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The oil film thickness in an oil-lubricated tribo-pair can be measured using reflected ultra-
sonic waves and various transformation models. Conventionally, this approach requires the
incident signal to be calibrated using off-line methods prior to testing, and this limits the
on-line measurement of oil film thickness in sliding components such as journal bearings.
To enable on-line calibration, we propose a method of reconstructing the incident signal
from the easily obtained reflected signal. This involves analyzing the amplitude and phase
spectrum of the reflection coefficient to reconstruct the incident signal. More specifically,
the following main findings of the amplitude and phase of reflection coefficient at the res-
onance frequency are reported. 1) There is a zero-crossing at the resonance frequency, and
therefore the phases of the incident and reflected signal are the same. 2) If part of the
reflected signal is included for calculation, the frequency of the extreme point in the ampli-
tude spectrum of the reflected signal is equal to the resonance frequency only when the
extreme point phenomenon occurs at the center frequency of the transducer. At other posi-
tions, the frequency of the minimum amplitude in the amplitude spectrum of the reflected
signal is not equal to the resonance frequency. Utilizing these relationships, the phase and
amplitude of the incident signal can be accurately reconstructed by following the proposed
method, provided the thickness of the oil film between the tribo-pairs can be widely ran-
ged to cover both the blind and the resonance zones. Correspondingly, a practical schedule
for the on-line reconstruction of the incident signal is proposed, which includes an opera-
tion to adjust the oil film thickness within the blind and the resonance zone. This method is
validated on a test rig by comparing it with the traditional off-line methods.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The thin oil layer between tribo-pairs plays an important role in separating and lubricating moving parts, e.g. sliding bear-
ings and seals, to minimize the wear and extend the service life. There is no doubt that timely information on the oil film
thickness would be helpful in providing early warning of failures and preventing needless maintenance. However, the mea-
surement of oil film thickness has so far eluded widespread industrial use due to difficulties in accessing micro-scale and
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Nomenclature

Symbol

R.(f) reflection coefficient when the number of echoes is n

R(f) specific reflection coefficient when the number of echoes n approaches infinity
[Rq(f)]  amplitude of the reflection coefficient when the number of echoes is n

[R(f)| amplitude of the specific reflection coefficient when the number of echoes n approaches infinity
Bi(f),---,Bn(f) 1st, 2nd, ..., nth components of reflected signal

B(f) overall reflected signal from the oil layer including all the echoes

[B(f)| amplitude of the overall reflected signal from the oil layer

I(f) incident signal

[(f)] amplitude of the incident signal

@, (f) phase of the reflection coefficient when the number of echoes is n

Dr(f) phase of the specific reflection coefficient when the number of echoes n approaches infinity

D5(f) phase of the reflected signal from the oil layer

O(f) phase of the incident signal

V;(i,j=1,2,3) reflection coefficients at the interfaces where ultrasonic wave transmits from the medium j into medium i

Wii(i,j =1,2,3) reflection coefficients at the interfaces where ultrasonic wave transmits from the medium j into medium
i

z;(i=1,2,3) acoustic impedance of the medium i

fm resonance frequency the m-th mode

fe center frequency of the ultrasonic transducer

fe center frequency of the Gaussian echo

Sfmink frequency of minimum amplitude in reflection coefficient spectrum

fming frequency of minimum amplitude in reflected signal spectrum

Smine frequency of minimum amplitude frequency approximating the actual center frequency most when scanning the
amplitude spectrum of reflected signal

o bandwidth factor of the Gaussian echo

B amplitude of the Gaussian echo

Y coefficient corelating with the acoustic impedances of the materials

T arrival time of the Gaussian echo

oc phase of the Gaussian echo

d oil film thickness

c sound speed in the oil layer

enclosed dynamic-contact interfaces. With recent developments in ultrasonic models for oil film thickness estimation, this
promising technology is being prepared for application to on-line monitoring for engineering purposes.

For a typical sandwiched structure of a liquid-lubricated tribo-pair, different ultrasonic models in both frequency-domain
and time-domain have been developed to calculate the film thickness. Essentially, these models are based on different prop-
agation characteristics of ultrasonic waves in materials. In the frequency domain, the reflection coefficient, that is, the ratio
of the reflected signal and the incident signal, is used as the key parameter. By plotting the amplitude and the phase of the
reflection coefficient vs the coupled index of frequency and film thickness (f - d), typical models can be mapped with their
effective zones and the wave features [1]. Among these, the resonance model is applicable to measure thick film thickness
using the resonance of the incident and reflected waves [2-5]. The film thickness can be calculated from the resonance fre-
quencies in the amplitude spectrum of the reflection coefficient. Different from the resonance model, the spring model is
based on the stiffness of the ultra-thin oil film, which can be represented by the amplitude of the reflection coefficient.
The spring model is suitable for measuring the thickness of thin films [4-6]. There is the blind zone of these two models,
and the phase model was developed to address this issue. The film thickness in the blind zone can be calculated based on
the variation of the phase of reflection coefficient [1,7]. Overall, these frequency-domain models have high robustness for
signal noise, but require the pre-estimation of the thickness in order to choose a suitable model.

A time-domain model was reported recently focusing on reflected waves directly [8,9]. Essentially, the reflected wave is
approximated by the superposition of signals which are the transformations of the incident signal with varied amplitudes
and phases. Therefore, the matching approach is adopted to construct the reflected wave with known waves as the incident
wave. With successful matching effects, the thickness can be calculated theoretically. Compared to the models in the
frequency-domain, the time-domain model can measure oil film thickness over a wide range because it avoids switching
between the (frequency-domain) models which cover different effective ranges.
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As described before, knowing the incident signal is necessary for using the existing models to measure oil film thickness.
However, the capture of the incident signal remains a difficult task for on-line applications, especially in an assembly part.
Generally speaking, the incident signal is obtained by sampling the reflected signal at a steel-air interface when the tribo-
pair is disassembled [1,4,5]. This approach is based on the principle that the total-reflection would occur at the steel-air
interface. Unfortunately, the requirement of disassembly calibration is inconvenient and impractical for the on-line monitor-
ing applications in an assembled tribo-system.

To address this issue, some efforts are made to gain a further understanding of the signals used in the traditional models.
By inspecting the resonance zone in the frequency-domain spectrums (see Fig. 14 in [10]), it is found that the minimum
amplitude phenomenon synchronically occurs in spectra of both the reflected signal and the reflection coefficient. The cor-
responding frequencies where minimum amplitudes occur are denoted as f,,;,; and f,,;,z respectively, as shown in Fig. 1.
Therefore, f ;.5 the frequency at the minimum amplitude in the reflected amplitude spectrum can be directly adopted as
the resonance frequency for the resonance model [10]. However, there are non-negligible errors for this method compared
with the traditional resonance model (refer to Fig. 8 in [11] and Fig. 15 in [10]).

For the spring model [12], the regression models of the phase and amplitude are constructed between the incident and
the reflected signal, respectively. However, the valid zone of the regression relationship is limited with the model. Further-
more, its accuracy is sensitive to the surface roughness of the tribo-pair (see Fig. 18 in [10]). A new regression model was
proposed [13] with an enlarged effective range covering both the spring and the blind model zones. An extended Kalman
filter algorithm was adopted in this model to estimate the phase and amplitude of the incident signal. However, the prob-
lems regarding the accuracy and robustness cannot be ignored (see Figs. 5-7 in [13]).

Recently, a wavelet-based modulus maximum method [14] was introduced by matching the reflected signal with the
Mexican wavelets. The transient position of the first two reflected echoes can be determined using the modulus maximum
method. Correspondingly, the time difference between these two reflected echoes can be used to calculate the oil film thick-
ness using the time-of-flight method. However, for thin films, the echoes may be superposed seriously in the reflected signal
(see Fig. 8(b) in [1]), making it difficult to be determined due to the limitation of the pulse width of the waves. Therefore, this
method is merely suitable for thick film measurement (e.g., thickness more than 150 pum using a transducer of 5 MHz center
frequency in [14]).

Overall, there are bottlenecks for applying the existing ultrasonic methods for the on-line measurement of oil film thick-
ness without off-line calibrations. To address this issue, an on-line calibration method is investigated for an assembly part by
reconstructing the incident signal from the sampled reflected signals directly. The full spectrum-domain features including
the blind and the resonance zones are inspected. In particular, the relationship between the reflected and incident signals is
investigated. Based on the understanding of this relationship, the phase value and amplitude spectrum of the incident signal
are reconstructed from the resonance model and blind zones, respectively. Aiming for on-line application, a comprehensive
procedure is designed in which running the object system from the start to the full speed is involved for actual operations.

The remainder of this paper is organized as follows: Section 2 introduces the traditional ultrasonic models. The recon-
struction method of the incident signal is described in Section 3. The experimental apparatus and results are presented in
Section 4. Section 5 discusses the advantages and disadvantages of the proposed reconstruction method of the incident sig-
nal compared with existing methods. Finally, the conclusions are drawn in Section 6.
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Fig. 1. (a) amplitude spectrum of the incident and reflected signals; (b) amplitude spectrum of reflection coefficient, which is the ratio of the amplitude
spectrum of the reflected signal to that of the incident signal.
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2. Review of frequency-domain based ultrasonic models
2.1. Ultrasonic reflection coefficient

It is popular to use a three-layered sandwich structure as a simplified model to simulate a tribo-pair with a thin oil film in
between for lubrication. The propagation of ultrasonic waves can be described in Fig. 2. The reflection coefficient, R (f), is
defined to be the proportion between the reflected and incident signals [15,16]:

-0y () (S 111 o (4]

where, B(f) is the total reflected signals comprising of By (f), .. .., B,(f), which are the corresponding reflected echoes from the

oil layer; I(f) is the incident signal; d is the oil film thickness; c is the sound speed in the oil; and 7 is the coefficient corre-
lating with the acoustic impedances of the materials, which can be denoted by Eq. (2).

Vig, i=1
%= )
WuV;;] VEIZWN, i=n
where
Z1— 2y Z
Vi = Vv V—VW:lfV.W:1V 3
12 Zl+227 23 = Z 73 21 12, 12 12, 21 + Vo ()

where V;; and Wy (ij = 1,2,3) are the reflection and transmission coefficients, respectively, at the interfaces where ultrasonic
wave transmits from the j-th medium into i-th medium. More generally, these can be calculated by:

Zi—Z
V,-,:Z:+Zf, i=1-Vj 4)

When n goes to infinity, Eq. (1) can be simplified as:
Viz + Vs eXP(4mfd)

R 5
(f) 1 + V12V23€Xp(4mfd) ( )
And the corresponding theoretical amplitude |R(f)| and phase ®x(f) can be denoted as
1
R(f)| = (Vi + V23)2 - 4V23V1251n2(2nfd) ’ (6)
(14 V3Vi)® — 4V3Vypsin® (229
Vy3(1 — V3,)sin(*2
Og(f) = tan™! 223( 2)SINC) yo (7)
Via (14 V35) + Vas(1 4+ Vi )cos(2)
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Fig. 2. The diagram of the propagation of ultrasonic waves in a three-layered sandwich system.
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Fig. 3. The theoretical [R(f)| (blue, dotted line) and ®k(f) (red, solid line) of the reflection coefficient in the steel-oil-steel system. The upper limit of the
spring model is 40 MHz - um according to [R(f)| [4], and the lower limit of the resonance model is 500 MHz - pm with the measured minimum thickness of
the resonance model 50 pum and the transducer’s center frequency is 10 MHz [10].

Based on Eqs. (6) and (7), a typical plot can be made to describe the variation of the reflection coefficient in terms of
amplitude and phase spectra (|R(f)| and ®x(f)). As shown in Fig. 3, the variations of |R(f)| and ®(f) with the combination
index, f - d, are calculated for a steel-oil-steel structure under definite conditions. With a transducer of fixed frequencies,
the variation with the oil film thickness can be analysed with different ultrasonic models.

2.2. Ultrasonic models

This section reviews three classical models based on the reflection coefficient: resonance model, spring model, and phase
model. To apply these models, the calculation model of the practical reflection coefficient is also reviewed.

2.2.1. Resonance model
The resonance phenomenon between the reflected wave and incident wave will occur when the oil film thickness is inte-
ger multiples of the half-wavelength of the ultrasonic wave [4,5]. The oil film thickness d then can be calculated using

mi mc
-5 = (®)

where / is the wavelength of the ultrasonic wave, m is the mode number of the resonance frequency, f,, is the resonance
frequency of the m-th mode.

The resonance model is widely applied in different situations [5,17]. However, there are two issues with this approach:

1) The periodic minimum amplitudes and the even-order zero-crossings of the phase correspond to the resonance fre-
quencies. Therefore, the oil film thickness can be calculated using the resonance model with the identified resonance fre-
quencies (f,,) from the spectrum of the reflection coefficient [17]. However, this fails when f,, falls out of the frequency
range of the transducer;

2) When the oil film thickness is in the resonance model zone, the reflected echoes from the oil layer are partially super-
posed in the time domain and the duration time of the whole reflected echo cluster is long. Due to the interference of
reflected echoes from the non-oil layer interface, only partial reflected echoes can be included for the calculation. The prin-
ciple of wave superposition has been used to analyse the effect of the number of echoes on the resonance model in a previous
study [17]. The result shows that the positions of the frequency of minimum amplitude and the zero-crossings are indepen-
dent of the number of echoes.

2.2.2. Spring model and phase model

In the spring model zone, as can be seen from Fig. 3, the amplitude increases monotonously with the variable f - d when
the amplitude is below 0.95 or the index of f - d is below 40 MHz - um. The oil film thickness can be calculated using this
monotonous relationship, the so-called spring model [4,5].

Between the spring model and the resonance model, there is the blind zone in which the amplitude has no significant
changes with the index f - d. In the previous study [1], it was found that the phase continuously increases in both the blind
and spring model zones. Correspondingly, a phase model was proposed in that work (see Fig. 10(b) in [1]).

5
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2.2.3. Calculation model of the reflection coefficient
In the frequency-domain, the above models are based on the reflection coefficient R(f), the amplitude |R(f)| and phase
®x(f) of which can be obtained practically by:

IBH)I
IR(F) = T 9)
O (f) = Op(f)-Di(f) (10)

where |B(f)| and ®s(f) are the amplitude and the phase of the reflected wave from the oil layer, respectively; and |[(f)| and
®@;(f)are the amplitude and the phase of the incident wave I(f), respectively.

It can be seen from Egs. (9) and (10) that the incident signal I(f)is necessary for the calculations. As mentioned above, it is
not practical to disassemble the tribo-pair to obtain the incident signal from an assembled tribo-pair, for example the journal
bearings in a turbine system. Therefore, the focus is moving to the in-situ capture of the incident signal.

3. Reconstruction of the incident signal

This section reports method for reconstructing the incident signal from the reflected signals. Focusing on the resonance
phenomena in the amplitude spectra, the relationship between the two critical frequencies, that is, f,,;,; and f,, are analysed
theoretically in Section 3.1. Furthermore, the conditions when the two frequencies are the same are analysed using simula-
tions. The reconstruction principle of the incident signal from the reflected signals is then proposed in Section 3.2. Finally, a
flow chart is established for practical implementation in an assembled system in Section 3.3.

3.1. The equivalence condition of f .z and f

3.1.1. Theoretical analysis
It has been reported in [10] that, with the observed synchronization of the minimum amplitude in |B(f)| and |R(f)| in the
experiment, and therefore it is speculated that f,;,; may be equal to f,;z. If this relationship is valid, f,;,; could be directly
adopted as f,,. An attempt was made to confirm this theoretically with two reflected echoes (denoted by B, and B, in Fig. 2)
[11]. However, there are an infinite number of echoes reflected from the oil layer and the influences of the echo numbers
were not analysed. Further, non-negligible errors, regarded as noise in the referred paper, are introduced by directly substi-
tuting f .z With f ;. (refer to Fig. 8 in [11] and Fig. 15 in [10]). Therefore, it can be generalized that the relationship between
fming (0T f,) and f .,z has not been established, which is also the topic of the current study.
With the n reflected waves, the theoretical amplitude |R(f)| of the reflection coefficient can be derived directly from Eq.
(1):
1
B 2200+ a0s + o ) cos () 4 |
R(f)| = (Re2 +Im2) = (11)
200173+ + Pn_2Va)08(3) + - 4 2,7, c05 102

If the first derivative |R (f=f")| = 0 and |[R"(f=f")| > 0, |[R(f)| will have a minimum value at f = f*. The first and second
derivatives of |R(f)| with respect to f are as follows:

, 4mdA
R = -2 (12)
v 4Amd(cA(f)|R(F))* + 4mdA(f)?
cR(f)|
where
4rfd 8nfd
Af) = V2 + 7203+ + e m)sm( d ) 2072+ VY3 e 1Vn)sm< Cf ) +
+(n—1)p,7,sin {L _Cl)”fd} (14)
, 4nd nfd 167d 8nfd
Af) = T(Vﬁz +P2V3 + -+ VpqVn) COS < Cf ) + c (V172 + V273 + -+ Vp_1Va) COS ( Cf ) +
2
N 4nd(n; 1) - {4(n fcl)nfd (15)

Substituting the equation f,, = mc/2d into Eq. (12) and Eq. (13) gives:
6
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R(fm)l =0 (16)

R(fn)| >0 (17)

Egs. (16) and (17) describe the principle of the minimum amplitude phenomenon at f,, in |R(f)|. It can be seen that the
number of echoes has no influences on f,;,z, Which is consistent with the previous study [17].
From Eq. (9), the amplitude of the reflected signal from the oil layer can be presented as:

IBIF)I = IR (18)
The differential of Eq. (18) with respect to the frequency is:

B = HOIRAN + HHIIRE (19)
Substituting Eq. (19) with f,,, it can be rewritten as:

B )| = ()| IR(F )] (20)

In steel-oil-steel structure, referring to Eq. (6), |R(f,,)] = 0 when n = oo, and thus |B(f,,)|' = 0. In contrast, |R(f,,,)|#0 when
n#oco. In latter case, |B(f,,)|' = 0 only when [I(f,,)|' = 0. To determine the non-zero value of |I(f,,)|’, an incident wave from the
transducer can be simplified as a monotone convex function, which has the maximum amplitude at the center frequency of
transducer (which is denoted as f ). Therefore, |I(f,,)|' = 0 at f.. Consequently, it can be concluded that |B(f,,)|' = 0 only when

fm :fc .
The two key findings from the above studies are mathematically summarized as follows:
fminB Efm7 n=oo
fminB:fm7 n7é00&fm :fc (21)

fminB;éfm7 n7é00&fm ;éfc

3.1.2. Simulation for verification

For verification, the propagation of the ultrasonic waves in a three-layered sandwich system is simulated with a standard
incident wave. The material parameters adopted for the simulation are listed in Table I. Considering the bandpass charac-
teristics of the ultrasonic pulse, the incident wave is simulated with Gaussian function as shown below [18].

I(t) = pe " cos(2f o (t — T) + ¢¢) (22)

where « is the bandwidth factor, 7 is the arrival time, and f, ¢, and j are the center frequency, the phase and the amplitude
of Gaussian wavel(t), respectively.

The normalized (8 =1) and zero-phase (¢; = 0) magnitude spectrum of the incident wave is obtained by Fourier
transforming

1 [m, 2eae? A040)?
) = B ¢ 23)

By setting bandwidth factor o = 92.4(MHz)?, arrival time 7 = 0.4us, and the center frequency f; = 6.8MHz, the simulated
magnitude spectrum of the normalized incident wave can be reconstructed. These parameter values are obtained by fitting
the Gaussian echo model to the actual reflected signal from a steel-air interface.

The |B(f)| at different thicknesses can be simulated with Egs. (11), (18) and (23). Fig. 4 shows the results of the oil film
thickness of 125 pm, 108 pm, and 95 pm with the numbers of echoes 4, 6, 8, 12, and infinite, respectively.

The resonance phenomena with a minimum amplitude are denoted with the dotted boxes as shown in Fig. 4(a)-(c). It is
found that, with the echoes number increasing, the amplitude has a smaller minimum amplitude at the resonance point.
From the magnified zones shown in Fig. 4(a)-(c), it is found that f,,;,; varies with the echo numbers. With a definite reso-
nance frequency for an oil layer thickness, f,,;,; shows deviation with different echo numbers. And the deviation tends to
zero when the echo number tends to be infinite. This means f,,;,; and f,, is not equivalent even with the same oil layer thick-
ness if the echoes are not completely included.

Practically it is not feasible to include all the reflected echoes to calculate the reflection coefficient mainly due: 1) in terms
of data acquisition, the infinity echo waves cannot be fully digitized and captured by a finite time window; 2) The later
echoes are significantly attenuated, resulting in low signal-to-noise ratios and thus cannot be accurately measured as shown
in the dotted line box of Fig. 5a; 3) in the case of multi-layer structure (especially for those with more than three-layers),
where adjacent echo clusters are partly overlapped as shown in Fig. 5(b), it is difficult to isolate each cluster (denoted as
A,) from its adjacent ones.

As an exception, the constant equivalence between the two frequencies can be observed in the enlarged view of Fig. 4(b)
in which the minimum amplitude phenomenon occurs at the central frequency of the incident wave 6.8 MHz. The simulated
results are consistent with the theoretical analysis. Further error analysis using measured data is conducted and presented in
Section 4.
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3.2. Reconstruction principle of the incident signal

In this section, the constant equivalence phenomenon at f. between the two frequencies (namely f,,;,; and f,,) is used to
reconstruct the phase and amplitude of the incident signal in turn.

3.2.1. Phase reconstruction of the incident signal

1) Method

With the definite number of reflected waves, the theoretical phase of the reflection coefficient can be derived directly

from Eq. (1):

y, sin (@) + V3sin<8icfd) o ynsin[“m‘iy”f"}

anfd
72 €OS (an

c

> + 75C08 <8“fd) +---7,C08 [—4("’3)”"]

Substituting the resonance frequency f,, into the Eq. (24) gives

(24)
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r(fr) =0 (25)

The number of reflected echoes n is not included in Eq. (25), which means that the value of n has no influence on the
position of zero-crossing in ®k(f). Further, it can be deduced from the Eq. (10) and (25) that ®;(f,,) =®s(f,,,). It has been
proved in the section 3.1 that f,;,s = f,, when f,;.z = f.. Therefore, ®;(f i) =Ps(f ing) When f g = fe-

2) Verification

According to Eq. (10), ®;(fming) — P ming) = — Pr(f ming)- With the identified frequencies of minimum amplitude in the
simulated |B(f)| at different oil film thicknesses, the corresponding phases of the reflection coefficient under different num-
ber of echoes can be calculated using Eq. (24). The simulation result under different thicknesses and the number of echoes is
shown in Fig. 6. The black vertical dash line represents the center frequency (6.8 MHz).

It can be seen that if n = oo, O;(f i) =Ds(f ming) at the any f . If n7#00, O (f ning) =P (fming) only when f;.; = 6.8MHz. In
fact, it is impractical that all the reflected echoes are included for the calculation. Therefore, the reconstruction principle of
the phase of the incident signal can be concluded from the above analysis: when the minimum amplitude phenomenon
appears at the center frequency of the transducer, the phase of the incident signal can be acquired by referring to that of
the reflected signal at f,,;,; = f. in the absence of the incident signal.

3) Calibration of the center frequency of the transducer

The phase of the incident signal can be acquired only at f,;,s = f., but the actual f. often differs from its nominal value
due to the parameter discreteness [20]. Therefore, the actual f. should be calibrated exactly before the setting. The principle
can be illustrated as follows.

Fig. 7 shows the variations of |B(f)| and the theoretical |R(f)| when the oil film thickness just locates at the transition from
the blind to the resonance zone. Meanwhile, the amplitude of the corresponding incident wave is also presented for refer-
ence. As seen from Fig. 7, the minimum amplitude first appears at the border of transducer bandwidth while the theoretical
IR(f)| remains in the blind zone. It means that the peak frequency in the |B(f)| is basically equal to the actual f.. This provides
the basic principle to extract the actual f..

3.2.2. The amplitude reconstruction of the incident signal

To obtain the accurate resonance frequencies, the minima frequencies should be extracted from |R(f)|. Therefore, the
amplitude spectrum of the incident signal needs to be reconstructed to calculate |R(f)|.

According to Eq. (9), if the |B(f)| from oil layer at a known thickness can be captured, the theoretical [R(f)| of oil layer at
this known thickness can be calculated. Further the amplitude spectrum of the incident signal |I(f)| can be obtained as:

BIF)I
I(F)] = 26
)= R (26)
For the reflected signal in the resonance zone, when the frequency of minimum amplitude occurs at the actual f,, the oil
film thickness can be calculated accurately using the resonance model. However, it is difficult to calculate the theoretical
IR(f)| by Eq. (11) because the exact number of echoes cannot be obtained with echoes partially superposed (see Fig. 8(a)
in [1]).

0.2

AL, ! 2 4
A RS " =6
SN n=8
A a0 X n=12
— 1 I =
2 "M 9o6am S ammg . A 1\ —
=1 u ' \
= ¥ \
5 W el \
£ XXX Xy oW ! \
= Xxo! \ -
= 0.0+ R ST AR S R
2
£ o : lxX \
H i ! X
2 ! | Am Rise
S / ! VX
,1% -0.1 A ,'I i [] | L 74pm
E " : A w4
’ i \
2 7 I \\
S 02- / | =
’ I X
, : \
; ! J
. ! <
S ' \\
Lo | L] N
-0.3 T e T T ==
0 3 6 9 12 15

Frequency (MHz)
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Fig. 7. Simulation results: variations of the simulated Amplitude spectrum of the reflected signal and theoretical amplitude spectrum of reflection
coefficient when the minimum amplitude phenomenon first occurs in the border of the transducer bandwidth (the simulated oil film thickness is 67 pm),
the peak frequency in the simulated amplitude of the reflected signal equals the actual.f.

For the reflected signal in the blind zone, the oil film thickness can be determined by the phase model with the recon-
structed phase of the incident signal. Meanwhile, the reflected signal from oil layers at different thicknesses are superposed
in the time domain (see Fig. 8(b) in [1]), all the reflected echoes can be included directly to calculate the reflection coefficient.
Therefore, the theoretical |R(f)| can be calculated accurately using Eq. (6) rather than Eq. (11). Therefore, it is recommended
that |I(f)| should be reconstructed by using the |B(f)| in the blind zone rather than the resonance model zone.

3.3. A schedule for the on-line reconstruction of the incident signal

To recover the phase and the amplitude of the incident signal, the spectrum of the reflected signal should be extracted
from both the blind zone and the resonance model zone. That means the oil film thickness should be changed in a wide range
to cover the two zones. Generally speaking, this can be accomplished by varying the running speed continuously in a sliding
bearing which has a large working range of the oil film thickness [4,19].

The procedures for obtaining the incident signal are described as follows and the corresponding flowchart is shown in
Fig. 8.

Step 1: Increase the oil film thickness by varying the relative speed of the tribo-pair until the resonance zone is identified
from the reflected signals.

Step 2: Record the reflected signals consistently when increasing the oil film thickness.

Step 3: Transform the reflected signals into the frequency domain using the Fast Fourier transform algorithm (FFT). In this
step, the full variation of |B(f)| and ®z(f) can be obtained for subsequent processing.

Step 4: D Scan |B(f)| when the minimum amplitude phenomenon occurs at the border of ultrasonic bandwidth in |B(f)],
the peak frequency in |B(f)| is extracted as the actual value of f.

@ Scan |B(f)| when the frequency of minimum amplitude approximates the actual f, most in |B(f)|, the frequency of min-
imum amplitude is extracted (denoted as f . )-

@ Extract the phase value of the reflected signal at f,,;,. as the phase of the incident signal at f,,;,,. in the corresponding
Ds(f).

Step 5: D Use the extracted phase value of the incident value at f,,;,. to identify and extract the |B(f)| in the blind zone and
calculate its oil film thickness d by using the phase model (Eq. (7)).

@ Calculate the theoretical |R(f) at the oil film thickness d using Eq. (6).

@ Calculate |I(f)| using Eq. (26).

n—oo

4. Experimental validation
4.1. Experimental apparatus

The experiment apparatus is the same as those reported in [1,11,17,21]. The main part of the apparatus is the positioning
rig, which consists of a stationary disk made of steel material, a movable disk made of steel material, and a micrometer. The
thickness of the oil film between the stationary and the movable disks can be controlled by adjusting the movable disk with
the micrometer. A 7 MHz ultrasonic transducer with a diameter of 7 mm is positioned at the rear end of the stationary disk
using a standard strain gauge. By using the pulser-receiver, the ultrasonic transducer is excited and emits the ultrasonic
pulse to the oil layer.
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Fig. 8. The procedures of on-line reconstruction of the incident signal.

To compare the indirectly reconstructed incident signal, the reflected signal from the stationary disk-air interface was
captured and stored as the actual incident signal. However, the actual measured incident signal fluctuated inherently in a
certain range with the number of measurements due to the instability of pulser and receiver, electrical noise, acquisition,
and trigger, etc. The fluctuation range of actual incident signal amplitudes and phase spectrums of 100 measurements
was recorded and the averages of these actual incident signals were used as the final values.

Next, oil is evenly dropped on the surface of the stationary disk to form an oil film layer between the two disks. The oil
film thickness can be changed continuously in a large range by adjusting the moveable disk with the micrometer. This pro-
cess is to simulate the variation of oil film thickness in a real tribo-system.
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4.2. Experiment procedures and results

By comparing with the actual incident signal, the reconstruction accuracy of the phase and amplitude of the incident sig-
nal is verified in subsection 4.2.1 and 4.2.2. Finally, the reconstruction algorithm of the incident signal is experimentally val-
idated with the oil film thickness swept throughout the blind and resonance zones.

4.2.1. Reconstruction of the phase of the incident signal

The film thickness was swept from the spring model zone to the resonance model zone using the micrometer, with
reflected signals collected simultaneously. When the minimum amplitude phenomenon occurs at the border of the band-
width as shown in Fig. 9, |B(f)| and |I(f)| coincide basically in the vicinity of the center frequency. The peak frequency of
the actual incident signal is often regarded as the actual f.. In the enlarged view of Fig. 9, the peak frequency in the reflected
signal is 6.52 MHz, which is basically equal to the actual f. (6.54 MHz). The error mainly comes from the system noise. There-
fore, the peak frequency can be approximated as the actual f..

Next, the oil film thickness was increased in the resonance model zone. Fig. 10 shows the Fourier transformed |B(f)| and
®(f) from oil layers at 84.80 pm, 108.51 pm, and 130.52 um. It can be seen that the minimum amplitude phenomenon
occurred in |B(f)| due to the resonance phenomenon. In the corresponding ®;(f), the phase of the reflected signal is equal
to that of the actual incident signal due to the resonance phenomenon.

The f ...z value in the amplitude spectrum of the reflected signal was extracted. Meanwhile, the reflection coefficient was
calculated by the known reference signal, and the f,;z in the amplitude spectrum of the reflection coefficient was then
extracted. By following the same steps as above, the f ..,z and f,;,z values at different oil film thicknesses can be obtained
as shown in Fig. 11.

The overall trend of the frequency differences in Fig. 11 is that the values of f,;.x - fming decrease as the resonance fre-
quency in the x-axis increases. In particular, when f,;,; is less than f, the frequency differences between the two increase
considerably as the resonance frequency becomes smaller (see the green circled curve on the left of the vertical line in
Fig. 11). When f ;5 is equal to f, the frequency difference is close to zero. Fig. 11 also shows the relation of the calibration
error of f. and the deviation between the f,,;,; and f,,;z- It can be seen that the deviation between f,;,; and f ,;,z increases
with a larger calibration error of f..

Then in ®3(f), the phase of reflected signals at minima frequencies was then extracted one by one. Fig. 12 shows the phase
difference of the extracted phase to the phase of the actual incident signal at minima frequencies. The shaded area shows the
fluctuation range of phase spectrums of the actual incident signal with 100 times of repeated measurements due to noise
effect.

It can be seen that the phase difference is lowest and limited in the noise range when the frequency of minimum ampli-
tude appears near the center frequency of the transducer. This is because the minimum frequency is equal to resonance fre-
quencies at the actual center frequency. When the frequency of minimum amplitude is greater or lower than the center
frequency, the phase difference increases in the negative and positive direction, respectively. The experimental result is con-
sistent with the simulated result (see Fig. 6). In addition, it can be seen that when the frequency f. is between 6.4 MHz and
6.8 MHz, the phase difference is limited in the range of —0.01 to 0.01 rad, which is acceptable as compared to the noise mag-

Reflected signal
— Actual incident signal

Enlarged view

Amplitude (mv)
(=)}

Minimum N 1
: -
amplitude

Frequency (MHz)
Fig. 9. Experimental results: the extraction of the actual f., the blue vertical line and black vertical line represent the position of the peak frequency of the

reflected signal and actual incident signal in the enlarged view, respectively when the minimum amplitude phenomenon appears at the border, the peak
frequency of reflected signal basically equal to the actual. f,.
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Fig. 11. The frequency differences of f,,;,5 and f .,z at different resonance frequencies through experimental measurements, the vertical dash-dashed line
represents the position of the center frequency (f.), and the horizontal dash-dotted line represents the zero mark.

nitude. Finally, the phase of the reflected signal at the frequency of minimum amplitude approximating the 6.52 MHz is
extracted as the phase of the incident signal.

4.2.2. Reconstruction of the amplitude spectrum of the incident signal
Then the identified phase of the incident signal was used to calculate the oil film thickness of the reflected signals below
the first resonance. After that, |B(f)| were used to calculate the [I(f)| according to Eq. (26). Fig. 13 shows the calculated |[I(f)]

(a) and corresponding relative error (b).

It can be seen that in the blind zone, the calculated |I(f)| agree well with the actual one and relative errors are limited in

the noise range. By comparison, the calculated results in the resonance model zone and spring model zone exist relatively
high error. This is because, in the resonance model zone, the reflected signal was intercepted to calculate the amplitude spec-
trum and phase spectrum (see Fig. 8a in [1]). The number of echoes in the intercepted reflected signal is limited. However,
the theoretical |R(f)| in Eq. (26)is calculated by supposing that the number of echoes approaches infinity. Therefore, the error
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Fig. 12. Experimental results: the phase difference of the extracted phase to the phase of the actual incident signal at the minima frequencies, the dashed
line represents the position of the center frequency when the minimum amplitude phenomenon appears at the center frequency, the phase of the reflected
signal at f. = 6.52 MHz equals that of the incident signal.

becomes high especially in the vicinity of the resonance frequency. In the spring model zone, the calculated oil film thickness
by the spring model is sensitive to the rough surface (see Fig. 18 in [10]), thus leading to a large error.

4.2.3. Oil film thickness measurement

To demonstrate the effectiveness of the reconstruction algorithm of incident signal (namely Fig. 8), the micrometer is
adjusted from thin oil film to thick oil film. Then the phase value and amplitude spectrum of the incident signal are recon-
structed from reflected signals by using the reconstruction algorithm. After that, the film thickness is further reduced from
thick oil film to thin film. The reconstructed phase value and amplitude spectrum of the incident signal are used to calculate
the film thickness according to the phase model and the resonance model. During the whole process, the film thickness is
also calculated by using the actual incident signal for comparison.

Fig. 14 shows the result of the four tests. The red colour represents the regular measurement by using the actual incident
signal. The blue colour represents the auto-calibration measurement by using the reconstructed incident signal. The triangle
and square represent the time when the phase value and amplitude spectrum are extracted indirectly in turn.

The result demonstrates that the measurement of film thickness by using the reconstructed incident signal agrees well
with the one by using the actual incident signal. Especially in the resonance model zone and spring model zone, the results
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Fig. 13. Experimental results: the calculated |I(f)| (a) and corresponding relative error (b), the shaded zone represents the noise range, the actual incident
signal is also plotted in (b) at the arbitrary unit to show the bandwidth of transducer, the reconstructed error of |I(f)| by using the |B(f)| in the blind zone is
accurate and basically limited in the noise range.
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Fig. 14. Four measurements of oil film thickness using the actual incident signal (manually calibrated measurement) and the reconstructed incident signal
(in-situ calibrated measurement) versus time as the micrometer was rotated to simulate the simultaneous change of film thickness, the black triangle and
rectangular represent the moment that the phase and amplitude of the incident signal is constructed by using the reflected signals.

show high consistency and repeatability. By comparison, there exists high error relatively in the blind zone. This is because
the phase model is sensitive to the phase of the incident signal (see Figs. 14 and 15 in [1]) and the reconstructed phase value
will fluctuate inherently in the noise range, thus result in significant measurement uncertainties.

5. Discussion

Compared with the existing methods [10-14], the new reconstruction method of incident signal not only has a wide
effective range, but also has high accuracy and repeatability. However, this technique requires that the oil film thickness
in tribo-pairs needs to be swept in a wide range (at least between the blind zone and the resonance model zone) and the
maximum film thickness needs to be adjusted in the tribo-pairs so that the minimum amplitude phenomenon can occur
at the actual center frequency in |B(f)|.Table 1.

It can be seen in Fig. 15 that the maximum film thickness decreases with an increase in the center frequency. In practice,
the transducer with a suitable center frequency can be selected according to the adjustable range of film thickness in the
actual machine. For example, if the estimated adjustable range of oil film thickness in the actual machine is 0 ~ 70 um,
the suggested center frequency is above 10 MHz. In addition, the signal attenuation may not be ignored when the center
frequency increases. Therefore, the penetration depth of the sonic wave should be taken into the consideration.
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Table 1

Properties of different materials in three-layered structures.
Material Density (kg-m~3) Acoustic speed (m-s™!) Acoustic impedance (10° kg-m~2.s1)
oil 886 1467 1.27
steel 5818 7810 454
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Fig. 15. Maximum film thickness as a function of the center frequency.

6. Conclusion

To obtain the incident signal in ultrasonic-based oil film thickness measurement without disassembling the tribo-pair, a
new approach for reconstructing the incident signal from the reflected signal is presented in this paper.

First, the relationship between the reflected signal and the incident signal is analyzed in the resonance model zone. It is
found that the phase of the reflected signal is equal to the phase of the incident signal at the frequency of minimum ampli-
tude when the frequency of minimum amplitude occurs at the actual center frequency. Based on this phenomenon, the
phase of the incident signal can be reconstructed from the phase of the reflected signal. By using the extracted phase of
the incident signal, the reflected signal in the blind zone can be identified and its amplitude spectrum can be used to calcu-
late the amplitude spectrum of the incident signal. Finally, a reconstruction algorithm of the incident signal is proposed to
extract the amplitude and the phase of the incident wave when the oil film thickness varies in the resonance and the blind
zone.

The accuracy of the proposed method was verified experimentally with controlled oil film thickness. Results showed that
the reconstructed phase and amplitude of the incident signal agree well with that measured directly and the error was basi-
cally bounded within the noise range. Measurement results of film thickness using the reconstructed incident signal main-
tain identical accuracy basically with the manually calibrated measurement. However, this technique requires that the
thickness of the oil film in tribo-pairs can be widely swept to cover both the blind and resonance zones. For example, when
a 10 MHz ultrasonic transducer is utilized, the oil film thickness needs to be swept from 50 pum to 70 pum, which is possible
for sliding bearing. In addition, the robustness of the method also needs to be improved because any interference changing
the incident signal would require another calibration procedure, which may limit the implementation of this method in a
running machine. In the future, more experimental validation in the real hydromantic applications will be conducted.
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