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Abstract: Considerable research has been conducted in the past decade and a half regarding the
bio-lubricants potential to replace mineral-based lubricants as mainstream lubricants such as engine
oil, hydraulic oil, compressor oil, and metalworking oil. This study studied several bio-lubricants
(rapeseed oil, palm olein, and soybean oil) and a mineral-based lubricant, SAE40. The bio-lubricants
have better physiochemical, tribological characteristics and environmental friendly nature, and are
promising to replace mineral-based lubricants. In this study, a journal bearing test rig (JBTR) was
developed in order to investigate the effect of journal speed on the temperature of oil film with time.
Additionally, the load-carrying capacity of bio-oils was tested against the mineral-based lubricant
SAE40 by adding a load on the journal. For all three speeds, i.e., 1000, 1500, and 2000 rpm, the
bio-lubricants recorded minimum temperature. At 1000 rpm, rapeseed oil recorded a 9.2% lower
temperature than SAE40. Similarly, at 2000 rpm, rapeseed oil recorded a minimum temperature
that was 2.5% lower than SAE40; in comparison, at 1500 rpm, palm olein recorded a minimum
temperature that was 1.8% less than SAE40. Overall, the results of this study revealed that bio-oils
recorded a lower temperature rise than mineral oil. These results are very encouraging for further
research in this area.

Keywords: journal bearing; rotor dynamics; bio-lubricants; dynamic viscosity; modal analysis

1. Introduction

With the increase in the world’s population, combined with industrialization, there
has been a rise in the use of mineral-based oil resources and fossil fuels. These resources
are nonrenewable and are also quickly depleting. It is very important to introduce new
alternatives using renewable energy sources that help reduce the burden on these fossil
fuel resources and also protect our mother nature. Bio-oils, which are extracted from
natural renewable resources, are not toxic to the environment. They display excellent
physicochemical properties, such as high viscosity index and flash point, as well as good
resistance to shear and high biodegradability. Lubricants, with the help of certain additives,
perform multiple tasks in rotating machinery. These are used to carry out heat transfer,
provide a damping effect, and carry the loads by the formation of the oil film in journal
bearings. In a rotor-bearing system, lubricants play very significant roles in defining the
tribological and dynamic characteristics of the system.

There are three different types of lubrication, classified as the boundary, mixed, and
full-film types. Each type is different, but they all constitute a lubricant and the additives
within the oils to protect against wear and friction. Full-film lubrication can be broken down
into two forms—hydrodynamic and elastohydrodynamic. Additionally, the lubricants are
generally liquids. However, they are often used in solid (graphite), semi-solid (greases),
and gaseous forms.
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Viscosity is one of the most important properties of a fluid lubricant that determines
the fluid friction involved in lubrication, the load-carrying capacity of the lubricant film, its
resistance to the initiation of relative movement of moving parts and the sealing capacity,
pumping ability, and heat transfer properties of the lubricant. It is a measure of the internal
friction occurring in a fluid, which is the mutual resistance to the relative motion of the fluid
molecules. If the viscosity of a liquid is not constant at a given temperature and pressure
but depends on shear rate, its viscosity is termed apparent viscosity, and the liquid is a
non-Newtonian fluid. It is reported that the fluid properties of such a substance must be
measured using a variable shear-rate viscometer [1].

It is very important to consider the operating temperature for lubricant when choosing
a lubricant for the desired operation [2]. In many lubricants, properties such as temperature
and pressure are somewhat comparable, but the shear response is different. It is found that
above certain shear stress levels, different lubricants begin to exhibit nonlinear behavior.
This value of shear stress varies for different types and classes of lubricants. Therefore,
it is an indication that the lubricant has started to behave as a non-Newtonian lubricant.
This does not primarily mean that the lubricant is non-Newtonian, rather the operating
conditions have caused this behavior [3]. Similarly, in plain journal bearings lubricated by
water, seawater, and oil, the maximum temperature occurs at the minimum film thickness
location, although it extends 180◦ backward for water and seawater. Additionally, for oil-
lubricated bearing, the thermal effect has a greater effect on pressure distribution than does
elastic deformation [4]. Mineral-based oils have been widely used as the main lubricant
oil. However, these lubricants are toxic, nonbiodegradable, and not environmentally
friendly. Mineral-based lubricants contain many kinds of additives such as antioxidants,
anti-wear, detergents, dispersants, antifoams, extreme pressure agents, friction modifiers,
and viscosity enhancers. Some of these additives are toxic and harmful to human health,
wildlife, and the environment [5,6]. Due to environmental concerns, research toward
finding alternative oils for lubricants has currently become very demanding.

Rubbing is a phenomenon that generally occurs in journal bearings. Many efforts have
been made to reduce the rubbing phenomenon. One of the ways is by adding nanopar-
ticles to the lubricant. It subsequently reduces rubbing and improves the tribological
properties of lubricants in journal bearing [7]. A bio-lubricant is a renewable lubricant
that is biodegradable, nontoxic, and emits net-zero greenhouse gas. Bio-lubricants have
been found to exhibit superior lubricant tribological properties over conventional mineral
lubricants, with renewability and biodegradability being their strongest point. In general,
bio-lubricants (pure and chemically modified) have been reported to have good tribological
properties, compared with mineral-based lubricants. The improved tribological perfor-
mance of bio-oils is due to the fact that high oleic acid concentrations improve friction and
wear performance by establishing densely packed monolayers on the lubricating surface.
Moreover, the benefits of bio-oils include lower pollution (air, water, and soil), minimal
health and safety risks, and easier disposal due to their facile biodegradability [8,9]. In
comparison to mineral-based lubricants, bio-lubricants have good tribological properties,
can perform better when properly formulated and processed with additives. Additionally,
it is reported that bio-oils exhibit low volatile organic compound emission for engine oil
application, low compressibility and fast air release rate for the hydraulic application, and
high dielectric strength for transformer application [10]. Furthermore, it is also reported
that blending of bio-oils with mineral-based lubricants up to a certain level yields optimum
results in terms of coefficient of friction (COF), viscosity, rise in temperature and wear scar
diameter (WSD), and load-carrying capacity [11,12]. Anti-wear coatings are also used to
achieve better thermal response [13]. Similarly, the addition of boric acid into vegetable oils
leads to an increase in the lubrication efficiency by up to 15%, compared with pure oils [14].

Chemical modification of bio-oils to chemically modified bio-based lubricant is a
process in which the properties of bio-oils are optimized as per the requirements and
needs of the industry. Structurally and chemically modified bio-based lubricants have
exhibited improved viscosity and good thermo-oxidative stability [15]. Blending the
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nanoparticles with the base lubricant does not change the rheology of lubricants. The
addition of nanoparticles (0.5%) to chemically modified bio-based lubricants has been
reported to have improved viscosity and increased flash point, leading to better lubricity,
and less wear and damage to the surface due to the formation of a better film on the
surface [16]. Tests carried out on the pin with a disc wear tester show that vegetable oil can
be used as a potential bio-lubricant and an alternative to conventional industrial lubricants;
nevertheless, there is still a need for more research to be carried out [17,18]. It is further
reported that slight modification in physical properties and the use of additives can cause a
rise in the use of bio-lubricants in biomedical applications [19]. Similarly, it is important
to consider the economic and environmental aspects along with other parameters. Good
physiochemical and tribological properties of bio-oils can contribute to the reduction in
energy loss from friction, improve fuel economy, reduce greenhouse gas emissions, and
generate economic savings; therefore, they are beneficial in terms of both economic and
environmental aspects [20].

Good lubricating properties, high viscosity index, high ignition temperature, increased
equipment service life, high load-carrying abilities, good anti-wear characteristics, excellent
coefficient of friction, natural multigrade properties, low evaporation rates, low emissions
into the atmosphere, and rapid biodegradability are some of the highlight features which
make the bio-lubricants attractive, compared with mineral-based lubricants [21,22]. Opti-
mization of lubricants/oils, keeping in mind the industry in which the bearings are used, is
of prime importance. The overall power loss of the machine can be reduced by using an oil
with better kinematic viscosities because, at higher speeds of rotation, the viscosity of the
lubricant plays a very important role in defining the overall trends of vibration response.
The optimized dynamic viscosity curve is obtained and can be used for the formulation of
a type of oil, not necessarily of mineral origin, but with suitable additives [23]. Similarly,
depending upon the use, the bio-lubricants are reported to be used as base stock, in mix-
tures with mineral-based lubricants, and as blended with additives. Bio-lubricants have
poor cold flow properties and low oxidation, but these shortcomings can be addressed by
modifying the bio-lubricants chemically or incorporating additives [24,25].

Therefore, it is very important to experimentally test these bio-oils in actual operating
conditions for the evaluation of static and dynamic performance. In this study, a setup was
developed to test the performance of bio-oils, after which the performances were compared
with those of the mineral-based lubricant. Hence, in this paper, rapeseed oil, palm oil, and
soybean oil were tested and compared with SAE40, a mineral-based oil, to evaluate their
performance in JBTR under similar operating conditions. The three bio-oils used in this
study were in unprocessed and untreated form.

2. Materials and Methods
2.1. Design of Journal Bearing Test Rig (JBTR)

It is very important to design a test rig to simulate the operating conditions and to be
able to record the measurement data with repeatability and accuracy [26,27]. It is likely that
if different operators are using the same equipment, the results might vary depending upon
the level of experience and sensitivity to equipment. The standard operating procedures
may be prepared beforehand to avoid any such problems [28]. It is essential to develop a
system that can easily be tested for different lubricants with additives. Furthermore, to
make provision for sensors at axial and radial locations, vibration analysis is also needed for
testing and analysis purposes. The test rig needs to be flexible in order to deal with shafts
of large diameters and high speeds. Moreover, there should be provision for modernization
and further development of test rig [29]. Furthermore, many bearings work in flooded
conditions with more than the minimum required oil [30]. Therefore, it is important to
make sure that the bearing has a sufficient supply of oil in order to avoid friction and
rubbing and obtain more accurate results.

For this purpose, a journal bearing test rig (JBTR) was developed to experimentally
validate the physical properties of the bio-oils and compare them with SAE40. The model
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and real system can be seen in Figure 1. The oil was supplied to the bearing through the oil
supply port, which was at the top of the journal bearing. It could contain up to 15 mL of
oil. Provision was made for recirculation, refilling, and replacement of oil depending upon
the requirement. A DC motor equipped with a speed control unit that can operate up to
3000 rpm (50 Hz) was directly attached to the journal. A tachometer was placed near the
shaft to record the speed of the shaft in revolution per minute (RPM). The load was applied
to the journal bearing through a disk mounted on the journal and could be changed as
per loading conditions. Provision was made for temperature measurement in this test rig
by using a thermocouple sensor. The main control unit set the desired rpm, recorded the
actual rpm of the shaft, and recorded the temperature of the oil. The specifications of the
journal bearing test rig are given in Table 1.
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Figure 1. (a) Schematic diagram; (b) actual diagram of journal bearing test rig (JBTR).

Table 1. Specifications of the journal bearing test rig (JBTR).

No. Description Specification

1 Bearing length (L) 12.5 mm
2 Inner diameter for plain bearing (d) 25.14 mm
3 Shaft diameter (Φ) 25 mm
4 Weight of journal shaft (W) 9 N
5 Weight of Load 25 N
6 Total clearance (CT) 0.14 mm
7 Radial clearance (CR) 0.07 mm
8 L/D ratio 0.5
9 Operating speed 1000, 1500, 2000 rpm

Figure 1a,b show the schematic model and the actual JBTR system. This system can
be used to test different types of oils without any complex mechanism, as the oil can be
easily replaced. Additionally, the system has the ability to test the load-carrying capacity
for different types of loads at different rotating speeds.

2.2. Experimental Modal Analysis

The modal analysis was carried out to determine the natural frequencies and associated
mode shapes to ensure our test rig is safe to operate in the given range. It is important to
investigate the natural frequencies in order to investigate whether the resonance would
occur in the operating range. Additionally, how the system responds at those natural
frequencies is also important to investigate. During the design process, it is important to
make sure that there is no natural frequency occurring within the operational range of
the rotating machine unless it is a design requirement [31]. Otherwise, the system may
experience resonance, resulting in high vibration, which may lead to failure of the system.

For experimental modal analysis, the impact testing technique was used, as this
is more suitable for this kind of system. This test was carried out in accordance with
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ISO 7626-5 standard. A modally tuned impact hammer was used for excitation, and the
response was measured using a triaxial accelerometer PCB 356A01. The accelerometer was
connected to a data acquisition and analysis system, Rionote SA-A1.

2.3. Numerical Modal Analysis

Numerical modal analysis was performed using the commercial software ANSYS
workbench R2 2021, as shown in Figure 2. For boundary conditions, there was fixed support
at one end and elastic support at the other end. Material properties for modal properties
are listed in Table 2.
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Table 2. Properties of stainless steel.

Properties Value

Density 7.75 × 10−6 kg mm−3

Young’s modulus (MPa) 1.93 × 105

Poisson’s ratio 0.31
Bulk modulus (MPa) 1.693 × 105

Shear modulus (MPa) 73,664

Figure 2 shows the numerical model which is developed to determine the natural
frequencies of the system. This system comprised the basic components that included
shaft and load because only the shaft and the load were the rotating components, and the
remaining components of the whole system were stationary.

2.4. Dynamic Viscosity Measurement

Dynamic viscosity measurement was carried out in order to determine the response of
lubricants with increasing temperature. Temperature–viscosity characteristics of lubricating
oils and greases are among the important parameters for evaluating lubricant performance
in mechanical systems. The sustainability of lubricating film between contacting surfaces
in mechanical systems is often criticized due to the highly sensitive nature of temperature–
viscosity relationship in lubricants. Oil viscosity often decreases rapidly with a rise in
temperature. Loss in lubricants viscosity may cause severe problems in terms of the
performance of mechanical systems in industrial and transportation applications.

Dynamic viscosity is the measure of the shear stress per unit area required before a
sample begins to deform. Lubricants are characterized by their viscosity as a function of
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temperature, pressure, and shear rates. However, viscosity is largely influenced by the
working temperature of the liquid [32]. Viscosity is generally expressed in millipascal
seconds (mPa-s) or centipoise (cP). Fluid viscosity changes with temperature. The increase
in temperature causes a decrease in fluid viscosity. The viscosity of a liquid is measured
using a device called a viscometer. In order to test the oil samples’ viscosity, the Brook-
field Viscometer was used, as shown in Figure 3b. Figure 3a demonstrates the testing
process, during which the oil was heated using the hot plate up to the desired temperature
(40◦, 50◦, 100◦, and 125 ◦C). Next, as shown in Figure 3b, the viscosity of the oil was checked
at the given temperature. Different types of spindles were used to measure the viscosity for
different ranges of viscosity. The spindle was attached to the apparatus, and it was made
to rotate at 60 revolutions per minute (RPM). The viscosity was measured for different
temperatures in order to investigate the effect of temperature on viscosity.
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Figure 3. (a) Viscosity measurement. (b) The Brookfield Viscometer.

Figure 3a shows the oil sample being heated on the hot palte. Whereas, Figure 3b
shows the viscometer, which is used for measuring the oil viscosity. Table 3 shows some
important properties of the three bio-oils and SAE40 oil. The three bio-oils had almost
similar flash points, which were almost 90 ◦C higher than that of SAE40. This is also an
important factor given that the operational range of machines is at higher temperatures, for
instance, 150~250 ◦C. Similarly, the density of bio-oils was greater than that of the SAE40
oil. Similar properties are also reported by [33].

Table 3. Physical properties of oil samples.

Properties SAE40 Palm Olein Rapeseed Soya Bean

Flash point (◦C) 235 324 326 330
Specific heat, Cp (KJ/Kg-C) 2.53 1.9 1.96 1.88

Thermal conductivity (W/m-C) 0.145 0.172 0.168 0.185
Density at 15 ◦C (g/cm3) 0.890 0.912 0.915 0.924

2.5. Bearing Temperature Measurement

To investigate the effect of speed and load on the performance of given oil samples, a
JBTR (Figure 1) was made to run for 60 min (1 h) in order to observe how the temperature
increased at a given speed of the journal. Each oil sample was tested for three speeds of
1000, 1500, and 2000 rpm. The temperature measurement was carried out after 5 min, up to
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60 min. Omron temperature controller E5CN was used to measure the temperature. This
controller uses the thermocouple sensor to measure the temperature.

Thus, by carrying out the above-described procedures, the main hypothesis was to
obtain actual experimental results and investigate how the bio-oils behave relative to
temperature rise when put to test under operating conditions. Some of the tests such as
viscosity measurement and other lubricity tests can provide insight into the behavior of
bio-oils, but an actual experimental setup should be used to verify the hypothesis of having
better static and dynamic characteristics.

3. Results and Discussion

In tribological systems such as gears, bearings, and engines, the temperature rise
due to friction-induced heating is inevitable. Another major source of heat is the high-
temperature operating environment, similar to that of steam and gas turbines. Therefore,
it is important to introduce lubricants that have less viscosity loss and can maintain high
viscosity, compared with the existing lubricants. Figure 4 shows the results of a comparison
of viscosity index (VI) between bio-oils and SAE40.
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In Figure 4, VI of bio-oils and SAE40 is plotted. The VI is unitless and indicates the
change in fluid viscosity when measured against a change in temperature. A lower value
of VI indicates that viscosity is affected more by the change in temperature and vice versa.
Two values of temperature were considered to measure the VI, 40◦ and 100 ◦C. From
Figure 4, it can be seen that the three bio-oils showed better VI, which was double or even
higher for bio-oils, compared with the SAE40 oil. The graph in Figure 4 shows the dynamic
viscosity trend in bio-oils and SAE40 at various temperatures.

Figure 5 shows the response of bio-oils and SAE40 against the rising temperature.
It can be seen in Figure 5 that the viscosity of SAE40 was relatively higher than that of
the three bio-oils at room temperature (27 ◦C). The sharp decrease in dynamic viscosity
was relatively significant for SAE40, from room temperature to 50 ◦C. Bio-oils exhibited
relatively stable dynamic viscosity drop with increasing temperature. This is a significant
point in this research, as it provides evidence on the stable dynamic viscosity of bio-oils
against rising temperature.



Materials 2022, 15, 2247 8 of 14

Materials 2022, 15, x FOR PEER REVIEW 8 of 14 
 

 

of VI indicates that viscosity is affected more by the change in temperature and vice versa. 
Two values of temperature were considered to measure the VI, 40° and 100 °C. From Fig-
ure 4, it can be seen that the three bio-oils showed better VI, which was double or even 
higher for bio-oils, compared with the SAE40 oil. The graph in Figure 4 shows the dy-
namic viscosity trend in bio-oils and SAE40 at various temperatures. 

Figure 5 shows the response of bio-oils and SAE40 against the rising temperature. It 
can be seen in Figure 5 that the viscosity of SAE40 was relatively higher than that of the 
three bio-oils at room temperature (27 °C). The sharp decrease in dynamic viscosity was 
relatively significant for SAE40, from room temperature to 50 °C. Bio-oils exhibited rela-
tively stable dynamic viscosity drop with increasing temperature. This is a significant 
point in this research, as it provides evidence on the stable dynamic viscosity of bio-oils 
against rising temperature. 

 
Figure 5. Effect of temperature on oil viscosity. 

3.1. Experimental Modal Analysis 
As discussed earlier, the basic purpose to carry out the modal analysis was to verify 

that there was no natural frequency present in the operating range of the machine. The 
results show that there was indeed no natural frequency within the operating range. 

Figure 6 shows the experimental modal analysis. Figure 6a shows the first mode, 
whereas Figure 6b–e represent the second, third, fourth, and fifth mode, respectively. 
There are a few peaks other than the natural frequencies, which are highlighted and also 
match with numerical data. This is primarily because, in the numerical data, only a shaft 
with a disk mounted on it was considered; in the actual setup of JBTR, however, there 
were several other parts present, which is why there are few other peaks visible in Figure 
6, which belong to other components. 

Figure 5. Effect of temperature on oil viscosity.

3.1. Experimental Modal Analysis

As discussed earlier, the basic purpose to carry out the modal analysis was to verify
that there was no natural frequency present in the operating range of the machine. The
results show that there was indeed no natural frequency within the operating range.

Figure 6 shows the experimental modal analysis. Figure 6a shows the first mode,
whereas Figure 6b–e represent the second, third, fourth, and fifth mode, respectively. There
are a few peaks other than the natural frequencies, which are highlighted and also match
with numerical data. This is primarily because, in the numerical data, only a shaft with
a disk mounted on it was considered; in the actual setup of JBTR, however, there were
several other parts present, which is why there are few other peaks visible in Figure 6,
which belong to other components.

3.2. Numerical Modal Analysis

For the numerical analysis, the natural frequencies of the shaft and the disk model were
analyzed using commercial software ANSYS R2 2021, and the values of the first five natural
frequencies are given in Figure 7. Similarly, these values were also experimentally verified,
which are given in Figure 7. The experimental and numerical results were relatively similar;
the maximum difference observed between the numerical and experimental values was
found to be 4.43%, in the third mode.

In Figure 7, the results of the comparison of experimental and numerical natural
frequencies are illustrated. The experimental and numerical data yielded almost the same
values for the first five natural frequencies. Although there were several other peaks
observed in the experimental data, those peaks may be due to other subparts existing in
the system, which were not considered for numerical analysis.

3.3. Bearing Temperature Measurement

Once all basic tests and procedures were performed to verify the hypothesis about the
static performance of bio-oils, these oils were tested, so as to evaluate their performance
in actual operating conditions, the results of which were compared against the SAE40
mineral-based lubricant. The JBTR system was made to operate at different speeds for
different types of given oil samples for one hour in each test. The sole purpose of operating
the JBTR for one hour was to observe the extended responses of bio-oils under the actual
operating and loading conditions.
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From Figure 8, it can be seen that the highest temperature rise among the tested
oil samples at 1000 rpm was recorded for SAE40 at 46.8 ◦C after one hour of operation.
Soybean oil recorded 44.1 ◦C after one hour of operation. The response of palm olein and
rapeseed oil was relatively similar, with rapeseed oil recording 42.5 ◦C and palm olein
recording 42.7 ◦C after one hour. In general, the overall trend was rather similar for all the
oils having followed the identical path.
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From Figure 9, it can be seen that the highest temperature rise among the tested oil
samples at 1500 rpm was detected for soybean, which recorded 52.1 ◦C after one hour of
operation. Rapeseed oil recorded 51.5 ◦C after one hour of operation. The response of
SAE40 was 51.2 ◦C, whereas palm olein recorded 50.3 ◦C after one hour, which was the
minimum value.

Similarly, when the machine was made to operate at 2000 rpm, the overall responses
were recorded and are shown in Figure 10. The rapeseed oil showed the best response
and recorded a temperature of 59.9 ◦C after one hour of operation. The response of SAE40
was 61.4 ◦C after one hour, whereas palm olein recorded 62.6 ◦C, and soybean oil recorded
64 ◦C after one hour. It is important to mention here that the temperature stabilized after
35 to 40 min of operation, and after that, the rise in temperature was very insignificant (less
than 1 ◦C) for each rotational speed (1000, 1500, 2000 rpm).

In Figure 11, the overall comparison of responses relative to temperature variation
after one hour at three different speeds is provided. The temperature difference was more
than 9% for rapeseed oil and SAE40 oil at 1000 rpm after one hour of operation. Although
the temperature difference was not very significant after one hour of operation (~2%) for
the speed of 1500 and 2000 rpm, it is evident from this comparison that the three bio-oils
performed relatively well despite the fact they were used as unprocessed and untreated.
This shows the potential of bio-oils for further research.
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4. Conclusions

Based on the experimental studies in this research, it is evident that the bio-oils
exhibited improved thermal characteristics under the actual operating conditions. The
following conclusions can be drawn:

1. For all three speeds, i.e., 1000, 1500, and 2000 rpm, the bio-oils recorded minimum
temperature;

2. At 1000 rpm, rapeseed oil recorded a 9.2% lower temperature than SAE40. Similarly,
at 2000 rpm, rapeseed oil recorded the minimum temperature, which was 2.5% lower
than SAE40;

3. At 1500 rpm, palm olein recorded the minimum temperature, which was 1.8% less
than SAE40.

Overall, the results are in line with the literature that bio-oils have good thermal
characteristics. Furthermore, the processing of bio-oils can lead to improved characteristics
of static and dynamic properties. Similarly, the environmentally friendly nature and
biodegradability of bio-oils can be another major factor to accelerate research in this area.
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