paper, we investigate both the static and dynamic
bearing behavior when running with hydrogen or refrigerating gas. A TEHD approach
is used with a gas constitutive equation to describe pressure, density, viscosity, and tem-
perature. A GRE (generalized Reynolds equation) for turbulent flow, a nonlinear cubic
EoS (equation of state) for two-phase flow, a 3D turbulent, thin-film energy equation,
and three-dimensional (3D) thermal equations in solids are all needed. Journal bearings
global parameters are calculated and compared for steady state and dynamic conditions
for different gas constituents.

There are no available experimental studies in the literature to which the present
results can be meaningfully compared. Indeed, experiments with local behavior (of, say,
pressure, temperature and density) are extremely rare for any type of gas bearing, but
particularly in the case of such a specific geometrical configuration. There are dozens
of parameters that can significantly influence the behavior, so the present study must be
considered as preliminary, rather than definitive and exhaustive.

There are numerous recent papers on the influence of tribology on the environment,
which have spawned a movement with various names such as “green tribology”, “en-
vironmentally friendly” lubricants, etc. Most of such articles take the form of finding
biodegradable lubricants [5,6], minimizing the use of lubricants through alternate tech-
niques [7], deriving plant-based lubricants [8], and others. There is much less research
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dedicated to this theme using gaseous lubricants such as air or cryogenics. A literature
search on this topic unearthed very few papers, one of the few being Ref. [9]. Our current
paper seeks to begin to partially fill this void by applying a basic analysis to the widely
used three-lobe gas bearing with feeding grooves, as a candidate for application with
benign gaseous lubricants.

2. Equation of State and Vapor/Liquid Transition

When the pressure is sufficiently close to the vapor pressure, the assumption of the
ideal gas theory used for compressible gas behavior (density is dependent on pressure and
temperature) frequently is inadequate. The existence of two-phase flow has been shown
experimentally under specific conditions, e.g., when refrigerant is introduced into the GFB
lubrication system. The use of a nonlinear EoS (equation of state) capable of describing the
variation in density as a function of pressure and temperature, and of the vapor/liquid
transition, is necessary. Since density and pressure are strongly coupled, the GRE and EoS
must be solved simultaneously. Viscosity is also related to temperature and the fraction of
liquid in the fluid. We have chosen a modified Peng—Robinson EoS [10], with a dimensional
formulation written as follows:

) B )

R = 8.314462175 ( J-mol 1. K1)

with:

2

R2 TCZ T 0.5
ap = 0457135528921 {1 +m, (1 - (%) )}

my = 0.378893 + 1.4897153 w, — 0.17131848 w3 + 0.0196554 w3
B = 0.0777960739039 K T¢

()

where p is the pressure, R the ideal gas constant, T the local temperature, B and m, are EoS
constant coefficients, whereas 4, is an EoS temperature-dependent coefficient.

The molar mass M, the critical pressure p,, the critical temperature T, and the acentric
factor w, are among the fluid characteristics that can be found in a fluid database. The
primary inaccuracy of the EoS prediction is due to a poor evaluation of the vapor pressure
at which the transition occurs. To overcome this, we use the Clapeyron formula to predict
the vapor/liquid transition. From the Dupré approximation, three couples (T}, psat (T}))
are needed (for a given gas) to predict the vapor pressure at any given temperature [11],
as follows:

In(psa(T)) = C1 ~ 2 — C3 In(T), )

where Cp, Cy, Cs are three phenomenological constants (for a given gas). These three
couples can easily be found in the literature for a large group of fluids.

3. The Vapor/Liquid Transition Phase

The vapor to liquid phase may occur for some lubricants. The vapor/liquid transi-
tion model we choose has shown good efficiency in previous works [12]. A continuous
sinusoidal transition, which is a function of the local pressure, the vapor pressure and the
minimum speed of sound ¢y, in the mixture, predicts accurate equivalent parameters
for the mixture. The subscript ! is for the value of a given parameter for the liquid phase,
and v for the vapor phase. This transition occurs for the three parameters of density p,
thermal conductivity k and molecular viscosity y. We can obtain the pressure from the
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vapor pressure pg; to its upper limit ps;r + Ap for which the fluid equivalent parameters
are calculated as follows:

CU: %

Conin = 2 Cy %

Ap = p1 — po )
Ap = pp — po

Ak =k —k,

Ap =% Couin P

and the following:

min

p= pv—i-Apsm<Kpfs”’)

U= o+ Au sm(APM Psat ) )

P=Psa
k=k, —|—Apsm(Ak 2t>

min

Noting that c,,;, is the minimal speed of sound in the vapor phase [13] calculated
from pressure, density, and the adiabatic index -y for an ideal isentropic gas. The latter is
assumed to be 7/5, as is the case for the diatomic molecules from the kinetic theory.

4. Generalized Reynolds Equation

In this section, we present a generalized Reynolds equation (GRE) [14], which de-
scribes the pressure field in the lubricant under thin-film assumption. The pressure field in
the bearings is obtained by solving the steady-state GRE (6) for turbulent, compressible flu-
ids with variable viscosity across the film thickness. It can be written in its nondimensional

form as follows:
(s (R)2 38p 9, F a(ph)

with the following:

Fo= [y #=dy
1 ~
k= o%ydy
~ 1 ~ [~ =~ ~
B=fy &7 (7-7)di 7)

where the following applies:

x = R0, y:hg:CLE(G)?, z=1L2Z, t:?/Qp:poﬁ, p=pop, W =wuop".

Boundary conditions for pressure are based on an imposed pressure at both ends and
in the supply groove if any. Our model ensures the continuity for physical values, such
as density and viscosity, for the vapor/liquid transition. We also take into account in this
GRE the turbulent flow effects due to an equivalent viscosity term, which combines the
molecular viscosity and the eddy viscosity due to turbulent flow [15].

The transition between the laminar and turbulent regime for the bearings is considered.
Different regimes can exist at different locations inside the bearing. When the local Taylor
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number Taj, reaches the value Ta,, the limit between the laminar flow and Taylor vortex
regimes is reached with the following;:

0ROk [h h
yr A Ly Ly 8
L " R R 8)

Tac = 63.3 €2 —38¢; +41.2 ©9)

and the following;:

The critical Taylor number Tz, is taken from the empirical relation given in [16]. The
value 41.2 comes from the theory of the Taylor vortices and is the limiting value when the
eccentricity ratio ¢; is zero. When Tay reaches 2Ta., the flow becomes turbulent.

5. Energy Equation

This section shows how we consider the THD effects in our model, and is related to the
lubricant thermodynamic behavior. We solve a steady-state 3D turbulent thin-film energy
equation (Equation (8)) to obtain a local thermal field (and local temperature-dependent
molecular viscosity). It can be written in its non-dimensional form as follows [15]:

5¢, [t o _ Hyon\oT R\ ~0T , aT| _ 1 8 (5«oT
oy (1 (- 28) 8+ (4)9% + 4] - 13 )

N AU 2 T o mynN (10)
()" (8) ] oometlat+ ()52 ]
with the following:
Pe=f0% "L C‘“kOQ S
N, = Ko (Rs Q) (11)

k% T
-1 ls
N =
0 (BT P
where the following applies:

u=R;Qu, v=CLQuv, w=R;Qw, t:?/Q

Cp:COEp, T:T()T, k*:k()ﬂ];*, D(:(Xo&

The thermal model accounts for 3D (circumferential, radial and axial) temperature
variations. The thermal expansion coefficient x must be determined to solve the equation. It
is obtained using the ideal gas law. It leads to the following expression in the vapor phase:

W= =

o

The thermal expansion coefficient is considered to be zero in the liquid phase. The
assumption of an ideal gas should be valid for several reasons, among them being that
the ideal gas law gives a very good approximation far from the vapor pressure value.

In addition, when close to the transition and in the transition, the compressibility terms
become less important in magnitude, since the lubricant tends to liquid behavior.

ﬂz““l

’ (12)

S~

6. Three-Dimensional Eddy Viscosity Model

We need a zero-equation turbulent model that gives the eddy viscosity as a 3D function
of the local fluid parameters, and can also be used in a THD model. We choose a 3D eddy
viscosity model in which the influence of turbulence is calculated through a modified
version of the Reichardt empirical law.
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The empirical coefficients are based on shear stress and velocity measurements in a
pipe flow [17], and are adapted to fit the experimental data [18]. In that case, the eddy
viscosity is given by the following formula:

it = [+-—5 ¢ h(y+)] 13
w=x\y Ltanh| = (13)

L
v =eiy/7
=y () + (5)° "

pr=ptpt

where « = 0.4 is the Von Karman constant, J; = 10.7 is the thickness of the laminar sublayer
and y* is the dimensionless distance from the wall.

with the following;:

7. Turbulent Conduction

The conductive term in the energy equation corresponds to the heat transfer due to the
conductivity of the fluid. When in the laminar regime, the conductivity is an intrinsic fluid
property and the conductive heat transfer is the result of the mean temperature gradient.
In the turbulent regime, the fluctuating velocity generates an extra heat transfer. Therefore,
the turbulent conductive term can be written as the sum of the laminar and turbulent
conductive terms and again k* = k + k'.

with the following:

t
P Mk
k_pPrtzxf (15)

where ay is the heat transfer diffusivity, as follows:

k
wp=— (16)
" oep

The turbulent Prandtl number Pr! is the ratio between the momentum eddy diffusivity
and the heat transfer eddy diffusivity. Following the Reynolds analogy, it is often assumed
in lubrication that Prf =1 [19].

8. Thermal Behavior of the Solids

The temperature generated in the fluid flows through the solids, as shown in Figure 1.
For simplicity and demonstration purposes, a two-lobed bearing is shown. In agreement
with the experimental results of Dowson et al. [20], it can be assumed that the temperature
Ts of the fast-rotating shaft is independent of the coordinate angle 8, and in these conditions,
the heat equation becomes the following;:

PT, 10T | (R\*0°T,
7 i <L) P 17)
with the following;:
T, =Ty T
{ r=Rs7 (18)
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Natural convection and radiation
(global heat transfer coefficient)

| Bush body
| Bush body

Heat flux continuity
Temperature continuity

Fluid

Shaft

‘ Fluid
Natural convection and radiation

Inlet temperature (global heat transfer coefficient)
Mixing flow process

Heat flux continuity
Temperature continuity

Figure 1. Boundary conditions for temperature for a two-lobed bearing.

To obtain the temperature T}, in the bush, we neglect the axial gradient of the tempera-
ture. Therefore, the heat equation can be written as follows:

T, 10T, , 1T,

— ="t =—= = 1
2 TFor Toag (19
with the following:
T, =To Ty
{ r =Ry T (20)

The temperature boundary conditions are the following:

8.1. Film—Housing Interface

Tlyo=Tilrp, = T|._ = Ti

r=1
_ _k* Ry oT (21)

T,
k* oT - —k ] k* _oT
F=1 kn.cp b 9 =0

y y:O__ h3r

=R, or

where k* and kj, are, respectively, the equivalent coefficient of conduction for the fluid and
the housing.

8.2. Housing—Air Interface

The housing external surface is in contact with the surrounding air. The thermal ex-
change is mainly due to convection and radiation. We combine these two phenomena using
a global coefficient of exchange hj,, and we can write the following at the external surface:

aT;,

kn=5,

T —I(Tal,—g, = Toms) 22

which can be written in dimensionless form, as follows:

_ My Rh(T

o
k, \"

ar

~T, 2
- F=R,,/Rs amb) ( 3)
T:Rh /Rs

8.3. Film—Shaft Interface

For this interface, a realistic condition is the continuity of heat flux by conduction.
Nevertheless, as the rotational speed is high, this flux does not depend on the angular
coordinate 6. Following [21,22] we have the following:

27
k, 2T Zndez:—k*dz/ g;
0

| R, do, (24)

y=h
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and thus in dimensionless form as follows:
oT, 1 R k* 2719T
—— = —— =— de. 2
oar | 27 Cp, ks /0 h oy g1 25)
8.4. Shaft-Air Interface
At this location we can write the following:
dT;
e s (Tsl—s, = Tom) (26)
2
thus, the following applies:
oTs ho L [ ~ _
— = — T. - T, 27
aZ ~ . ks ( s Z::E% amb) ( )
z=i7

8.5. At the Entry of the Film

There is a mixing flow process at the entry of each sector (see Figure 2). The present
approach applied to the grooves and sectors is rather simple and straightforward, consistent
with the aims of the paper. A much more sophisticated study on the topic is due to
Xie et al. [23] using CFD on an individual groove, but its results would be difficult to apply
to this paper.

Ql}
\ | ]

\

Bush . ; N ,¢ """"""

Q;" Lz Out
Shaft —

Figure 2. Heat flux across the boundaries of the groove region.

The following flows are involved:
at the entry of sector i

. 12 rh(6)) ,
i g(et 7 3\didz
QL = /71/2/0 u(()l,y,z)dy dz (28)
at the exit of sector i _—
. 12 rh(65) .
i-1 _ 700 75 A5
Qsl= [ o /0 u(@z,y,z> dy dz (29)
in the axial direction _
~ 0y h(0)
Q=2 /" [ @(0.5,1/2) R 40 dy (30)
1 0

Thus, the temperature at the entry is given by the following:

T(60},7.%) = A%?; (T(e5%52) —1) +1 (31)
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where A is a mixing coefficient depending on the operating conditions [24].

9. Viscosity Variations
Temperature variations have a direct impact on lubricant viscosity. For gas, we use
the following explicit formulation, which gives the molecular viscosity as a function of the
temperature [25]:
S s 14 (Su/To)
T+ (5 u/ To)
The Sutherland number Su is a constant that depends on the lubricant composition,
and whose value can be found in the literature.

(32)

10. Bearing Geometry

A sketch of the three-lobed bearing for which the calculations are performed is given
in Figure 3. The dimensionless film thickness is as follows:

h=1+ g; cosf (33)

Figure 3. Schematic of the bearing. Left-hand side: an individual lobe, right-hand side: the global
three-lobe configuration.

The subscript i represents the lobe 1, 2, or 3. The circumferential origin ( = 0) of each
lobe (used for the local film thickness determination in the calculations) is defined by the
lobe line-of-centers as shown on the left. The bearing global circumferential origin (8}, = 0)
is defined by the bearing line-of-centers, the dash/dot line, on the right-hand figure.

11. Dynamic Coefficients

The expression of fluid film forces in the radial and tangential directions (r;, t;) is given
in Appendix A. From these forces, and for each sector, the stiffness and damping coefficient
can be obtained, as follows:

N W W OW,; W
oW, OW..: W..: Wi oWy
[~} - ( asin) (81' afyi,) o (e:/Q) &

k : ~ ~ ~ ~‘ =
! (E)Wt,-) ( Wi ) =+ Wy |’ @] Wy ZWti
¢; & e € a(&/Q) T

(34)
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The first matrix describes the oil-film response to shaft perturbation in displacement,
and is the (non-dimensional) stiffness matrix {E} . The second matrix describes the response
to shaft velocity perturbation, and is the (non-dimensional) damping matrix [¢;].

The relationship between the coefficients [E} in the (r;, t;) coordinates to [Izl} expressed
in the coordinate system (X;, Y;) is easily determined by the following:

K| = -[RI"R],  [G] = ~[RI"G]IR] (35)
where the rotation matrix for each sector [R;] is defined as the following:

R} { cosP. —sing, } (36)

sing. cos¢,

Finally, the global stiffness and damping matrices can be given in the coordinate
system (x, v) using the rotation matrix [Q], and can be obtained by summing each matrix
for each sector. Thus we have the following:

[ﬂ=é@ﬂqwm[qu@ﬂqu -

The rotation matrix [Q;] is defined as follows:

4 _ | cosd; —sing;
Qi = [ sind;  cosd; } (38)
with the following dimensionless variable definition:
CL~ CLQO ~
K;j = WLKi]-, C;i = %/v Cij (39)

12. Finite Difference Method

The continuous fluid model produces partial differential equations (PDEs) that depend
on both time and space. There is no analytical solution to the set of coupled governing
equations. Instead, we use spatial discretization schemes to transform such PDEs into
algebraic systems that deliver approximate solutions. Among the different classes of
available approaches, e.g., the finite element method (FEM), finite volume method (FVM),
or finite difference method (FDM), the selected FDM provides the greatest flexibility when
facing non-standard PDEs. The FDM has been one of the first methods used for solving
hydrodynamic lubrication problems. The FDM theory is based on simple principles, but it
can solve rather complex TEHD problems in an efficient and accurate way. Therefore, many
recent studies use the FDM to solve hydrodynamic or TEHD problems [21,22]. In addition,
there is no doubt that the FDM is convenient when working with simple geometries such
as the plain journal bearing. The number of circumferential points in each lobe is 60, the
number of axial points is 11, and the number of radial points is 11.

A flow chart of the computations is provided in Appendix C.

13. Results and Discussion: 3D THD Analysis

We use a journal bearing whose characteristics and operating conditions are described
in Table 1. The global heat transfer coefficients from the shaft surface in the radial and
axial directions, for lack of specific information, are assumed equal. Although we did not
perform sensitivity tests as to the overall heat transfer coefficients, the computed results
seem internally consistent.
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Table 1. Bearing characteristics.
Characteristics Value
Length, L (mm) 27
Shaft diameter, 2Rs (mm) 28
Clearance, C,(pm) 90
Number of lobes 3
Eccentricity ratio, €, (—) 0.1-0.9
Shaft speed, ) (rpm) 40,000-180,000
Preload, m (—) 0.2
Amplitude of groove, ; 10
Global overall heat transfer coefficient, hs, hy, (W-m_zK’1 80
Thermal conductivity, ks, kj, <W«m_1 -K_1> 36
Lubricant properties are given in the following Table 2.
Table 2. Fluid characteristics.
Gas
o g 111111313' .
Characteristics AirR-729 Pentafluoropropane Helium Hydrogen
R-704 R-702
R-134a
Supply pressure pg (bar) 1. 1. 1. 1.
Supply temperature Ty (K) 293.15 293.15 293.15 293.15
Viscosity p (yPa-s) 18.26 12.3 19.62 8.81
Molar mass, M <g.m01—1> 28.95 134.05 4.0026 2.0159%4
Heat capacity c, (].kgfl .K71> 1006 976.9 5193 14290
Thermal conductivity
1 0.026 0.012 0.1535 0.18248
Critical pressure p. (bar) 37.878 36.51 2.2746 13.15
Critical temperature T (K) 132.53 427.16 5.2 33.19
i _K — —
Acentric factor w, (Kg’1°C’l> 0.0335 0.32668 0.382 0.219
Sutherland constants (-) 120 110.4 79 72

Static Characteristics

For the same operating conditions, we compare the static characteristics obtained for
the following different gases: air, pentafluoropropane R-134a, helium R-704 and hydro-
gen R-702.

The pressure distribution shape (Figures 4 and 5) is identical for the four gases, but
we observe that the highest pressure is obtained for the hydrogen despite its lower initial
viscosity. The “circumferential” coordinate shown in the various results is the global
bearing coordinate, 6},. The higher running density is obtained for R134a (Figures 6 and 7).
These results are consistent with the thermodynamic properties of these gases presented in
Appendix B. The increase in the density at the mid-circumferential location is due to a high
pressure existing in this zone. As air presents the highest magnitude of density against
pressure, it is it is normal to get an upward shifted curve for air (Figure 7).



Lubricants 2021, 9, 62 12 of 26

25

&

o
[
o

Axial (mm)
e

-
=]

S, .
o HY - Y] o 15 1 IS
] (L] 1] (4]
Axial (mm)
- - [N
o (4.} o [+, [+

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Circumferential (deg) Circumferential (deg)
Air R-134a
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Figure 4. Contours of constant pressure, bearing load 10 N, shaft speed 120,000 rpm, preload m = 0.2.

T T T T T T T
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1571 R134a E?
—#—Helium 4 L?

—&—Hydrogen

p (bar)

20 40 60 80 100 120 140 160 180
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Figure 5. Pressure at axial mid-length, bearing load 10 N, shaft speed 120,000 rpm, preload m = 0.2.
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Figure 6. Contours of constant density 120,000 rpm, preload m = 0.2.
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Figure 7. Density at axial mid-length, bearing load 10 N, shaft speed 120,000 rpm, preload m = 0.2.

The temperature distributions are given in the following Figures 8-13. We observe
the same comparative aspects of temperature distribution as for density. If we refer to the
curves given in Appendix B and more specifically the changes in density as a function of
temperature, it is quite logical to observe the distribution profiles presented in Figure 11.
Figures 8 and 10-12, allow a better understanding of how the temperature is distributed in
the film and in the housing. The operating conditions are the same for the four gases, and
the orders of magnitude as well as the shapes of the distributions are quite similar.



Lubricants 2021, 9, 62 14 of 26
25 / / g 25 7/
‘ / /// 308
7 = 312 /
7=/
20 /// 7 310 20 7 306
- = = Z
3 % = 308 € =
E15 E1s 304
= -l w3 '
— ~ 302
S 10 — § 304 < 10 N
N\ N
\\’ 302 300
5 = T \
\ \ 300 . 298
0 S \ 298 0 2
40 80 120 160 200 240 280 320 360 40 80 120 160 200 240 280 320 360
Circumferential (deg) Circumferential (deg)
Air R-134a
25 ‘ 293.55
S0t 2935
20 300 l. 293.45
= = : 2934
= E -
E1s b & | 29335
g 298 = - 2933
<10 <
. 293.25
297 .
i 2932
5 296 = t 29315
N N N\ '
0 295 A LN X 2931

40 80 120 160 200 240 280 320 360
Circumferential (deg)
Helium

40 80 120 160 200 240
Circumferential (deg)
Hydrogen

280

Figure 8. Temperature field and streamlines at mid-film thickness (axial/circumferential), bearing
load 10 N, shaft speed 120,000 rpm, preload m = 0.2.
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Figure 10. Temperature field and streamlines at axial mid-length. Radial direction shown is fraction
of the film thickness. Bearing load 10 N, Shaft speed 120,000 rpm, preload m = 0.2.
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Figure 11. Temperature distribution at axial mid-length, bearing load 10 N, shaft speed 120,000 rpm,
m=0.2.
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Figure 12. Temperature distribution in the solids (shaft and housing).
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Figure 13. Film thickness versus shaft speed for the four gasses, bearing load 10 N, preload m = 0.2.
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Figure 12 below gives the temperature distribution in the solid materials (shaft
and housing).

By virtue of its specific thermodynamic properties, hydrogen lubrication is less dissi-
pative, and as its viscosity and density are low it gives a lower film thickness value than
the others (see Figure 13).

There are no strong differences in the variation of flow versus speed for velocities
lower than 100,000 rpm, as shown in Figure 14. More hydrogen is needed to lubricate the
contact as the speed increases.

T T T T T T

—&— Air
—4—R134a

20 + ~#—Helium
—&— Hydrogen

10

Il

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Velocity 2 (rpm) %10°

Figure 14. Flow rate versus shaft speed, bearing load 10 N, preload m = 0.2.

The changes in frictional torque as a function of the speed on the shaft and the housing
are given in Figure 15. These results are consistent with those obtained for the maximum
temperature evolution with speed, Figure 16, and power loss evolution in Figure 17. In
calculations of local temperature, the effective viscosity (including the effect of turbulence)
changes, but up to a factor of five. We do not show this result to conserve space on the
already lengthy paper.

%10 %107
—o— Air | |=@=Air ]
—+—R134a 3 |——R134a b
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Figure 15. Shaft frictional torque C, and housing frictional torque C. versus shaft speed, bearing load 10 N, preload m = 0.2.
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Figure 16. Maximum film temperature versus shaft speed, bearing load 10 N, preload m = 0.2.
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Figure 17. Power loss versus shaft speed, bearing load 10 N, preload m = 0.2.

The following figures (Figures 18 and 19) depict the stiffness and damping coefficient

variation versus the eccentricity ratio. No significant differences are observed.
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Figure 18. Stiffness coefficients as functions of eccentricity ratio, shaft speed 100,000 rpm, preload
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Figure 19. Damping coefficients as functions of eccentricity ratio, shaft speed 100,000 rpm, preload

m=0.2.

14. Conclusions

To extend the range of their application, we studied the behavior of different refrig-
erating gases, and other gases, in static and linear dynamic conditions of a lobed bearing.
As these bearings are intended to run at very high rotation speeds, thermal and dynamic
aspects must be considered. In this study, we showed the importance of an accurate descrip-
tion of the bearing, notably in these special lubrication conditions. Nonlinear phenomena
are coupled, and the influence of temperature and thermodynamic gas properties have
been primarily investigated. For the tested cases, we have found that the use of such
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gases as a lubricant is possible with a more complete study of their behavior, including the
evolution of their thermodynamic properties in the contact.
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Nomenclature

G Bearing assembling clearance (m)

Cy, Bearing manufacturing clearance (m)
C,i=13 Phenomenological constants in Clapeyron’s formula
cp Heat capacity (J-kg~1-K™1)

Rs Shaft radius (m)

Ry Housing radius (m)

R Sector radius (m)

L Bearing axial length (m)

Fy Viscosity integral coefficient Fy (m2~s-kg_1)
Fq Viscosity integral coefficient F; (s)

F Viscosity integral coefficient F, (m-s)

h Film thickness (m)

Ny Dissipation number

Psat Vapor pressure (bar)

Pe Peclet number

R Local Reynolds number

ap EoS temperature-dependent coefficient

Crnin Minimal speed of sound in the mixture (m:s~ 1)
cy Minimal speed of sound in the vapor (m:s~')
B EoS constant coefficient (for a given fluid)
M Molar mass (kg-mol 1)

k k., k Thermal conductivity (W~r1f1 ~K*1)

h Global coefficient of exchange (W-m—2-K~1)
mp EoS constant coefficient (for a given fluid)

p Pressure (Pa)

Pe Critical pressure (Pa)

Prt Prandtl number

R Ideal gas constant (J-mol~1.K1)

T, T- Temperature (K)

Tamb Ambient temperature (K)

T Critical temperature (K)

Tac Critical Taylor number

Tar, Local Taylor number
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u,v,w
X,y,Z

M

Keq

Greek symbols.
A

(@)

0, p-

be

¢

[0 8

o
oL

&

€p

0, 0

K

W, W,
Wp

T

A

Yc

Subscripts, Superscripts.

*

t

0
-1

v

.S
h

Circumferential, radial and axial velocity components (m-s~!)
Circumferential, radial and axial coordinates (m)
Dimensionless distance from the wall

Sutherland number

Flow rate at the entry of sector (m3.s71)

Flow rate at the exit of sector (m3-s~1)

Flow rate in the axial direction (m3-s~1)

Load (N)

Stiffness coefficient in the local coordinates (x,y,z) (N-m™1)
Stiffness coefficient in the global coordinates (r,t,z) (N-m~1)
Damping coefficient in the local coordinates (x,y,z) (N-s-m~1)
Damping coefficient in the global coordinates (r,t,z) (N-s-m~1)
Time (s)

Critical mass (kg)

Equivalent stiffness (N-m~1)

Bearing number

Shaft rotational speed (r.p.m)

Fluid mass density (kg-m~3)

Local attitude angle

Global attitude angle

Volume expansivity at constant pressure XK1
Heat transfer diffusivity

Thickness of the laminar sublayer (m)
Eccentricity ratio of sector

Eccentricity ratio of bearing

Circumferential coordinate of a lobe, circumferential
coordinate the bearing, see Figure 3

Von Karman constant

Dynamic viscosity (Pa-s)

EoS acentric factor

Stress tensor (kg~m*1 s72)

Mixing coefficient

Whirl frequency (Hz)

Superscript for the sum of the laminar and turbulent parameter values

Superscript for the turbulent regime
Subscript for the reference value
Subscript for the liquid phase
Subscript for the vapor phase
Subscript for the shaft

Subscript for the housing

Appendix A. Bearing Geometry

The number of sector n.

The circumferential amplitude §; and axial length L of the sectors.

The amplitude of the circumferential groove 7;.

Radius R of sectors, Rs of the shaft and Rj, of the housing.

The geometric pre-load 4, which corresponds to the distance between the geometric
center of the bearing and the center of curvature sector.

The position of the sectors an arbitrary fixed direction (O,X) (load direction) charac-
terized by the angular coordinates 6;; and 1 ;, the angle 0;; positions the beginning of the
sector (i) to the load direction and ;; marks its center line in a centered position.

Knowledge of these variables is used to define the following;:

- Radial assembly clearance: C, = Ry, — Rs;
- Radial machining game: C; = R; — Rs;
- The geometric precharge dimensionless coefficient m = 1 (C,/Cy);
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- The relative eccentricity &, = e, /C;, with e, distance OO;.

The position of the shaft center is characterized by eccentricity (e, = ¢;,/Cp) and attitude
angle ¢ (Figure A1). Knowing these two parameters, we determine the relative position of
each of the shaft sectors.

- symmetric sector v, =0,+p/2
- no symmetric sector ¥, =6, +a,-B: 0.5<a; <1

Figure A1. Geometric details of bearing.

The dimensionless eccentricity ratio for each lobe dimensionless variable is as follows:

gi:%:\/e%—|-m2—|—2msc cos(ip; — ¢) (A1)

The angle ¢;, which characterizes the angle between the line of the centers of the sector
(O,0) with the line (O;0) is as follows:

sin¢; = £ sin(¢; —
{ N (A2)

cos ¢; = Tme

with the following:
=(1-m)e (A3)

The symbol x; denotes the angle that characterizes the beginning of each sector,
as follows:

Xi=m+0— ¢ — i (Ad)

for the calculation of the attitude angle, and angle J; between the load of sector W; and
load of bearing W (Figure Al) is as follows:

0i =1 —Xi+0Li — e (A5)

N
The load W; and attitude angle ¢. for each sector in the coordinate system (71‘/ t Z-) are
determined by the following:

er.:—Wicoscpeff L/zf (p — po) Ry cos d dz
Wy, = W;sing, = f L/zf (p — po) Rysinf df dz

Wi = /W2 +W;

Pe = arctg(—x—:)

(A6)
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where the following applies:
Xi <0< Xi+Ppi

The load supported by bearing W (Figure Al) and the attitude angle are obtained by
the following:

n
W, =Wcos¢p = — '21 Wi cos <5i - (Pz'mposed>
i=
n
Wi = —-Wsing = — 'Zl W; sin <5i - ¢imposed) (A7)
i=

¢ = arctg(—%)

Appendix B. Lubricant Properties
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Figure A2. Clapeyron diagram.
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Appendix C.

Read data file and initialize
matrixes
44 Attitude angle imposed ¢,,,, |

I Calculate eccentricity & and angle ¢ |<7
v

I Calculate the angles &, and ¥; |

v

l Calculate film thickness |
v

l Calculate viscosity field F,

ofL B

v - Impose new ¢,
Solve the Generalize Reynolds II -

e 7y
Equation p

ICompule load and attitude angle Wi,Ql

ICalculalc load 17 and attitude angle ¢|

/\d)lwcﬁgc& ) >—N
W

l Calculate field velocity w, Vv, w |

Correct the temperature I Compute turbulent parameters 4, k° |
at interfaces bush-film

and she:fl-ﬁlm l Solve thin-film energy equation 7' |

lSolvc Laplace equation of houssing f,,l

Compute the temperature of the inlet
section 7, at =y,

l Solve Laplace equation of shaft f |

l Solve Equation of State p |

Compute the local fluid parameters
with vapor/liquid transition p.k, &I

N /////Eush-ﬁlm and S]'Iil[‘l-ﬁ]l:l\ T~

. o >
~—_ interfaces temperature _—

——__converged? _—
v Y

l Global parameters calculation |

End
Figure A4. Flow chart of the global numerical algorithm.
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