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Influence of operational variables in a hydrodynamic bearing on the

generation of Acoustic Emission
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Abstract

Detecting mechanical faults of rotating machines particularly in hydrodynamic bearings has been
recognised as important for preventing sudden shut downs. This technical note presents an
experimental investigation that is aimed at understanding the influence of operational variables
(speed, load, etc) on generation of Acoustic Emission in a hydrodynamic bearing. It is concluded

that the power losses of the bearing are directly correlated with Acoustic Emission levels.
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Introduction

The traditional definition of Acoustic Emission (AE) is an elastic wave produced as a result of
swift discharge of energy from a source within a material that is compelled by an externally
applied stimulus [1]. The first comprehensive investigation into the phenomenon of AE was
undertaken by Kaiser in 1950 [2]. Kaiser was the first to digitally acquire AE signals produced in
the crystal structure of materials during stress tests. The AE technology is continually developing
into a complimentary technology for condition monitoring of machines [3] where most
investigators applications have utilised the frictional phenomenon associated with AE. Acoustic
Emission technology has advantages in comparison to other diagnostic methods [4]. Firstly,
defects are easier to detect because of improved signal to noise ratio and secondly, since it can
detect mechanical abnormalities at high frequencies, it is far more sensitive in comparison to
vibration techniques. In addition Acoustic Emission is non-intrusive and is applicable on any
type of machinery regardless of speed. Through it must be stated that the application of AE
technology does have its limitations [5]. In the application of AE to hydrodynamic bearings
(journal bearings) Sato [6] was the first investigator that directly addressed monitoring the

integrity of such bearings. Typical problems that are associated with journal bearings include
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wear and metal wipe which is a direct consequence of the shaft making contact with the journal,
such frictional contact is a prime source of AE. Other sources of AE associated with rotating
machines include impacting, cyclic fatigue, friction, turbulence, material loss, cavitations,
leakage, etc [3]. Others [7-11] have applied the AE technology to shaft-seal rubbing in large
power generation turbines. Leahy [12] undertook the most realistic controlled verification of
applicability of AE to shaft seal rubbing where it was noted that a simulated rub on the shaft of
an operating steam turbine could be detected with AE sensors mounted on the bearing pedestal.
Al-Shaikh Mubarak [13] attempted to apply the technology for monitoring blade rubbing. Whilst
in all the cases highlighted above the measurement of AE was taken at the journal bearing
housing no attempt was made to understand the factors that govern the generation of AE within
the bearing, particularly as the operational variables such as load, film thickness, and speed

change with operating requirements.

The aim of this investigation was to ascertain the relationship between rotational speed, applied
load, theoretical film thickness, power losses, shear stress and AE for a hydrodynamic bearing,

which hitherto has not been explored.

EXPERIMENTAL PROGRAMME

The hydrodynamic bearing test rig employed for this study has an operational speed range
between 10rpm to 5000rpm with a maximum load capability of 20kN. Figure 1 depicts the test

rig employed for this investigation.

In developing an understanding of the relationship between Acoustic Emission and the
operational variables an experimental programme was developed which involved testing at a
speed range of between 750 to 4500 rpm and a load range of between 2KN to 10KN. The
hydrodynamic bearing material was Bronze. The test bearing had a radius of 40mm, length of

80mm and a measured radial clearance of 0.17mm.
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Figure 1 Test rig layout

To understand the influence of viscosity on generating AE, three different oil types were
employed. This included:
» Alpha SP68, kinematic viscosity 68cSt and 8.53¢St at 40°C and 100°C of respectively
» Alpha SP220, kinematic viscosity 220cSt and 18.7¢St at 40°C and 100°C of respectively
» Alpha SP460, kinematic viscosity 460cSt and 30.5¢St at 40°C and 100°C of respectively

Two Physical Acoustics WD type sensors with a frequency bandwidth of between 100 KHz to
750 KHz were employed. Both sensors were placed directly onto the test bearing at each axial
end (see figure 2) and connected to a pre-amplifier at 40dB gain. A third WD sensor was placed
on the loading arm, see figure 1. For all tests undertaken in this investigation the AE r.m.s values
were recorded over a time constant of 10msec and a sampling rate of 100Hz. In addition, four J-
type thermocouples were fixed on the axial end at the bearing in the loaded zone, and one K-type

thermocouple was placed in the oil bath, see figure 2 .The thermocouples had an operating range



of 0 to 200°C with an accuracy of +1.5°C. Measurements of temperature were taken throughout

all test conditions at a sampling rate of 10 kHz.
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Figure 2 Location of AE and thermocouple sensors on test bearing

This investigation involved varying the bearing rotational speed for fixed loads and also
investigating the influence of different viscosities whilst recording the AE r.m.s levels. Prior to
performing the tests, the temperature of the test bearing was raised to approximately 40°C; this
was achieved by running the test-rig in excess of 1000 rpm at 1KN. As soon as the desired

temperature was reached, the test sequence began.

The tests conditions investigated included five rotational speeds (750rpm, 1500rpm, 2500rpm,
3500rpm and 4500rpm) three oil types (SP68, SP220 and SP460) and three load conditions,
(2KN, 6KN, 10KN). Load on the test hydrodynamic bearing was achieved with two hydraulic



mechanisms either side of the test bearing. Two hydraulic cylinders were connected to two
loading bearings (ball bearing) which were fixed on the shaft either side of the hydrodynamic
test bearing. These were placed either side of the test bearing to ensure uniform loading along the
length of the test bearing. Given that such bearings are known to emit significant AE noise a
circumferential groove was cut into the shaft and a “’plastic’’ strip was placed between the inner
race of the bearing and the shaft, see figure 3. This ensured no AE transmission from the rolling
element bearings could influence measured AE’s from the journal bearing. In addition, the drive
motor was connected to the drive shaft via a belt drive thus eliminating AE noise generated from

the electric motor.

Figure 3 Nylon 6/6 applied to attenuate AE from the rolling element bearing

Also a coupling was employed between the drive shaft and the shaft from the motor within the
test bearing, further eliminating reducing any AE’s from outside the test bearing. Attenuation

tests were undertaken (Hsu, Nelson) on the test rig at various defined locations, see figure 4 and



table 1. From the results present it was clear that AE could be transmitted across the plastic strip
however attenuation across the strip to test bearing shaft was in the order of 35dB, this would
imply a 55-Fold reduction in AE amplitude levels across the strip. This is of particular
significance as all unwanted AE contributors must be eliminated (such as the rolling element
bearings onto which load are applied to the shaft). Attenuation test were undertaken with the oil

supply to the bearing switched on, i.e, oil was flowing into and out of the bearing.

Acquisition of AE and temperatures values were acquired continuously over a duration of
10mins for every speed, viscosity and load condition tested. Values presented, hence forth are
averaged over the 10min duration, in addition, standard deviations are also detailed (see table

A1, appendix).
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Figure 4 Attenuation tests on the test rig



Table 1 Attenuation results in Journal Bearing Test Rig

Attenuation Nelson Breaks A B C D E F G H | J
AE Amplitude Ch1(dB) 35 | 78 - 78 | 78 | 40 | 73 - - -
AE Amplitude Ch2(dB) 43 | 75 - - 75 | 37 | 71 - - -

AE Amplitude Ch3(dB) 78 41 - - - = = - - -
‘- No detectable emission

Experimental Results

From these results and given attenuation rates already ascertained, measurements of AE on the
hydrodynamic bearing will be void of any contributions from the load carrying rolling element
bearing. For instance, AE measurements from ch-3 at 4500 rpm were noted at 0.14V, 5, given
the attenuation across the plastic strip to the sensors on the test bearing, it would be expected that
channel’s 1 or 2 would recorded AE levels in the order of 0.003V, s on the bearing however AE
levels on the test bearing were between 10 to 20 fold higher than 0.003V, ., s, authenticating that
measured AE on the test bearing could be attributed to emissions from the test bearing only.

Observation from a typical test sequence is present in figure 5.

The results of all tests undertaken are presented in figure 6 which highlights observations of the
theoretical minimum film thickness (h,) and AE r.m.s measured on the test bearing for a fixed
load condition with varying dynamic viscosities. All calculations of minimum film thickness and
power losses were based on well established procedures [14] with the main influencing factors
including the oil kinematic viscosity, operating temperature, bearing geometry, Sommerfield
number and shaft eccentricity. The Sommerfield number is a non-dimensional number which is

characteristic for a journal bearing in given working conditions.
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Figure 6 AE r.m.s levels at an applied load 10KN

It was evident that an increase in speed resulted in an increase in measured AE even though for
same test conditions there was a decrease in theoretical film thickness. For instance at a speed of
3500rpm and a corresponding bearing temperature of 87 C the oil film thickness was less than at
the lower speed at 2500rpm (75 C) due to the reduction in viscosity of the oil. Irrespective of the
decrease or increase in theoretical film thickness the levels of AE increased with increasing
rotational speed. Changes in rotational speed resulted in increased AE levels in the order of
200% on average though the actual predicted change in minimum film thickness with increased
speed was of the order of approximately 10% on average for all test, see table Al(appendix).
Standard deviations (0) of calculated minimum film thickness values and measured temperature
values are detailed in the appendix and the deviations were deemed low and acceptable. As with

hydrodynamic bearings, there is no asperity contact and in the author’s view the corresponding



increase in AE levels is attributed to the friction associated with the shearing effect of the
lubricant and associated frictional/power losses.  The authors thought it prudent to

establish/confirm such a phenomenon.

Hydrodynamic Shear Stress

The source of AE in a hydrodynamic bearing, given that under normal operating conditions the
hydrodynamic oil film is sufficiently large to ensure no asperity contact, can only be attributed to
the friction within the fluid and the friction reaction of the fluid on the shaft. Such friction in
fluid is attributed to the shear stress which is defined as the force per unit area exerted by a solid
boundary on a fluid in motion in a direction on the local tangent plane [15]. The shear stress for a

Newtonian fluid can be expressed as following equation:

Tw =Ky (1)

» uis the dynamic viscosity of the fluid;
» u is the velocity of the fluid along the boundary;
» yis the height of the boundary.

In calculation of shear stress the inner cylinder (shaft) rotates at constant speed and the inner
diameter at the bearing bush is assumed stationary. It is also assumed that the oil flow is laminar.
To obtain an expression for velocity profile and shear stress distribution a few assumption have
been made, including:

1) Steady flow, which eliminates time variations in fluid properties and equations.

2) Temperature profile within the oil film is assumed constant.

3) Incompressible flow, simplifying the governing equations of fluid flow can

4) Periphery symmetric flow

5) No flow or variation of properties in the direction axial



The relationship between velocity profile, shear stress and film thickness were determined by

Rook [16]:

ro, 1
= ,_2eRs 1
g — KT Kiay = (3)
Where:
T,g-1s shear stress distribution in the bearing R, -is shaft radius
1 -is dynamic viscosity R, -is bearing radius
w -is rotational speed h, -is film thickness

From the equation (3) theoretical estimates of shear stress were determined. Observation of
AE r.m.s values for calculated levels of shear stress is shown in figure 7. This shows a steep
increase in shear stress levels between 750 to 1500rpm after which levels remained relatively
steady(1500 to 2500rpm). From 2500 to 4500 rpm the levels of shear stress steadily decreased

with increase speed.
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Figure 7 AE r.m.s and shear stresses for varying speed and constant load conditions of

10KN and different dynamic viscosities

In an attempt to understand the relationship between AE and shear stress plots showing
correlation between shear stress, film thickness and rotational speed are presented in figure 8.
From this figure three regions are detailed, region A’,’B’ and ‘C’. It is evident that in the region
‘A’, an increase in speed resulted in an increase in the theoretical minimum film thicknesses and
a corresponding increase in estimated shear stress values. In region ‘B’, both parameters of
dynamic viscosity and rotational speed had a direct influence in reaching shear stress levels and
their calculations to shear stress levels are assumed equal. And finally in region ‘C’, were
increasing the rotational speed caused increasing the oil temperatures and a reduction in the
dynamic viscosity; the theoretical minimum film thicknesses decreased and a corresponding
decrease in the estimated shear stress levels was noted. In this region, the most influencing

parameter is low viscosity and high rotational speed.



These relationships are attributed to the fact that the shear stresses increase when the rotational
speed increases but the increase in speed causes an increase in oil temperature thereby decreasing
the shear stresses as the oil viscosity decreases. The shaded of area in figure 8 shows the range of
theoretically determined shear stress and film thickness values based on experimental
measurements and the sensor accuracies. In addition, the associated friction factor values are
presented in figure 8; the values of which mirror trends in shear stress and film thickness. The
friction factor is dimensionless parameter which is determined from the eccentricity ratio and
Sommerfeld number of the bearing, and, is employed to calculate the power losses of the bearing

[14]. The result presented in figure 8 was similar for all three different viscosities investigated.
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Of significant note in figure 8 is the relationship between rotational speed and theoretical power
losses on the bottom of the journal bearing (in the region of minimum film thickness) where it is
evident that power losses at the bottom of the bearing do not mirror changes in theoretical film
thickness, shear stress and friction factor. Even though the friction factor reduces in value with
increasing speed, the power losses increase with increasing speed. Thus it because the estimation
of power losses has a direct relationship with speed and the levels of reduction in friction factor
is significantly outweighed by increase in speed. This is noted in figure 9 where AE levels are
seen to increase with total power losses and losses attributed to the bottom of the bearing. This
was not surprising as it would be expected that AE will be generated from not only shear stress
in the region of minimum film thickness but also from splashing of the oil and its motion within
the top of the bearing. Therefore it is the total power losses and not the film thickness or shear
stress or friction factor that is most directly correlated to the measured AE levels; a finding

which hither to has not be reported.
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Figure 9 AE r.m.s, rotational speed, dynamic viscosity (SP220), bottom power losses

and total loss for load condition 10KN

Figure 10 showed that AE levels increased with increasing power losses for all three different
dynamic viscosities. However at any given speed and dynamic viscosity the variation in load
caused an increase in AE levels though the levels were relatively small in relation to the increase

in AE levels with increasing speed.
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Figure 10 AE r.m.s and power loss for varying speed and load conditions (2kN, 6kN,
10kN) at varying dynamic viscosities
Conclusion

It is evident that the Acoustic Emission (AE) technology has a great working scope in the

application to hydrodynamic bearings. The observations that are presented support the author’s

theory that in a properly maintained hydrodynamic lubrication regime the principal source of AE

is the friction in the shearing of the lubricant in addition to the splashing and motion of the oil

within the bearing. Such a relationship will go some way in further developing the applicability

of AE technology to monitoring rotating machinery. To date this is the first attempt at correlating

AE with fluid friction and power losses in a hydrodynamic bearing.
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Appendix A

OilType  PKN  Speed [RPM] Temperature(°’C) STDVT — v(cSt) w(Pa*s) N ecc hmin(um)  STDVhmin  Friction Factor KW Btm(W)  Total Power Loss(KW)  Shear stresses(MPa)  RMS (V)
SP68
2 750 42.64 2.18 62.06 0.05 0.13 0.61 67.05 3.28 0.0136 0.0800 0.0963 0.0025 0.002
2 1500 5421 199 4159 0.04 017 0.53 80.24 3.15 0.0170 0.19% 0.2474 0.0028 0.006
2 2500 66.83 125 26.88 0.02 0.18 051 83.64 195 0.0180 0.3521 04374 0.0029 0.029
2 3500 7121 24 18.77 0.02 0.18 0.51 82.6 3.81 0.0177 0.4844 0.6015 0.0029 0.061
2 4500 87.17 1.62 13.3 0.01 0.16 0.54 78.32 2.57 0.0165 0.5800 0.7182 0.0028 0.101
Ol Type  PKN  Speed [RPM] Temperature(°’C) STDVT  v(cSY) w(Pa*s) S ecc hmin(um)  STDVhmin  Frction Factor KW Btm(W)  Total Power Loss(KW)  Shear stresses@[Pa) RMS (V)
SP68
6 750 4943 2.84 49.07 0.04 0.03 0.85 25.17 193 0.0056 0.0993 0.1140 0.0053 0.0017
6 1500 56.7 287 38.16 0.03 0.05 0.79 3524 281 0.0073 0.2581 0.3059 0.0059 0.009
6 2500 65.15 287 2848 0.02 0.06 0.76 41.58 319 0.0085 0.4962 0.5942 0.0062 0.03
6 3500 476 177 2043 0.02 0.07 075 417 19 0.0085 0.6965 0.8343 0.0062 0.065
6 4500 85.25 281 14.21 0.01 0.06 077 3833 2.93 0.0073 0.8317 09911 0.006 0.105
OilType  PKN  Speed [RPM] Temperature(°’C) STDVT — v(cSt) w(Pa*s) N ecc hmin(um)  STDVhmin  Friction Factor KW Btm(W)  Total Power Loss(K'W)  Shear stresses(MPa)  RMS (V)
SP6S
10 750 51.56 242 45.58 0.04 0.02 09 16.41 0.57 0.0042 0.1245 0.1386 0.0075 0.0021
10 1500 57.95 2.63 36.54 0.03 0.03 0.86 2312 165 0.0053 0.3114 0.3582 0.0086 0.01
10 2500 6435 2.36 29.28 0.03 0.04 0.83 2879 179 0.0062 0.6099 0.7130 0.0092 0.034
10 3500 76.18 143 19.45 0.02 0.04 0.84 21.23 1 0.0060 0.8185 0.9531 0.009 0.066
10 4500 87.25 1.66 13.26 0.01 0.03 0.86 24.65 1.08 0.0056 0.9778 1.1301 0.0088 0.107
OlType PKN  Speed [RPM] Temperature("C) STDVT  v(cSt) w(Pa*s) N ecc hmn(um)  STDVhmn  FrctionFactor KW Btm(W)  Total Power Loss(KW) ~ Shear stresses(MPa)  RMS (V)
SP220
2 750 4542 2.39 176.08 0.16 0.37 0.33 113.36 3.57 0.0318 0.1869 0.2303 0.0044 0.002
2 1500 58.53 359 10275 0.09 044 03 118.74 5.14 0.0364 0.4277 0.5281 0.0049 0.008
2 2500 7.6 27 57.64 0.05 041 032 116.43 39 0.0343 0.6718 0.8288 0.0046 0.03
2 3500 83.04 247 3754 0.03 037 033 113.18 363 0.0317 0.8684 1.0697 0.0043 0.05
2 4500 92.96 175 24.97 0.02 032 037 10737 275 0.0278 0.9792 1.2028 0.0039 0.091
OiType PKN  Speed [RPM] Temperature(’C) STDVT  v(cSt)  p(Pa*s) S ecc hmin(um)  STDVhmm  Frction Factor KW Btm(W) ~ Total Power Loss(KW) ~ Shear stresses(MPa) ~ RMS (V)
SP220
6 750 54.15 2.66 123.01 011 0.09 07 516 4,09 0.0103 0.1822 0.2171 0.0067 0.002
6 1500 63.17 297 8492 0.08 012 0.62 64.55 5.15 0.0131 0.4601 0.5529 0.0074 0.01
6 2500 74.65 382 52.99 0.05 012 0.61 66.24 6.74 0.0134 0.7894 0.9495 0.0075 0.038
6 3500 85.21 19 3434 0.03 011 0.63 62.08 324 0.0125 1.0286 1.2343 0.0072 0.067
6 4500 96.98 1.46 2117 0.02 0.09 0.69 528 228 0.0106 1.1182 1.3337 0.0068 0.092
Ol Type  PKN  Speed [RPM] Temperature("C) STDVT  v(cSt)  w(Pa*s) S ecc hmn(um)  STDVhmin  Foction Factor KW Btm(W)  Total Power Loss(KW) ~ Shear stresses(MPa)  RMS (V)
SP220
10 750 55.53 228 116.23 01 0.05 08 33776 248 0.0071 0.2076 0.2426 0.0097 0.0018
10 1500 64.52 221 80.34 0.07 0.07 075 4314 286 0.0087 0.5129 0.6066 0.0105 0.009
10 2500 75.29 29 51.61 0.05 0.07 073 4539 4,01 0.0092 0.8956 1.0616 0.0106 0.038
10 3500 87.25 145 3157 0.03 0.06 0.76 4043 178 0.0082 11293 1.3316 0.0102 0.06
10 4500 98.15 242 2018 0.02 0.05 038 3483 259 0.0073 1.2781 1.4960 0.0098 0.095
OiType PKN  Speed [RPM] Temperature(°C) STDVT  w(cSt) w(Pa*s) S ecc hmin(um)  STDVhmin  Friction Factor ~ KW Btm(W)  Total Power Loss(KW)  Shear stresses@Pa) RMS (V)
SP 460
2 750 54.92 102 234.27 0.21 05 027 12344 164 0.0412 0.2421 0.2991 0.0054 0.002
2 1500 64.84 091 149.58 0.13 0.64 0.22 132.87 179 0.0521 0.6114 07711 0.0064 0.008
2 2500 76.22 17 89.41 0.08 0.64 022 1327 3.38 0.0513 1.0152 1.2804 0.0063 0.033
2 3500 36 2,66 5745 0.05 057 024 12838 437 0.0468 12825 1.624 0.0059 0.061
2 4500 96.29 2.67 36.07 0.03 0.46 0.29 120.7 4.2 0.0384 1.3509 1.7125 0.0051 0.091
OiType  PKN  Speed [RPM] Temperature("C) STDVT  v(cSt)  w(Pa*s) S ecc hmn(um)  STDVhmin  Foction Factor KW Btm(W)  Total Power Loss(KW) ~ Shear stresses(MPa)  RMS (V)
SP 460
6 750 56.2 0.67 221.09 02 0.16 0.55 76.51 137 0.0160 0.2814 0.3403 0.0082 0.0019
6 1500 65.44 1.65 145.58 013 021 048 89.12 337 0.0197 06952 0.8666 0.0092 0.009
6 2500 76.6 174 87.88 0.08 021 047 89.4 354 0.0198 11642 14515 0.0092 0.036
6 3500 877 23 532 0.05 0.18 0.52 81.82 477 0.0175 14344 1.7801 0.0086 0.062
6 4500 98.77 153 3224 0.03 0.14 0.59 7049 3.09 0.0145 1.5269 1.8809 0.0077 0.08
OiType  PKN  Speed [RPM] Temperature("C) STDVT  w(cst) w(Pa*s) N ecc hmin(um)  STDVhmn  FrctionFactor KW Btm(W)  Total Power Loss(KW)  Shear stressesQMPa)  RMS (V)
SP 460
10 750 5778 0.63 205.85 019 0.09 0.69 51.96 108 0.0104 0.3057 0.3644 00112 0.002
10 1500 66.62 2.07 138.01 012 012 0.63 6371 4,03 0.0129 0.7558 0.9264 0.0122 0.01
10 2500 7187 228 8298 0.07 012 0.62 638 4.44 0.0129 12616 1.5464 00122 0.038
10 3500 90.94 2.64 45.95 0.04 0.09 0.69 535 4.68 0.0107 1.4685 1.7838 00113 0.065
10 4500 101.35 348 28.69 0.03 0.07 0.73 45.6 5.25 0.0092 1.6191 1.9496 0.0107 0.087




