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Wide Range Measurement of
Lubricant Film Thickness Based
on Ultrasonic Reflection
Coefficient Phase Spectrum
The ultrasonic technique is very effective in measuring lubricant film thickness in a non-
invasive manner. To estimate the film thickness with reflection signals, two main ultra-
sonic models are often applied in cases of different film thicknesses; they are the spring
model for thin films and the resonant model for thick films. However, when measuring oil
film thicknesses distributed in a wide range, there is an inherent blind zone between these
two models. This problem is especially prominent in online monitoring because the
abrupt variation of film thickness is highly correlated with the occurrence of abnormal
conditions. To address this issue, we further proposed a method using the phase spectrum
of reflection coefficient which can cover a wide range of film thicknesses. The slight vari-
ation of reflection signal in the blind zone can then be identified and bridged the measure-
ment gap between those two traditional models. A calibration rig was used to verify the
theoretical analysis and the results indicated that the developed model is capable of pro-
viding reliable ultrasonic measurement of lubricant film thicknesses in a wide range.
[DOI: 10.1115/1.4041511]
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1 Introduction

In wet-lubricated support machineries such as journal bearings,
film thickness is often measured to reflect how well the tribopairs
are covered by an extremely thin lubricant layer. According to
dynamic lubrication theories, the lubricant film often changes
with varying machine conditions including load, velocity, and
temperature. Such variation may occur in a wide range especially
when the machine encounters abnormal conditions or transitional
conditions during the starting or stopping phases [1,2]. Therefore,
the thickness of lubricant film, although in micrometer scales,
often affects the performance of the entire motion system,
and thus, has been the mostly concerned factor in lubrication
performance.

Since the first report of the successful measurement of dynamic
lubricant film thickness, many efforts have been endeavored into
developing online measurements. Optical measurement [3,4] is
one of the most accurate methods; however, a transparent window
is required for light transmission which limits its application in
most industrial environments. Electrical methods [5,6] found its
preference over the optical ones by using the resistance and capac-
itance of the lubricant film, but have low anti-interference immu-
nity from contaminated lubricants. In the past decades, the
ultrasonic method was consistently reported for its potential in
lubricant film measurement tasks [7]. Especially, a tiny thin ultra-
sonic transducer was recently introduced that can be attached to
the back of a tribocomponent [8,9]. With this approach, an online
noninvasive measurement is expected where an embedded ultra-
sonic transducer is used as the sensor. A new research interest is
then initiated to use real-time ultrasonic signals and to determine
the thickness of the lubricant film.

The principle of time of flight is suitable for measuring thicker
lubricant films of a few hundred microns such as static pressure

film and is not applicable for thin films. The resonant model [10]
and the spring model [7,11,12] are presently major approaches for
obtaining lubricant film thickness from ultrasound signals. How-
ever, the two models are applicable in their defined measurement
ranges [7,13]. Therefore, for a measurement without any prior
knowledge of the film thickness, a careful choice of models is
required that can take in account the film thickness variation
ranges. However, this often fails due to the fact that in complex
working conditions, variations are large. The combination of
spring and resonant models seems to be a good strategy, but there
unavoidably exists the so-called blind zone that is not accessible
when measuring oil film thickness varying in a wide range [14].

In this paper, we present a new method to conduct continuous
measurement for large-variation lubricant film thickness. By ana-
lyzing the theoretical principles of existing models, we focus the
development on using the phase shift of reflected signals from the
lubricant layer to arrive at reliable measurements. A phase spec-
trum based strategy is introduced which unifies both the resonant
model and the spring model, and therefore, is able to cover the
blind zone in the amplitude spectrum. The proposed method is
examined experimentally and found that it is able to accomplish
continuous monitoring of film thickness in a wide range.

The rest of this paper is organized as follows: Sec. 2 presents
the theoretical analysis and reveals the cause of the blind zone
problem. Our proposed phase spectrum based method is intro-
duced in Sec. 3. Section 4 describes the experiment conducted to
verify the proposed model. The performance of the developed
method is also discussed in the same section. A conclusion is
drawn in Sec. 5.

2 Existing Theoretical Models and Blind Zone

Problem

2.1 Amplitude of Reflection Coefficient. To illustrate the
principle of ultrasonic lubricant film measurement, a typical lubri-
cated three-layered system such as steel-lubricant-steel is depicted
in Fig. 1.
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As can be seen in Fig. 1, the ultrasonic pulse incidents perpen-
dicularly into the lubricant layer from the bottom steel layer
(medium 1) to the upper steel layer (medium 3), portions of the
signal are transmitted through the layer, and others are reflected.
The amplitude of the reflection coefficient of the layer jRj can be
expressed as follows [15]:

jRj

¼ R21þR32exp �2bdð Þð Þ2�4R32R21exp �2bdð Þsin2 2pfd=c2ð Þ
1þR32R21exp �2bdð Þð Þ2�4R32R21exp �2bdð Þsin2 2pfd=c2ð Þ

" #1
2

(1)

where R21 and R32 are the displacement reflection coefficients at
interfaces 1 and 2, respectively, as shown in Fig. 1; b is the attenu-
ation in nepers per unit length; f is the frequency of the ultrasonic
wave; and d is the lubricant film thickness. Reflection coefficients
R21 and R32 can be further expressed as

R21 ¼
Z2 � Z1

Z2 þ Z1

; R32 ¼
Z3 � Z2

Z3 þ Z2

(2)

where Zi¼ qici, Z is the acoustic impedance of medium i (i¼ 1,
2, 3) as shown in Fig. 1; q is the density; and c is the longitudinal
velocity.

Using the acoustic values of 1# oil and steel in Table 1, the rela-
tionship of reflection coefficient amplitude and the product of fre-
quency and film thickness is calculated as shown in Fig. 2, where
the attenuation factor is neglected, i.e., b¼ 0, for simplified
analysis.

It can be seen from Fig. 2 that the measurement range can be
divided into three regions according to the amplitude of reflection
coefficient, namely, spring model zone, blind zone, and resonant
model zone.

2.2 Resonant Model Zone. When the lubricant film thick-
ness is a multiple of half wavelengths of the ultrasonic wave, a

series of minima, sinð2pfd=c2Þ ¼ 0, can be clearly observed in
Fig. 2. Thus, if the sound speed in the layer is known, the film
thickness can be calculated from the resonant frequency by the
following equation [10]:

d ¼ c2n

2fn
(3)

where fn is the resonant frequency and n is the resonant order.
From Eq. (3), the relationship of the lubricant film thickness
and the interval of neighboring resonant frequency Df can be
obtained as

d ¼ c2

2Df
(4)

It can be seen from Eq. (3) that the thinner the lubricant film
thickness, the higher the first resonant frequency. So, the lower
limit depends on the highest frequency within the transducer
bandwidth. From Eq. (4), it is observed that the interval of
neighboring resonant frequency decreases with film thickness.
Therefore, for the resonant model, there is no upper limit of mea-
surement [14,16].

2.3 Spring Model Zone. When the thickness of the lubricant
film is thinner than the wavelength of the ultrasonic signal
(d� c2/f), the reflectivity of the layer is governed solely by the
stiffness of the lubricant K. The reflection coefficient in the
stiffness-controlled zone RK is expressed as [11]

RK ¼
Z1 � Z2ð Þ þ i2pf=K Z1Z2ð Þ
Z1 þ Z2ð Þ þ i2pf=K Z1Z2ð Þ (5)

Fig. 1 Illustration of an ultrasonic wave traveling through a
three-layered system

Table 1 Material properties

Material
Density

q (kg m�3)
Speed of

sound c (ms–1)
Acoustic impedance
z (106 kg m�2 s�1)

Viscosity
mm2/s

Attenuation coefficient
b (Np m�1 MHz2)

1#oila 1467 886 1.27 323.1 1.72
2#oilb 1500 984 1.48 2174.3 4.9
Steel 7810 5818 4.54

aDiesel engine oil T300.
bHyperbolic gear oil L-D 18.

Fig. 2 Variation of reflection coefficient amplitude with the
product of frequency and thickness. The measurement range is
divided into three regions by the vertical dashed lines.
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where the stiffness of the lubricant film K is given as

K ¼ qc2

d
(6)

Assuming identical materials on either sides of the lubricant
film, the amplitude of the reflection coefficient, Eq. (5), can be
expressed as [7]

d ¼ qc2

2pfZ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jRK j

1� jRK j

s
(7)

Therefore, by measuring the reflection coefficient amplitude,
and provided with the acoustic impedance of the surrounding
material, the speed and density of sound in the layer, the film
thickness can then be calculated by Eq. (7).

For the spring model, it can be seen from Eq. (7) that as R
approaches unity, the calculated thickness approaches infinity. It
was suggested in Ref. [7] that for practical purposes, the spring
model approach could be applied below the first resonance when
0:1 < jRj < 0:95 as shown in Fig. 2.

In addition, the speed and the density of sound in the oil layer
vary with pressure and temperature. Therefore, when using
Eq. (7) under dynamic oil film lubrication, the influences of the
oil pressure and temperature should be considered [17–19].

2.4 Blind Zone. The two models for extracting film thick-
nesses are based on the properties of the lubricant film under dif-
ferent conditions. It should be noted that there is a blind zone
between the spring model zone and the resonant model zone. For
example, a 10 MHz center frequency transducer (with useful
energy between 6 and 14 MHz), the measurement range is
� 10 lm for the spring model, and 50 lm for the resonant model
[14]. Therefore, there is a zone of 10–50 lm that no reliable meas-
urements can be obtained from both the spring and resonant mod-
els. It means that the film thickness cannot be obtained when it
varies in a wide range.

To this, a new way by using a second transducer with different
center frequencies was suggested [14]. The blind zones of the two
transducers are different so that they can complement each other
to jointly realize measurements of wide range film thickness. This
method has an application problem because two transducers are

involved. Moreover, it fails to measure curved surface contacts
because the thickness of a single point cannot be provided by two
transducers. At present, the consistency measurement of large
range film thickness still remains as an obstacle in online lubrica-
tion performance assessment.

3 Method of Reflection Coefficient Phase for Wide

Range Measurement of Film Thickness

3.1 Principle Analysis. In most film measurement practices,
the amplitude of the ultrasonic reflection coefficient was mainly
adopted in the form given in Eq. (1). In fact, the reflection coeffi-
cient of the layer is essentially a complex quantity composed of
both the amplitude and the phase. The phase of reflection coeffi-
cient can be expressed as [15]

U ¼ tan�1 R32 exp �2bdð Þ 1� R2
21

� �
sin 4pfd=c2ð Þ

R21 þ R32 exp �2bdð Þ 1þ R2
21

� �
cos 4pfd=c2ð Þ þ R21R2

32 exp �4bdð Þ

" #
(8)

Ignoring the attenuation coefficient, i.e., b¼ 0 (which will be ana-
lyzed in detail in Sec. 3.2), then the product of the frequency and
the film thickness fd determines the reflection coefficient phase
for a given material. Thus, the phase of reflection coefficient can
be calculated with the given parameter values of 1#oil and steel in
Table 1 and its variation is plotted against the product of fd,
shown in Fig. 3. In analogy to the reflection coefficient amplitude
spectrum described in Sec. 2, three regions in the phase response
can be identified.

First, the performances of using the phase information in the
blind zone can be evaluated by comparing with the amplitude in
Fig. 2. The phase shows noticeable variations in the blind zone
defined according to the variation of the amplitude. Moreover, it
monotonously increases before the first resonant frequency.
Therefore, the phase can be used to extract oil film thickness var-
iations in the blind zone.

Second, the continuous variation of the phase covers not only
the blind zone but also the zone of the stiffness-controlled zone,
named as the spring model zone. It can be seen from Eq. (5) that
RK is also a complex quantity. It can also relate the phase shift to
the wave frequency and the film properties in the spring model
zone [12]. The film thickness can then be determined from the
phase shift UK in the stiffness-controlled zone by the following
equation [20]:

d ¼ qc2
2

pfZ tan UK
(9)

Therefore, there must be a relationship between these two
methods in the same applicable zone. Equation (8) can be simpli-
fied to Eq. (9) when the film thickness is very small compared

Fig. 3 Variation of reflection coefficient phase with the product
of frequency and thickness. The solid line represents the result
of complete reflection coefficient phase (Eq. (8)) and the dotted
line represents the result of the spring model (Eq. (9)).
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with the wavelength of the ultrasonic wave (d� c2/f) and the
acoustic impedance of oil layer is very small compared with the
material on either side of the layer (Z2 � Z1, Z2 � Z3) [12]. The
phase in Eq. (8) is opposite to that in Eq. (9) [12,21]. For compari-
son, the phase variation in the spring model is also plotted in
Fig. 3 with a dotted line. As can be seen, the two phases are
almost identical in the spring model zone; however, they deviate
gradually from the stiffness-controlled zone. Therefore, the calcu-
lation of the film thickness in both the blind and the spring model
zones can be unified by the complete reflection coefficient phase
variation.

Furthermore, it can be seen from Fig. 3 that the phase angle
varies periodically with the product of frequency and thickness.
Notably, when approaching the resonant frequencies, shown in
Fig. 2, the phase angle shows an abrupt reverse by crossing the
zero line in an extra-narrow span fn 6 Df, which is called the
“zero-crossing” phenomena. Therefore, the film thickness can
also be calculated using Eq. (3) by detecting the resonant fre-
quency with the zero-crossings.

Based on the above analysis, the phase model of the complete
reflection coefficient phase spectrum is capable of achieving the
measurement of a large range of film thickness. It covers the blind
zone in the reflection coefficient amplitude spectrum, and unifies
the spring model and the resonant model for practical
convenience.

3.2 Effects of Attenuation Coefficient on the Phase Model.
Physically, ultrasonic wave would be attenuated when traveling in
a viscous liquid. With the premise of b¼ 0, Eq. (8) can be rewrit-
ten as the function of the product of frequency and thickness.
Here, the attenuation coefficient was obtained using the ratio of
the frequency amplitudes of the two adjacent echoes reflected
from the oil layer with fixed thickness; see Eq. (4) in Ref. [22].
Furthermore, two oils were tested to consider the effects of viscos-
ity. To simplify the solution of Eq. (8), the frequency of ultrasonic
wave is fixed at 10 MHz. Consequently, the phase spectrum of the
reflection coefficient including oil attenuation can be depicted in
Fig. 4, and the result of no attenuation is also plotted for
comparison.

As can be seen from Fig. 4, the curves of attenuation and no
attenuation coincide well in most test ranges and depart gradually
when approaching the point representing the first resonant fre-
quency as indicated in Fig. 4. It can be seen that the influence of
oil attenuation is small and can be neglected in both spring model
and blind zones. It is found that the measurement around the first
resonant frequency should be affected by the attenuation. Further

inspection from the enlarged view of Fig. 4 shows that the sepa-
rated curves have the same zero-crossings that coincide with the
theoretical calculation value of Eq. (8). It means that the resonant
model can also be applied in this situation using the zero-crossing
method mentioned earlier. Accordingly, it can be generalized that
the attenuation can be neglected in oil film thickness calculation
from Eq. (8). Regarding the effects of oil types, it can be observed
from Fig. 4 that different oils have different attenuation effects
and different resonant frequencies. Such differences only occur in
the applicable zone of their resonant models; therefore, the oil
types do not change the above observation on the attenuation
effects.

4 Experiments and Results

4.1 Experiment Setup. The experiment apparatus consists of
two major components: a positioning rig for accurate control of
the lubricant film and ultrasonic measurement system as shown in
Fig. 5, which is similar to the calibrated apparatus for the spring
model and resonant model [13].

The rig consists of a stationary disk, a movable disk, a micro-
meter, a clamping and holding device, a piezo actuator, and a digi-
tal controller. The movable steel disk is connected with the piezo
actuator using screw joints. The clamping and holding device of
the piezo actuator is fixed at the front end of the micrometer using
screws. The micrometer and the fixed disk are fixed on the base
plate also using screws. The lubricant film is formed between the
stationary steel disk and the movable steel disk. The movable steel
disk can be moved by the micrometer or piezo actuator in order
that the film thickness can be altered. The micrometer is used to
adjust coarsely the lubricant film thickness. Its movement range is
0–180 mm and its resolution is 10 lm. The piezo actuator, driven
by the piezo digital controller, is used to precisely adjust the lubri-
cant film thickness. Its movement range is 0–120 lm and resolu-
tion is 2 nm.

The ultrasonic measurement system includes an ultrasonic pie-
zoelectric element, an ultrasonic pulser-receiver system, a digitiz-
ing card, and a personal computer. The ultrasonic piezoelectric
element is bonded to the rear end of the stationary steel disk using
a standard strain gauge adhesive. First, the ultrasonic pulser and
receiver emits a configurable pulse to the piezoelectric element
and drives it into resonance. The pulser-receiver has 0.5–20 MHz
bandwidth. Pulser rise and fall time are less than 5 ns. Then, the
ultrasonic pulses generated by the piezoelectric element incidents
on the lubricant layer. The reflected signal from the lubricant layer
is then sampled by a 12-bit, 100-MSps PCI digitizer card and sent
into the computer for postprocessing.

Fig. 4 Comparison of the phase spectrum of reflection coeffi-
cient including oil attenuation and no attenuation

Fig. 5 Schematic diagram of experimental setup to calibrate
the lubricant film thickness
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4.2 Measurement of Reference Signal and Reflected Signal
From the Oil Layer. The reflection coefficient of a lubricant
layer is defined as the ratio of the reflected wave to the incident
wave in the frequency domain. As it is impossible to practically
extract the incident signal, the reflection coefficient amplitude and
the phase of the lubricant layer are obtained from the following
equations [20]:

jR fð Þj ¼ Amea fð Þ
Aref fð Þ jRref j (10)

Uðf Þ ¼ hmeaðf Þ � hrefðf Þ þ Uref (11)

where Amea(f) and hmea(f) are the amplitude and the phase of the
signal reflected from the lubricant layer, respectively; Aref(f) and
href(f) are the amplitude and the phase of the reference signal,
respectively; jRref j and Uref are the reflection coefficient amplitude
and the phase of the reference interface, respectively.

Generally, the reflection coefficient amplitude and phase at a
solid to air boundary are approximately 1 and 0. Thus, the
reflected signal from the stationary steel disk-air interface was

used as a reference signal. Figure 6 shows the reference signal in
the time domain.

The amplitude and phase spectra of the reference signal can be
obtained by using a fast Fourier transform (FFT) and the result is
shown in Fig. 7. It is seen from Fig. 7(a) that the actual center fre-
quency of transducer is 7.0 MHz. Its –3 dB effective bandwidth is
5.6–8.4 MHz. Figure 7(b) shows that the phase plot is a saw-tooth
because the phase increases continually with frequency from zero
but limited between –p/2 and p/2. The FFT amplitude and phase
spectrum of reference signals were stored for later use.

Oil was then dropped onto the surface of the stationary disk and
the micrometer was used to generate a thick lubricant film corre-
sponding to the resonant model zone. The initial film thickness
(corresponding to 104.51 lm, calculated by the minima method of
resonant model) was used as the base reference. At this point, the
coarse adjustment stage was locked in position and all further
adjustments made were using the piezo actuator. Then, the oil
film thickness was reduced gradually from the resonant model
zone into the spring model zone by the piezo digital controller. In
this process, the reflected signals from oil layers of different thick-
nesses were captured and stored. The displacement increments of
piezo actuator and initial film thickness are added to construct
actual film thicknesses.

Figure 8 shows the time-domain plot of the reflected signal
from oil films of different thicknesses. In the resonant model
zone, multiple reflected pulses were observed as shown in
Fig. 8(a), these reflected pulses are just overlapped partly due to
the thick film thickness. As the oil film thickness decreases, the
degree of overlap in reflected pulses increases as shown in
Fig. 8(b). The oil layer in the blind and spring model zones can be
thought as a unique reflector, thus only a single reflected pulse
was observed. It can be seen from Fig. 8(b) that the amplitude and
phase shift of the single reflected pulse from oil layers of different
thicknesses in the blind zone change slightly as compared to the
spring model zone. Therefore, the measurement in this zone may
be more sensitive to noise.

The time-domain signals of Fig. 8 were then converted to the
frequency domain using a FFT to obtain the amplitude and phase
spectrum. According to Eqs. (10) and (11), the amplitude spec-
trum of each reflected signal was divided by the reference signal
to give the reflection coefficient amplitude spectrum. The phase
spectrum from oil film was subtracted from reference phase spec-
trum to give the corresponding reflection coefficient phase
spectrum.

Fig. 6 Time-domain plot of reference signal reflected from a
steel–air interface

Fig. 7 The FFT of reference signal reflected from the steel–air interface: (a) amplitude spectrum and (b) phase spectrum
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4.3 Reflection Coefficient Amplitude and Phase Spectra of
the Oil Layer. Figure 9 shows reflection coefficient amplitude
and phase spectra of the reflected signal from oil films of different
thicknesses in the resonant model zone. Distinct minima are
observed in the reflection coefficient amplitude spectrum of oil
films of different thicknesses due to the resonant behavior,
Fig. 9(a). In the corresponding phase spectrum as shown in
Fig. 9(b), the phase angle reverses and crosses the zero point in
the same resonant frequencies. Then, the frequencies of minima
and zero-crossings are extracted to calculate the film thickness in
the resonant model zone by Eq. (3).

Figure 10 shows the reflection coefficient amplitude and phase
spectra of reflected pulses from oil films in the blind and spring
model zones. It can be seen from Fig. 10(a) that curves between
the spring model zone and the resonant model zone cross each
other and some even exceed the maximum of theoretical reflec-
tion coefficient amplitude. Therefore, it is difficult to determine
the film thickness in the blind zone from the amplitude
spectrum.

In the corresponding reflection coefficient phase spectrum as
shown in Fig. 10(b), it can be clearly seen that the curves, which
had crossed each other in the amplitude spectrum, are evidently
separate and the phase of each frequency within the effective
bandwidth increases with film thickness. Therefore, the variation
of phase can be used to measure the variation of film thickness in
the blind zone.

Considering the fact that Eq. (8) and the phase changes periodi-
cally with the product of frequency and thickness, the trust region
dogleg method is used to calculate the numerical solution of
Eq. (8) in the first cycle and obtain the film thickness value. This
method has good convergence and robustness for nonlinear equa-
tions [23,24]. In this work, this approach is applied with professio-
nal software MATLAB. In detail, the command “fsolve” is used and
three key parameters are set: objective function, initial guess solu-
tion, and termination tolerance. The objection function is obtained
by substituting the reflection coefficient phase value and its corre-
sponding frequency into Eq. (8). The initial guess solution is set
as 1 and the termination tolerance is set as 1� 10�6.

Fig. 8 Time-domain plot of reflected pulses from oil films of different thicknesses: (a) in resonant zone and (b) in the blind
zone and spring model zone

Fig. 9 Reflection coefficient amplitude and phase spectra of reflected signal from oil films of different thicknesses in the res-
onant model zone: (a) amplitude spectrum and (b) phase spectrum. The FFT amplitude spectra of reference signal are also
shown (dotted line), with arbitrary vertical scale, to demonstrate the bandwidth of the transducer.
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Figure 11 shows the variation of film thickness calculated
by Eq. (8) with frequency in the transducer –3 dB bandwidth.
It can be seen from the figure that the film thickness plots
are basically horizontal and are independent of the frequency
while it fluctuates at large film thicknesses due to noise
interference.

Furthermore, 20 continuous measurements were made for same
position when the movable steel disk is moving. The film thick-
ness was calculated using the center frequency for its better
signal-to-noise ratio as shown in Fig. 12. Results show that the
phase model of complete reflection coefficient phase has good
robustness at lower values and poor robustness at high values.
Therefore, the average of 20 measurements was used as the final
value to remove the noise effect.

For comparison with different models for predicting oil film
thickness, the reflection coefficient amplitude and the phase of the
center frequency were also used to calculate the film thickness by
Eqs. (7) and (9) in the spring model zone.

4.4 Comparison of the Measurement Results of Available
Ultrasonic Models. Figure 13 shows comparison of five models
of film thickness measurement with the actual film thickness; the
minima and zero-crossing methods represent the results from the
resonant model (Eq. (3)) by measuring the frequency of minima
and zero-crossings, the amplitude jRK j and phase UK method rep-
resent the result from spring model (Eqs. (7) and (9)), the phase
method U represents the result from the complete reflection coeffi-
cient phase model (Eq. (8)).

In the spring model zone, the phase model of complete reflec-
tion coefficient, phase and amplitude of spring model all have
good agreements with the actual film thickness. As the actual film
thickness increases, the phase model of complete reflection coeffi-
cient still agrees well with the actual film thickness but the phase
and amplitude of the spring model contain a larger bias in the
blind zone. In the resonant model zone, the minima method of
amplitude spectrum and zero-crossings method of phase spectrum
both are in excellent agreement with the actual film thickness. The

Fig. 10 Reflection coefficient amplitude and phase spectra of reflected pulse from oil films in blind and spring model zones:
(a) amplitude spectrum and (b) phase spectrum. The FFT amplitude spectrum of the reference signal is also shown (dotted
line), with arbitrary vertical scale to demonstrate the bandwidth of the transducer.

Fig. 11 Oil film thickness calculated by Eq. (8) showing the
variation with frequency in the transducer 23 dB bandwidth

Fig. 12 Measured film thickness with the number of measure-
ment for different position of movable steel disk
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results demonstrate that the phase model of complete reflection
coefficient is capable of predicting the film thickness reliably in
the blind zone and simultaneously unifying the spring model and
resonant model.

4.5 Error Analysis of Phase Model. It was noticed from
Fig. 13 that noticeable errors exist in the phase method (denoted
as U) in the blind zone. Therefore, the error source in the blind
zone is examined focusing on experimental repeatability and
instrument reliability. For the former, five repeated experiments
were conducted with the consistent signal process method. For the
latter, two repeated experiments were conducted with reference
signals acquired before and after the experiments. Finally, the

absolute error of the measured film thickness to the actual value
was plotted in Figs. 14 and 15.

Regarding the errors of experimental repeatability, it can be
seen from Fig. 14 that the zero-crossing method is highly consist-
ent with the minima method in the resonant model zone. Meas-
ured results of these two methods show excellent agreement with
the actual film thickness. In the spring model and blind zones, it
can be seen that the absolute error increases with the actual film
thickness in general. In the first and fourth experiment, errors
remain bounded irrespective of the film thickness and this can be
regarded as a result of random noise effect. However, in the
second, third, and fifth experiment, the variation of bias error
increases against film thickness up or down to the boundary.

This odd phenomenon can be explained with respect to instru-
ment reliability; it can be seen from Fig. 15 that the overall abso-
lute error of each experiment is deviated when the reference
signal is different. It means that the reference signal acquired
before and after experiment is different. In fact, each pulse signals
generated by pulser-receiver and collected by digested card for
each time are not exactly same. It is dependent on the precision of
instrument. Therefore, the instability of pulse signal may cause
the increase of absolute error up or down to the boundary.

Other sources may also introduce errors, e.g., material proper-
ties. In the current studies, experiments were all performed focus-
ing on a static oil film at room temperature (29 �C). The effects of
oil pressure and temperature were not taken into consideration,
and the acoustic impedances of oil and steel were regarded as con-
stant. All these may introduce calculation errors in the final
results, which will be considered in the further studies.

5 Conclusion

A new phase method of ultrasonic film thickness measurement
based on the complete reflection coefficient phase spectrum is pre-
sented in this paper. The method can be used in continuous mea-
surement for wide lubricant film thickness variation which occurs
when the machine encounters abnormal conditions or transition
conditions. The phase method not only covers the blind zone in
the reflection coefficient amplitude spectrum but also unifies the
spring model and the resonant model. In the resonant model zone,
the frequency of zero-crossing is extracted as alternative for
obtaining the resonant frequency in the resonant model zone. In

Fig. 13 Comparison of five models of film thickness measure-
ment with the actual film thickness; the minima and zero-
crossing methods represent the results from the resonant
model (Eq. (3)) by measuring the frequency of minima and zero-
crossings, the amplitude jRK j and the phase UK method repre-
sent the result from spring model (Eqs. (7) and (9)), the phase
method U represents the result from the complete reflection
coefficient phase model (Eq. (8))

Fig. 14 The absolute error of actual measured value to pre-
dicted one for five experiments by using the reference signal
acquired before the experiment. The theoretical reflection
coefficient phase spectrum of center frequency is also shown
(dotted line), with arbitrary vertical scale.

Fig. 15 The absolute error of measured value to actual one for
fourth and fifth experiment using the reference signal recorded
before and after experiment, respectively. References 1 and 2
represent the reference signal acquired before and after experi-
ment, respectively. The theoretical reflection coefficient phase
spectrum of center frequency is also shown (dotted line), with
arbitrary vertical scale.
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the blind and spring model zones, the reflection coefficient phase
of transducer center frequency is extracted to calculate the film
thickness. A precision experimental apparatus was designed to
assess the new model. In the resonant model zone, the accuracy of
resonant frequency by measuring the frequency of zero-crossing
in the reflection coefficient phase spectrum is the same as that by
measuring the frequency of minima in the amplitude spectrum. In
the spring model zone, the phase method performs comparably
with the spring model. In the blind zone, the spring model pos-
sesses larger error, while the phase method agrees well with the
actual film thickness. The theoretical analysis and experimental
results showed that the phase method is capable of achieving wide
range measurement of lubricant film thickness.
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