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ABSTRACT
Lubricants enable proper function and reduce friction in rotating machinery, but they can 
also contribute to power loss and heat buildup. Gas-expanded lubricants (GELs) have been 
proposed as tunable mixtures of lubricant and CO2 under pressure with properties such 
as viscosity that can be controlled directly in response to changing environmental or ro-
tordynamic conditions. In this work, experimental results of GEL viscosity, gas diffusiv-
ity, and thermal conductivity were combined with high-pressure phase equilibrium data to 
understand how these mixtures will behave in tilting pad journal bearings under a range 
of industry-relevant high-speed conditions. Simulations were carried out using the experi-
mental data as inputs to a thermoelastohydrodynamic model of tilting pad journal bearing 
performance. Viscosity could be easily tuned by controlling the composition of the GEL and 
the effect on bearing efficiency was appreciable, with 14–46% improvements in power loss. 
This trend held for a range of lubricant chemistries with polyalkylene glycols, polyalpha 
olefins, and a polyol ester tested in this work. Diffusivity, which drives how readily CO2 
and lubricants form homogenous mixtures, was found to be a function of the viscosity of 
the synthetic lubricant, with more viscous lubricants having a lower diffusivity than less 
viscous formulations. Model results for a bearing in a pressurized housing suggested that 
cavitation would be minimal for a range of speed conditions. Other bearing parameters, 
such as eccentricity, temperature, and minimum film thickness were relatively unchanged 
between conventionally lubricated and GEL-lubricated bearings, suggesting that the ef-
ficiency improvements could be achieved with few performance tradeoffs. 

INTRODUCTION 
Lubricants are needed for the proper function of most rotating machinery and greatly 
reduce friction in these devices when deployed correctly (Taylor, et al. (1)). However, 
lubricants also introduce inefficiencies of their own. In many high-speed rotating ma-
chines, the shear in the lubricant film can create an appreciable loss of power in the 
system (Harangozo, et al. (2)). This often manifests itself in the form of heat generation 
near the pad and in the lubricant itself. The effect is directly proportional to the viscos-
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ity of the lubricant, with higher viscosity lubricants exhibit-
ing greater power losses. For most rotating machines, these 
higher viscosity lubricants are also the most effective at sepa-
rating rotating surfaces and minimizing wear. Consequently, 
there is a tradeoff between lubricants with high viscosity that 
can protect mechanical components and the power losses 
that they generate. For rotating machines in the real world, 
dynamic operating conditions can present a range of load-
ing, temperature, and other environmental conditions that 
change the rotordynamics and the physical properties of the 
lubricant. Engineers typically select fluids assuming worst-
case conditions, often resulting in unnecessary power losses. 

To avoid this tradeoff between power loss and protection 
of mechanical components, gas-expanded lubricants (GELs) 
have been proposed as a tunable lubricant with properties that 
can be adjusted in real time to improve the overall efficiency 
of a rotating machine (Figure 1). GELs are binary mixtures of 
synthetic lubricants and liquid/supercritical carbon dioxide 
with properties that can be adjusted by changing the relative 
composition of the mixture (Clarens, et al. (3)). The compo-
sition can be adjusted by setting the system pressure or by 
adjusting the flow rate of the two mixture components, which 
in turn will specify a unique composition with bulk mechani-
cal and thermal characteristics. Preliminary work suggests 

NOMENCLATURE

a1–a5 = Empirical constants
C = Solubility (kg/kg)
CP = Specific heat (J/g·K)
D = Diffusion coefficient (cm2/s)
d = Empirical constant
H = Henry’s constant (MPa)
L = Lubricant depth (cm)
MW = Molecular weight (g/mol)
m = Mass fraction

n = Index
P = Pressure (MPa)
R = Universal gas constant (m3MPa/mol·K)
T = Temperature (K)
t = Time (s)
V = Volume (cm3)

Greek

μ = Viscosity (mPa·s)
ρ = Density (g/cm3)

Figure 1  |  1—Schematics of (a) a conventional bearing assembly and (b) a GEL-modified bearing. The viscosity is static for the conventional sys-
tem but can be easily controlled using pressure in the GEL lubricated bearing. This means that for (a) power loss    , where  is shear force 
and  is lubricant viscosity but for (b) power loss      xCO2  P, where xCO2 is the mass fraction of CO2 in the lubricant and P is the pres-
sure in the bearing.

   Fire Fountains are fiery masses that volcanoes shoot straight up, as high as 200 feet. 37



that significant power loss reductions in a tilting pad journal 
bearing are possible using these mixtures when compared to 
conventional petroleum-based lubricants in a flooded lubrica-
tion bearing. GELs are made using synthetic lubricants because 
their chemistry is more homogeneous than conventional petro-
leum and the properties of the mixture can be more easily pre-
dicted. This has the added advantage of enhancing the thermal 
characteristics of the fluid because synthetic lubricants tend to 
have higher thermal conductivities and viscosity indexes. As 
a result, the pad temperatures in GEL systems are lower, and 
several other important process parameters such as lubricant 
film thickness, eccentricity, and stiffness/damping behavior can 
be maintained within acceptable ranges. 

Though GELs are a relatively new concept for improving 
the energy efficiency of rotating machines, mixtures of syn-
thetic lubricants and carbon dioxide have been studied for 
their behavior in refrigeration systems. The phase behavior 
and flow properties of these mixtures have been reported for a 
range of lower temperatures and mixture compositions (Hauk 
(4); Yokozeki (5); Hauk and Weidner (6); Youbi-Idrissi, et 
al. (7); Bobbo, et al. (8)). The diffusion of carbon dioxide 
into various fluids (Matthews, et al. (9); Wang, et al. (10); 
Zhang, et al. (11); Tharanivasan, et al. (12); Shiflett and Yo-
kozeki (13); Sheikha, et al. (14); Tharanivasan, et al. (15); 
Yang andGu (16); Farajzadeh, et al. (17); Hou and Baltus 
(18); Rasmussen and Civan (19); Etminan, et al. (20); Mo-
ganty and Baltus (21)) and the diffusion of refrigerants into 
lubricant oils (Yokozeki (22); Prata, et al. (23); Gessner and 
Barbosa (24); Barbosa and Ortolan (25); Marcelo Neto and 
Barbosa (26)) have been described in the literature. Despite 
this effort, a number of important parameters have not yet 
been explored, including the diffusion of carbon dioxide into 
synthetic oils and the implications of using these mixtures 
in rotating machinery bearings in terms of phase behavior, 
cavitation, thermal behavior, and oxidative stability. 

This work characterizes the phase behavior of GELs and 
simulates their behavior in tilting pad journal bearings. In 
fluid film bearings, the lubricant pressure profile changes con-
siderably as it passes through the region of shaft support. In 
standard journal bearings and load-on-pad tilting pad journal 
bearings, the pressure in the lubricant film is highest directly 
below the region of peak load and then quickly drops as the 
lubricant film expands through this zone. In conventionally 
lubricated bearings, this pressure drop can result in cavita-
tion, which can result in pitting or other forms of enhanced 
corrosion. Khonsari and Booser (27) described two primary 
forms of cavitation in journal bearings: gaseous cavitation 
and vapor cavitation. Gaseous cavitation, the most common 
form, involves phase separation as the fluid film expands in 
the divergent region of the pad and the pressure drops below 
the gas saturation pressure. This low-pressure cavity of air 
is then reintegrated into the fluid as the pressure increases 
again, resulting in no damaging effects on the bearing. Vapor 
cavitation, which is more typical in dynamically loaded bear-
ings, results from pressure drops below the vapor pressure of 

the lubricant, creating air cavities that are then rapidly com-
pressed by the dynamic load. This causes a collapse of the air 
cavity on the surface of the material, resulting in an erosive 
damaging effect on the bearing surface. 

In order to fully estimate the phase behavior of GELs in 
journal pad bearings, it is necessary to make assumptions 
about thermodynamic equilibrium in the lubricant. Tempera-
ture has an important impact on phase behavior in the GEL. 
Grando and coworkers (28) applied a two-phase modeling 
approach to a journal bearing lubricated with a mixture of 
polyol ester (POE) and refrigerant with a mass fraction of 
7.13%, comparing both equilibrium and nonequilibrium flow 
conditions to the classical Reynolds approach that utilizes 
boundary conditions in the cavitation region to assume ther-
modynamic equilibrium. Their results produced pressure pro-
files that were very similar to that of the classical approach, 
suggesting that the generalized Reynolds approach used here 
is accurate for the GEL systems being proposed. They studied 
an equilibrium case where the pressure returns to the supply 
pressure at the end of the cavitation region and a nonequilib-
rium case where the gas has not been reabsorbed, resulting 
in a multiphase flow throughout the bearing. The multiphase 
flow simulations had only minimal effect on the maximum 
film pressure in the loaded region and produced a wider over-
all pressure profile, indicating adequate support for the same 
bearing load but under a lower eccentricity. This behavior 
could be beneficial for the case of GELs, resulting in a more 
stable rotor motion while reducing friction forces. 

This work tests the hypothesis that GELs will not exhibit 
significant cavitation in journal bearings using a combination 
of experimental and modeling tools. The results of this analy-
sis help establish the feasibility of using GELs over a range of 
operating conditions and GEL properties to understand how 
the technology could be deployed. The relationship between 
carbon dioxide composition in the GEL and viscosity is re-
ported for a library of representative lubricants and the power 
loss from using these lubricants in a bearing is reported. The 
thermodynamic and thermochemical properties of GELs are 
also studied and incorporated into the modeling effort. 

EXPERIMENTAL 
CO2 diffusivity into a group of representative lubricants was 
measured using a modified pressure-decay method developed 
by Hou and Baltus (18). Lubricant was added gravimetrically 
to a pressure vessel of known volume and dimensions. The 
vessel was sealed, placed into a 25°C water bath, and pres-
surized with 30 psi of CO2. The vessel was then thermally 
isolated and the pressure was recorded using a pressure trans-
ducer (Omega Engineering PX41). The CO2 diffused into the 
lubricant until an equilibrium pressure was achieved. The 
time to reach equilibrium ranged between 20 h and 7 days, 
depending on the molecular weight of the fluid. Each pres-
sure curve could then be fit by nonlinear regression to Eq. 
[1], derived from Fick’s law for one-dimensional diffusion, 
Henry’s law, and a mole balance of the gas column above the 
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fluid film. The full derivation of Eq. [1] can be found in Hou 
and Baltus (18). 
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The regression resulted in outputs of diffusion coefficients, 
DAB (cm2/s), and Henry’s constants, H (bar). Because Henry’s 
law is only appropriate for predicted solute mole fractions 
at very low concentrations, this parameter could be used for 
method verification purposes but is generally less important 
when considering higher concentration lubricant–CO2 mix-
tures. The diffusion coefficients do provide some insight into 
how GELs form, how the two components separate, and what 
physical mechanisms are the primary drivers of this process. 

The accuracy of this method was verified by measuring 
the Henry’s constant for a mixture of carbon dioxide and  
n-dodecane. Henry’s constants for this mixture were pub-
lished by Henni and coworkers (29), with an empirical equa-
tion developed for predicting the values at any temperature. 
At 25°C this value was calculated to be 79.36 bar, within 3.3% 
of our experimentally measured value of 76.72 bar. Two rep-
licates were measured for each lubricant, with the cutoff time 
for the data used in the regression established by the shorter 
of the two replicates. 

The viscosity of the pure lubricants and GELs was mea-
sured using an Anton Paar MCR 301 rheometer equipped with 
a high-pressure cell rated to 15 MPa. The CO2 was delivered to 
the pressure cell using a Teledyne ISCO 500HP syringe pump 
with a constant-temperature jacket. The temperature jacket en-
sured the delivery of liquid CO2, allowing for the calculation of 
the CO2 mass fraction via volumetric measurements and mass 
balance calculations. The temperature of each sample was con-
trolled to within ±0.1°C using a Peltier-style temperature con-
troller integrated into the rheometer. All measurements were 
performed at 40 and 100°C, which represent a typical operating 
temperature range in bearing and gearbox environments. 

The thermo-oxidative stability of the pure lubricants and 
GELs was also evaluated, using viscosity as an indicator of 
degradation, by monitoring the viscosity of the lubricants sub-
jected to high temperatures and pressures over 6 weeks. The 
synthetic lubricant base stocks tested contained no antioxi-
dants and were susceptible to thermo-oxidative breakdown 
under the conditions tested in this study. The petroleum oil 
benchmark used in this study did contain phenolic antioxi-
dants, but because this is an industry standard for these ap-
plications, it was appropriate to benchmark its performance to 
the synthetic fluids selected. Our analysis represents a conser-
vative analysis of the potential of synthetic lubricants in GELs. 
The use of viscosity as an indicator of oxidative stability has 

been used in the past by other researchers to analyze the oxi-
dative stability of various fluids, including lubricants, often 
in conjunction with one or more other metrics of oxidation 
such as total acid number (TAN) or oxidation induction time 
(Hamblin (30); Adamczewska and Love (31); Maleville, et al. 
(32); Cerny, et al. (33)). Methods that utilize these metrics, 
including differential scanning calorimetry (DSC) (Hamb-
lin (30); Adamczewski and Love (31); Maleville, et al. (32); 
Erhan, et al. (34)), TAN (Hamblin (30); Cerny, et al. (33); 
Erhan, et al. (34)), and the rotary bomb oxidation test (RBOT; 
Maleville, et al. (32); Erhan, et al. (34)) were also considered 
but were found to be challenging to apply to a pressurized 
CO2 environment because these methods typically require the 
use of pressurized oxygen atmospheres (RBOT), oxygen flows 
(DSC), or reagents that could react with the carbon dioxide 
(TAN). Two replicates each of pure lubricant and GEL pres-
surized to 2.76 MPa were loaded into sealed pressure vessels 
and placed into an oven at 100°C. Each week the samples 
were cooled to room temperature and the CO2 was removed 
from the GELs by depressurization and a vacuum pump. Sam-
ples were then measured for viscosity at 40°C before being 
pressurized and placed back in the oven. 

Test Lubricants 
Seven lubricant base stocks representing three of the most 
common synthetic lubricant chemistry classes were analyzed 
to calculate a CO2 diffusion coefficient and Henry’s constant. 
The lubricants included were three polyalkylene glycols (Dow 
Chemical Company, Midland, MI), three polyalpha olefins 
(Chemtura, Fords, NJ, and ExxonMobil Chemical, Houston, 
TX), and one polyol ester (POE; Chemtura). These three 
synthetic oil types are widely used in bearing and gearbox 
applications. The lubricant selection within each class was 
based on viscosity grade and molecular structure. A total of 11 
lubricants were evaluated for viscosity, diffusivity, and thermal 
stability as pure fluids and as GELs. 

The lubricant used for modeling GEL phase behavior in a 
tilting pad journal bearing was a POE because POEs are known 
to be highly compatible with CO2 and because extensive litera-
ture data are available detailing the high-pressure fluid-phase 
behavior of POE–CO2 mixtures. A combination of experimen-
tal and published parameters was used as inputs to the model. 
Viscosity and carbon dioxide solubility data were obtained from 
Hauk (4) for a POE 3. The effect of dissolved carbon dioxide 
on the viscosity of the GEL was measured experimentally and 
the results were fit using a modified Grunberg and Nissan equa-
tion, which has previously been used to accurately predict the 
viscosity of these mixtures (Grunberg and Nissan (35)): 

lnμMix = m1lnμ1 + m2lnμ2 + m1m2d. [2]

The POE thermal conductivity was measured using a 
Decagon KD2 Pro equipped with a KS-1 sensor for measuring 
the thermal conductivity of liquids. The thermal conductivity 
was also measured for a polyalkylene glycol and polyalpha 
olefin of similar viscosity. The density was obtained from the 
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manufacturer of a POE 2926 lubricant. The effect of dissolved 
carbon dioxide on thermal conductivity was found to be neg-
ligible, and Hauk (4) had previously reported that the effect 
on density was minor. The properties of the POE 3 and the 
POE 2926 were considered together and found to be con-
sistent because both had similar chemistries and viscosities. 
The specific heat of the pure lubricant was estimated from 
values reported by Totten and coworkers (36) for a polyol 
ester. Again, the effects of temperature and pressure on pure 
lubricant thermal properties were assumed to be negligible 
for the ranges considered in this study as demonstrated in 
Larsson and Andersson (37). The Jensen equation (Jensen 
and Jackman (38)) was used to calculate the specific heat of 
the lubricant–carbon dioxide mixture: 

CPMix = mCO2 CPCO2
+ (1 − mCO2 ) CPoil. [3]

Modeling Framework 
The solubility of carbon dioxide in POE was calculated as a 
function of temperature and pressure conditions using a set 
of empirical isotherms developed from experimental phase 
behavior collected by Hauk (4). This approach for modeling 
high-pressure phase behavior, shown in Eq. [4], was used by 
Jeng and coworkers (39) and Youbi-Idrissi and coworkers 
(7) to describe the behavior of high-pressure and high-tem-
perature mixtures of synthetic oil and refrigerants including 
carbon dioxide. 

P = a1C + a2CT + a3C2 + a4C2T + a5C2T2 [4]

The fit was performed using a nonlinear regression in the 
MATLAB Surface Fitting Toolbox. The empirical coefficients cal-
culated by the regression are given in Table 1. Figure 2 illustrates 
that the solubility model matched the experimental data well for 
the temperatures and mass fractions of carbon dioxide expected 
in a GEL-lubricated bearing. The average relative error between 
the experimental data and their fit was 1.2%. GELs do not eas-
ily form at CO2 mass fractions much higher than 20% because 
the pressure required to maintain an equilibrium mixture at 
that composition is too high. Because the model only needed to 
cover the mass fraction range from 0 to 20%, this approach was 
more computationally efficient than using an equation of state 
while maintaining comparable accuracy. These phase behavior 
data were then used to specify the other model inputs, including 
supply pressure, GEL viscosity, and specific heat. 

The thermoelastohydrodynamic (TEHD) finite element 
model described by He (40) was used to model the perfor-
mance of the GEL in a tilting pad journal bearing. The model 
provides estimates for the pressure and temperature profiles 
within the bearing, power loss, and eccentricity as well as 

several other rotordynamic performance metrics such as 
stiffness and damping coefficients. The model is based on 
the two-dimensional forms of the generalized Reynolds and 
energy equations. The use of the generalized Reynolds equa-
tion highlights the importance of variable viscosity in bear-
ing performance because it accounts for changes in effective 
viscosity due to temperature and turbulent flow. To converge, 
the model relies on several key assumptions. First, it assumes 
instantaneous mixing of the lubricant locally. This assumption 
is reasonable due to the large amount of shear taking place in 
the bearing. Second, the thermal expansion term in the energy 
equation is assumed to be negligible. Due to the small change 
in pressure per node, the resulting compressive heating and 
cooling term is found to be multiple orders of magnitude 
smaller than the conduction and convection terms. The ef-
fectiveness of this model has been demonstrated and paired 
with experimental data from Taniguchi and coworkers (41). 

RESULTS AND DISCUSSION 
Diffusivity 
The diffusion of CO2 into seven representative lubricants was 
measured and the results are presented in Figure 3. Gas dif-
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Figure 2  |  High-pressure fluid-phase stability curves for POE and 
carbon dioxide. GELs form above the isotherms; below them multiple 
phases exist. Experimental data are from Hauk (4) and model results 
are from this work.
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Figure 3  |  Diffusion coefficients as a function of lubricant viscosity. 
The fitted line has a slope of —0.535, a relationship found comparable 
to others reported (Moganty and Baltus (21)).

TABLE 1—EMPIRICAL COEFFICIENTS OF EQ. [4]

a1 a2 a3 a4 a5

−150.3 0.5926 525.1 −3.317 0.004917



fusion into lubricants has been shown to correlate well with 
molecular weight, which is typically proportional to the vis-
cosity in synthetic lubricants. Diffusion has been shown in the 
past to be a function of solvent viscosity for a variety of fluids, 
including ionic liquids, organic solvents, aqueous solutions, 
and oils (Moganty and Baltus (21); Ferrando, et al. (42)). This 
relationship held for the GELs evaluated here with a log-linear 
relationship between viscosity and CO2 diffusivity observed. 
The slope of the relationship between viscosity and diffusiv-
ity (−0.535) was highly consistent with values reported by 
Moganty and Baltus (21) for other fluids (−0.66 to −0.44). 
For the lubricants measured in this study, the diffusion coeffi-
cients decreased by an order of magnitude between the lowest 
and highest viscosity lubricants. From a practical standpoint, 
these data are important in the design of GEL systems because 
they will drive the design of gas–liquid exchangers and de-
termine the residence times needed to cycle the lubricants 
through and either add or remove gas, depending on the stage 
in the cycle. Because diffusion and low-concentration solubil-
ity information is also relevant for the refrigeration industry, 
Table 2 presents both the diffusion coefficients and Henry’s 
constants for all of the lubricants analyzed. 

Viscosity 
The viscosity–mass fraction relationship of GELs for three 
representative lubricants is shown in Figure 4 for composi-
tions up to 20% CO2. The experimental data were fit using the 
modified Grunberg and Nissan (35) equation. As discussed by 
Clarens and coworkers (3), these fluids also exhibit Newto-
nian behavior for a wide range of shear rates, thus validating 

TABLE 2—DIFFUSION COEFFICIENTS AND HENRY’S CONSTANTS

FOR LUBRICANT–CO2 MIXTURES

Lubricant μ40 (mPa·s) DAB (cm2/s) H (MPa)

PAG 1 18.9 3.87E-05 2.053
PAG 2 53.9 2.07E-05 1.103
PAG 3 59.2 1.82E-05 1.165
PAO 1 39.6 2.11E-05 3.188
PAO 2 323.6 8.35E-06 0.839
PAO 3 1044.2 3.76E-06 0.377
POE 1 53.0 1.47E-05 1.657

Figure 4  |  GEL viscosity as a function of mixture composition at (a) 40°C and (b) 100°C.
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the Newtonian fluid behavior assumption in the TEHD model 
used in this work. These results suggest that the viscosity 
properties of GELs can be specified using pressure for a range 
of lubricant chemistries. These data would be used in a con-
troller designed to specify the GEL properties in response to 
some external signal. These signals would include parameters 
such as operating temperature and loading, depending on the 
application. The controller would then modify the CO2 flow 
rate in the lubricant stream and the pressure inside of the 
lubricated component to change the viscosity of the fluid to a 
more optimal value. This change (and subsequent thermody-
namic equilibrium) in the system would be achieved relatively 
quickly compared to experimental diffusion times because 
the high shear rates encountered in these components would 
allow for rapid mixing of the lubricant and carbon dioxide. 

Thermo-Oxidative Stability 
The thermo-oxidative stability of pure lubricants and GELs, 
shown in Figure 5, was found to be unchanged by the ad-
dition of carbon dioxide to the lubricant. In all cases only 
mild fluctuations in viscosity were found, typically within 
the margin of error. Visually, all of the synthetic lubricant and 
synthetic-based GELs remained clear at the end of the 6-week 
period. The petroleum-based ISO VG 68, however, became 
black as the lubricant began forming higher molecular weight 
species despite the fact that it contained phenolic antioxi-
dants. This behavior is typical of petroleum-based lubricants 
because they degrade more quickly than synthetic lubricants. 
Future studies might explore the impact of higher tempera-
tures or longer contact times as well as other mechanistic 
connections using modified DSC or TAN methods that are 
compatible with pressurized carbon dioxide environments. 

Thermoelastohydrodynamic Modeling 
The performance of pure POE and a GEL containing POE 
and 20% mass fraction CO2 was modeled using the TEHD 

finite element code (He (40)) for a range of speeds from 200 
to 20,000 rpm. Model inputs are summarized in Table 3. 
Pressure and temperature distributions are shown in Figure 
6 for the loaded pad #4 of the bearing for low- and high-
speed cases. For the low-speed case, both lubricants showed 
little change in temperature as the fluid passed through the 
loaded region. As expected, the pressure increased by about 
0.5 MPa as the fluid passed through the region of high load-
ing and then dropped rapidly as the fluid expanded and ex-
ited this support region beneath the shaft, returning to the 
supply pressure. This pressure spike was enhanced at higher 
speeds, shown in the lower panels, with an overall change in 
pressure of over 7MPa with the pure POE and 5 MPa with the 
GEL. Both lubricants exhibited higher operating temperatures 
under high-speed conditions, with the temperature increasing 
by approximately 20°C across the length of the pad. In this 
case, the GEL produced lower operating temperatures than 
the pure POE by approximately 6 to 10°C. This has impor-
tant implications for long-term bearing performance because 
lower operating temperatures are commonly associated with 
lower rates of wear and increased component longevity. 

To evaluate the likelihood that a bearing operated using 
GELs would not produce a multiphase fluid film, the pressure 
and temperature distributions from the analysis above were 
substituted into the Jensen solubility model to determine the 
composition of the GEL as a function of position in the fluid 
film. This approach assumes a uniform distribution of carbon 
dioxide in the bearing due to mixing, as well as thermody-
namic equilibrium in the form of instantaneous mixing at 
all locations within the bearing. Figure 7 illustrates how the 
solubility of carbon dioxide in the GEL changes as a func-
tion of position for the low- and high speed cases. For the 
low speed case, the pressure spiked but never fell below the 
supply pressure at constant temperature; therefore, the CO2 

solubility remained constant through the region of support 
because mass transfer was limiting carbon dioxide dissolution 
into the lubricant. 

The high-speed case presents a more relevant discussion 
on the solubility of the GEL and the operational consider-
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to lubricants alone.

TABLE 3—BEARING MODEL INPUTS USED IN THIS WORK

Parameter Value Unit

Bearing diameter 3.81 cm
Pad thickness 1.52 cm
Length 2.54 cm
Clearance 0.03 mm
Bearing Preload 0.5
Pivot Offset 0.5
Configuration Load on pad
No. of pads 5
Oil supply temperature 40 ◦C
Oil supply rate 1 gpm
Radial load 111.2 N
Pad thermal conductivity 50.09 W/m K
Convection coefficient 73.6 W/m2 K
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ations involved in the local phase behavior. High-speed sys-
tems are more likely to adopt GELs because of the greater 
overall energy savings. As with the low-speed case, an increase 
in pressure was observed through the loaded region on pad 
#4. There was considerably more heat in this system and the 
operating temperatures across the pad began at values above 
the supply temperature and increased across the length of 
the pad. CO2 solubility increased with the pressure buildup 
on the pad but because of the higher temperature the overall 
value was low and it dropped to its lowest value at the end 
of the pad. 

In a bearing operated as in the low-speed case, these con-
ditions could result in multiphase flow through the region 
of support because not all of the carbon dioxide would be 
dissolved into the lubricant locally. This behavior is com-
monly avoided by adjusting the CO2 flow rate or by modify-
ing the operating pressure. This would effectively control the 
mixture such that the amount of carbon dioxide delivered 
to the bearing would only be enough to reach the solubility 
point of the minimum pressure and maximum temperature 
conditions, eliminating the solubility spike and subsequent 
drop as the fluid exits the region of support. Because changes 
to these operating inputs would have a direct effect on the 
temperature of the bearing, any adjustments to the system 
would be performed in a stepwise fashion to enhance the 
control over the mixture properties. Maintaining proper film 
thickness would remain an important consideration in these 
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Figure 6  |  6—Pressure (solid lines) and temperature (dashed lines) distributions on the loaded pad #4 of the tilting pad journal bearing. Profiles 
are shown for (a) POE at 200 rpm, (b) the POE-based GEL at 200 rpm, (c) POE at 20,000 rpm, and (d) the GEL at 20,000 rpm.

Figure 7  |  GEL composition in the fluid film region along pad #4 of 
the tilting pad journal bearing at (a) 200 rpm and (b) 20,000 rpm.
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operational decisions as well. 
In an effort to avoid localized phase separation and cavita-

tion, additional simulations were conducted to understand 
the operating conditions that could produce pressure drops 
below the ambient supply pressure. A second low-speed case 
was performed using twice the previously used radial clear-
ance in the bearing. For both the pure POE and GEL, the pres-
sure and temperature distributions appeared similar to those 
in Figure 6, with the only exception being a slight drop (<0.1 
MPa) below the ambient pressure in the divergent region of 
the fluid film. These results indicate that even though local-
ized phase separation is possible under certain sets of operat-
ing conditions, this separation does not occur in the critical 
region of load support and is no more likely to be detrimental 
to the bearing than a standard lubrication environment. 

These results suggest that cavitation in GELs would not 
be any more acute than in conventionally lubricated bearings, 
but the effects of this phase behavior on power loss were also 
of interest. The power loss estimates are presented in Figure 
8 for a range of shaft speeds. Reductions of 14–46% were 
possible though the highest values (e.g., 46% reduction) are 
for low-speed conditions. Over the entire range of speeds 
measured, reductions around 20–25% were the average. These 
results confirmed that significant power loss reductions can 
be expected for a variety of gas-expanded lubricant formula-
tions when compared to both petroleum-based lubricants and 
synthetics alone. 

Ensuring proper rotordynamic performance is another key 
element in the implementation of the GEL technology. One 
important performance measure is the eccentricity ratio of 
the rotor being supported by the bearing. Figure 9 shows the 
eccentricity ratio for both the pure POE and GEL cases. Syn-
chronously reduced stiffness and damping coefficients, shown 
in Figure 10, were significantly lower when the bearing was 
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Figure 8  |  Power loss as a function of speed.

Figure 9  |  Journal eccentricity ratio as a function of speed.

Figure 10  |  Synchronously reduced stiffness and damping coefficients as a function of speed.
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Figure 11  |  Minimum film thickness as a function of speed.
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