H

University of
HUDDERSFIELD

University of Huddersfield Repository

Zhou, Hongliang, Zhou, Hanhua, Zhang, Hongjian, Ge, Xiaocheng, Zhao, Yanjie and Lin, Weibin
Pressure measurement based on multi-waves fusion algorithm

Original Citation

Zhou, Hongliang, Zhou, Hanhua, Zhang, Hongjian, Ge, Xiaocheng, Zhao, Yanjie and Lin, Weibin
(2016) Pressure measurement based on multi-waves fusion algorithm. IET Science, Measurement &
Technology. ISSN 1751-8830 (In Press)

This version is available at http://eprints.hud.ac.uk/30695/

The University Repository is a digital collection of the research output of the
University, available on Open Access. Copyright and Moral Rights for the items
on this site are retained by the individual author and/or other copyright owners.
Users may access full items free of charge; copies of full text items generally
can be reproduced, displayed or performed and given to third parties in any
format or medium for personal research or study, educational or not-for-profit
purposes without prior permission or charge, provided:

* The authors, title and full bibliographic details is credited in any copy;
* A hyperlink and/or URL is included for the original metadata page; and
* The content is not changed in any way.

For more information, including our policy and submission procedure, please
contact the Repository Team at: E.mailbox @hud.ac.uk.

http://eprints.hud.ac.uk/



Pressure measurement based on multi-waves fusion algorithm

Hongliang Zhou'* Hanhua Zhou', Hongjian Zhang', Xiaocheng Ge’, Yanjie Zhao' and
Weibin Lin'

! State Key Laboratory of Industrial Control Technology, College of Control Science and
Engineering, Zhejiang University, Hangzhou, 310027, China

*School of Computing and Engineering, University of Huddersfield, UK

"zjuzhl@zju.edu.cn

Abstract: Measuring the pressure of a pressure vessel accurately is one of fundamental requirements of
the operation of many complex engineering systems. Ultrasonic technique has been proposed to be a good
alteration of non-intrusive measurement. Based on the study of acoustoelastic effect and thin-shell theory,
it has been identified that the travel-time changes of the critically refracted longitudinal wave (Lcr wave)
and other reflected longitudinal waves are all proportional to the inner pressure. Considering the
information redundancy in these waves, we proposed an approach for pressure measurement by using the
information fusion algorithm on multiple reflected longitudinal waves. In the paper, we discussed the
fusion algorithm in details and proposed a pressure measurement model, which represents an accurate
relationship between the pressure and the travel-time changes of multiple waves. Through the experiment,
the analysis of data collected from experiment system showed that the pressure measurement based on the
multi-wave model is notably more accurate than the one based on the single-wave model (the average
relative error (ARE) can be less than 7.24% and the root-mean-square error (RMSE) can be lower than
0.3MPa).

Keywords: Pressure measurement, non-intrusive, the critically refracted longitudinal wave, reflected
longitudinal waves, multiple waves, data fusion

1. Introduction

Pressure vessel is one of most commonly used components in many complex engineering systems. It
is one of fundamental requirements to be able to accurately measure the inner pressure of a closed
container so that we can adequately monitor and control the system’s operating environment. Furthermore,
we often need to deduct other important information from the pressure measurement, e.g. leakage.
Traditionally, the pressure can be measured via intrusive method, i.e. drilling holes on the vessel’s wall
and mounting the measuring instrument inside. This method can provide a certain level of accuracy in the
measurement. However it will usually change the structural integrity of the vessel, and also often increase
the difficulty and cost of the vessel’s maintenance. In some circumstance, a non-intrusive method is more
attractive. So far, there are many approaches of non-intrusive measurement have been proposed, for
example, the strain gauge method [1] and capacitor method [2]. All these non-intrusive measurement
methods can solve some problems, but there is always a space for the improvement, in terms of
applicability, accuracy, and lower cost etc.

Ultrasonic technique, as a nondestructive testing method, has been widely adopted in the stress

measurement [3-6] and defect detection [7-10]. In the field of pressure measurement, Guers et al. [11]



have established the relationship between the amplitude of reflected ultrasonic wave and the pressure, and
measured the pressure by computing the reflected ultrasonic signals from the fluid-vessel interface. Zhang
et al. [12, 13] have analyzed the acoustoelastic effect in the thin-walled vessels and proposed a method of
pressure measurement based on the observation that the propagation velocity of the ultrasonic wave is
usually influenced by the stress on the vessel wall. In our previous research [14], we identified that the
surface wave and the critically refracted longitudinal wave (Lcr wave) are all susceptible to the roughness
of the vessel’s outer surface. Instead of measuring Lcg wave, we concluded that the signal-to-noise ratio
(SNR) and the sensitivity in the measurement can be significantly improved by taking the reflected
longitudinal waves into the measurement. However, it has been widely discussed, e.g., in [6, 15, 16], that
some environmental factors, mainly the temperature, can significantly influence the acoustoelastic effect
of the ultrasonic waves, which will result in low accuracy in pressure measurement.

The ultimate goal of our research is to improve the accuracy of the ultrasonic measurement approach.
In order to improve the measurement accuracy, we concluded in previous research that it is necessary to be
able to detect the surface wave, Lcr wave and the reflected longitudinal waves so that the time that all
these waves travel from the transmitter to the receiver can be measured, then the travel-time changes
caused by the pressure can be computed. However, the changes of travel-time are too small to be measured
precisely due to the receiver’s sensitivity. In order to solve the problem, we proposed a new pressure
measurement model based on the information fusion of measuring multiple waves, including the Lcg wave
and the reflected longitudinal waves. The measurement model reflects the relationship between the
pressure and the travel-time change of these multiple waves. Through the experiment, we were able to
demonstrate that our model can effectively improve the measurement accuracy without the need to

measure the temperature.

2. Generation of the multiple waves in the vessel wall
As shown in Fig. 1, when the longitudinal wave is incident from the polymethyl methacrylate

(PMMA) wedge to the outer wall of pressure vessel with the first critical angle (o), waveform
transformation will happen at the interface. The refracted longitudinal wave and refracted shear wave will
be generated. Based on the Snell’s Law(as described in Eq.(1)) [17], the refracted angle of the refracted
longitudinal wave was 90°.

sin _siny _sinf
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Where 4/, 9/, is the velocity of longitudinal wave in PMMA wedge and in the vessel wall, respectively.

Vv, is the velocity of shear wave in the vessel wall. &, y is the incident angle and refracted angle of

longitudinal wave, respectively. And £, is the refracted angle of refracted shear wave.

The generated longitudinal wave is called the critically refracted longitudinal wave (Lcr wave). Ler
wave has been widely adopted in the stress measurement [3-5]. The Lcr wave propagates along the outer
wall and is received by the receiving probe. The penetration depth of Lcr wave is between 1.5 and 1.8
wavelengths[18]. So the surface roughness of the vessel wall affects the propagation of Lcr wave greatly.
The refracted shear wave with the refracted angle (f) will reach the inner wall, where waveform
transformation will happen again and generate the first inner reflected longitudinal wave (Lre-11*") and the
first reflected shear wave (Sre-1%), as shown in Fig. 1. According to the Snell’s Law, Lre-I1* wave will

travel along the inner wall with the reflected angle of 90° . The Sre-1* wave will continue to travel in the

vessel wall and then reach the outer wall, where it will generate the first reflected longitudinal wave (Lre-
1) and the second reflected shear wave (Sre-2"). Similar with the Lcg wave, Lre-1% wave will travel
along the outer wall and reach the receiving probe. The Sre-2"" wave will continue to travel in the vessel
wall and generate the second inner reflected longitudinal wave (Lre-12"%) and the third reflected shear
wave (Sre-3'), and so on. Therefore, the receiving probe will successively receive multiple waves,

including Lcr wave, Lre-1% wave, Lre-2™ wave and so on, as show in Fig. 2. The time interval At
g g i

between the Lcr wave and the Lre-1% wave is definite, so is that between the neighboring reflected
longitudinal waves. The time interval can be described as:

A = 2d  2dtanp
" Cycosf C,

()
where d is the thickness of the vessel wall, f S is the refracted angle of the shear wave propagating inside

the wall, C; and C, are the speeds of the shear wave and longitudinal wave in the pressure vessel,

respectively.
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Fig. 2. Ultrasonic signal received by the receiving probe

3. Pressure measurement method based on ultrasonic waves

3.1. Relationship between the pressure and the travel-time change of Lcg wave

As developed by Hughes and Kelly [19], the relationship between the wave speeds and the strain in the
pressure vessel obeys the following expressions:

OV =A+2u+ QL+ A)e, + e, +€)+(Am+4A+10u)e, (3)

1
OV i =+ (m+A)e, +e,+€.)+4ue  +2ue, - 3"ee 4)
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where V, V,, is the longitudinal wave velocity along the axial direction of the pressure vessel wall. €, 24,
£g &, and g are the strains along the axial, radial and circumferential directions of the vessel wall,
respectively. p, is the initial density of the pressure vessel. 4 and p are the second-order elastic constants,

while /, m, and n are the third-order elastic constants.

According to the Hooke’s Law, relationships between the strain components in three orthogonal
directions and stress can be derived as:

e = %(oA —voy) 5)
£q =—%(0A +00) (6)
. = %(ac v, ™)

where E is the elasticity modulus of vessel material, v is the Poisson’s ratio, o4 and o are the axial

stress and the circumferential stress, respectively.
Based on the thin-shell theory [20], the stress field in the vessel wall is two-dimensional, including
the stress in the axial direction and that in the circumferential direction, as described by:

o= ®)
o=Lt ©)

where p is internal pressure of the vessel, R is the average radius of the vessel, and d is the thickness of
the vessel wall.
Besides, the speed of the longitudinal wave can also be described by:

py =2 (10)
tL

A (11)
tL

where (VL0 )and ¢, (V, ) are the travel-time (speed) of the longitudinal wave under the free pressure

state and measured pressure state, respectively. D is the propagation distance of the longitudinal wave.
With the Egs.(3)-(11), the relationship between the pressure and the travel-time change of
longitudinal wave can be derived as:

P=——F7T——"" (12)

where p is the pressure change, A¢, is the travel-time changes of the longitudinal wave (A¢, =7, — tg )

and L, is the acoustoelastic constant for the longitudinal wave, as given by:
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13
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The Lcr wave is a special longitudinal wave that propagates along the outer wall, so Eq. (13) is also
applicable for the Lcr wave. Obviously, the travel-time change of Lcr wave is proportional to the pressure
change.

3.2. Relationship between the pressure and the travel-time change of reflected longitudinal waves
As analyzed in Sec. 2, the reflected longitudinal wave along the outer wall is generated by the

reflected shear wall in the wall. So it is necessary to obtain the model between the pressure and the travel-
time change of reflected shear wave. Like the longitudinal wave, the model can be developed by:

E d At
= (14)
p LZ R t.gre
where ¢, (t,, ) is the travel-time of the reflected shear wave under the free pressure state (the

measured pressure state), At is the travel-time change for the reflected shear wave (At,,, =1, — 13, ).

L, is the acoustoelastic constant for the reflected shear wave, as given by:
1 OA+9m—18Av -18mv —45uv +nv+9u-2n-3u(l+v)cos2f

L =—
12 u

(15)

The travel-time change of the reflected longitudinal wave (Az,,,) consists of two parts. One part is the

travel-time change of the shear wave reflected inside the vessel wall. The other is the travel-time change of
the longitudinal wave propagating along the outer wall. Therefore, A¢, can be given by:

AtLre = AtSre + AZ’L == %S(thg + LZtgre) (16)

Eq.(16) shows that, like the Lcr wave, the travel-time change of the reflected longitudinal wave is
proportional to the pressure change, too.

3.3. Pressure measurement model with temperature compensation based on a single wave

Temperature is an important factor for ultrasonic measurement technique [6, 15, 16]. Some

parameters in Eq. (12) and Eq. (16), such as L, and L,, are affected by the temperature. In practical

application, the relationship between the pressure and the travel-time change of Lcr wave (the reflected

longitudinal waves) can be described by [21]:

AP = K op+ Ko AT (17)
AP < K p+ Ky, AT (18)

where Atéf };AT) (Atif e:T,Z ) is the measured travel-time change of Lcgr wave ( the nth reflected longitudinal

wave), K (K, ) is the pressure coefficient of Lcr wave ( the nth reflected longitudinal wave), K, (K, )

pn



is the temperature coefficient of Lcr wave ( the nth reflected longitudinal wave). AT is the temperature
change (AT =T -T;).T and 7| are the measured temperature and the reference temperature, respectively.

With Eq.(17)-(18), the pressure measurement model based on a single wave (Lcg wave or the
reflected longitudinal wave) with temperature compensation can be derived as:

_ L pran _Kro pp (19)
p Len
KpO KpO
p= A AT (20)
pn pn

With Eq. (19) or Eq. (20), the pressure measurement can be implemented by measuring the travel-
time change and the temperature change. However, the pressure measurement accuracy is overly
dependent on the accuracy of travel-time and the stability of the temperature. Hence, it is very difficult to

achieve high measuring accuracy.

3.4. Pressure measurement method based on multi-waves fusion algorithm

Eq. (17)-(18) shows that both the travel-time change of the Lcr wave and reflected longitudinal
waves change linearly with the pressure and temperature. Considering the information redundancy among
those waves, it is possible to improve the measuring accuracy by the fusion algorithm. Therefore, a new
method based on multiple waves is proposed, as described by:

N
p =AM+ A A+ BAT (1)

where N is the total number of the receiving reflected longitudinal waves, which is determined by

the distance between the transmitting probe and receiving probe. A,( A4, ) is the travel-time coefficient of

Lcr wave (the nth reflected longitudinal wave), and B is the temperature coefficient.

With Eq. (21), it is obvious that the pressure measurement accuracy does not merely depend on the
travel-time change of a single wave. Even though the travel-time change of someone has a certain error, it
will not affect the measurement accuracy seriously. Therefore, Eq. (13) can improve the measureing
accuracy to some extent. However it is still affected by the temperature change. Actually, according to
Eq.(17)-(18), the travel-time change of each wave contains the information of temperature change. So the
pressure measurement model can be developed by:

N
p= AN+ E A, AP (22)

In the following sections, experiments will be carried out to test the performance of the pressure

measurement model described in Eq. (22).

4. Experiment system
As shown in Fig. 3, the experiment system consists of seven parts: pressure test pump, pressure

vessel, biochemical incubator, ultrasonic probes, ultrasonic exciting circuit, high-speed acquisition system



and computer. In order to reduce the influence of temperature, the dual-receivers mode was adopted[14],
which means three probes are arranged in the axial direction of the vessel, including one transmitter (T)

and two receivers (R1, R2).

@ HASUC

Fig. 3. Experiment system
The pressure test pump is utilized to change the internal pressure, which can be measured by the
manometer with the full scale of 16 MPa and the maximum fiducial error of 0.4%. The ultrasonic signal is
excited by the ultrasonic exciting circuit and received by the high-speed acquisition system with the
sample rate of 20 GHz. The biochemical incubator is used to control the environment temperature. Besides,
a computer is used to obtain the travel time between R1 and R2 by correlation algorithm.
In order to validate the feasibility of the method, two pressure vessels with different materials are

tested, labeled as pressure vessel-1 (PV-I) and pressure vessel-1I (PV-II). The experiment parameters are



shown in Table 1, where the T-R1 is the distance between the probe T and R1, and so on. To avoid the

stress concentration and boundary effect, the probes are arranged in the central area of the pressure vessel.

Table 1 Experiment parameters

Pressure Vessel No. PV-I PV-II
Component 37Mn 30CrMo
Outer Radius (mm) 109.5 114.5
Inner Radius (mm) 103.8 108.2
Thickness(mm) 5.7 6.3
Height(mm) 725 1110
T-R1(mm) 75 91
T-R2(mm) 138 138
R1-R2(mm) 63 47

5. Experiment results and discussion

5.1. Selection of the object waves

In the dual-receivers mode, both the probe R1 and R2 will receive a series of waves. Selecting waves
that have a high SNR as object waves is beneficial to improve measuring accuracy of the travel-time
between R1 and R2. Fig. 4 shows the multiple waves received by R1 and R2 in PV-I. For the dual-
receivers mode, the accuracy of travel-time based on correlation algorithm depends on the quality of
waves in both R1 and R2. Therefore, in this work, the Lcr wave, Lre-1% wave, Lre-4™ wave and Lre-5™
wave are chosen as the object waves to measure the pressure in PV-I. And similarly in the PV-II, the

. . h h th
object waves include the Lcg wave, Lre-4" wave, Lre-5" wave and Lre-6" wave.
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Fig. 4. Multiple waves received by probe R1 and R2 in PV-I

5.2. Travel-time change with temperature and pressure

Fig. 5 shows the travel-time changes (Az“") of multiple waves with temperature at zero pressure in

PV-I and PV-II. The temperature in PV-I ranges from 18.0°C to 37.1°C, and that in PV-II ranges from
20.4°C to 38.3°C. The reference temperature, the reference travel-time of each wave and fitting results are
shown in Table 2. The results show that the travel-time of each wave changes linearly with temperature in

both pressure vessels, which is consistent with Eq.(17)-(18).

10
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Fig. 5. Travel-time changes of multiple waves with temperature at zero pressure
Table 2 Fitting results of the data points in Fig. 5
Pressure vessel No. PV-I PV-II
waves Lcr Lre-1%  Lre-4™  Lre-5" Lo Lre-4® Lrgt—h Lre-6"
Reference tefnperature (To) 18.0 20.4
(C)
Reference tgj;’)el'“me ) 0691 10734 10480 10592 7673 7.543 7567 7713
1 (AT)/AT
Slope (AL7/AT) 1289 1297 0512 0.263 1404 0.864 0.750 1.019
(ns/C)
Correlation coefficient 0.998 0.984 0.998 0.961 0.995 0.988 0.997 0.991

The travel-time changes (A¢”*") of multiple waves with pressure are investigated at different

temperatures in PV-I. The results are shown in Fig. 6. The results show that the travel-time of each wave
increases nearly linearly with the pressure at a certain temperature, which is in good agreement with the
models in Eq. (12) and Eq. (14). And the fitting results are shown in Table 3. It can be seen that the
relationship between the travel-time change and the pressure remained appropriately invariable at different

temperatures for each wave.

11
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Table 3 Fitting results of the data points in PV-1

Slope at different temperatures Kp (ns/MPa)

Waves

18°C 22.4°C 25.7°C 29.8°C 33.4°C 37.1C
Lcr 1.05 1.04 0.97 0.95 1.06 1.07
Lre-1* 1.06 1.14 1.13 0.99 1.11 1.10
Lre-4" 1.38 1.34 1.24 1.20 1.30 1.25
Lre-5" 1.65 1.68 1.57 1.64 1.65 1.60

12



Similar experiments are carried out in PV-II. The results are shown in Fig. 7. The temperature ranges

from 20.4°C to 38.3°C. And the reference temperature and reference travel-time of multiple waves are

shown in Table 2. The fitting results are shown in Table 4. After analysis, same conclusions can be

obtained in PV-II.
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Table 4 Fitting results of the data points in PV-I/

Slope at different temperatures Kp (ns/MPa)

Waves

204°C 23.4°C 27.2°C 30.2°C 33.6C 35.6C
Lcr 0.70 0.68 0.68 0.69 0.68 0.65
Lre-4" 0.88 0.90 0.86 0.87 0.88 0.88
Lre-5" 1.03 1.06 1.04 1.03 1.05 1.06
Lre-6" 1.16 1.20 1.24 1.20 1.20 1.19

5.3. Pressure measurement models based on different waves

To determine the coefficients in Eqgs. (19)-(22), multiple linear regression analysis is employed in
this work [22]. For the PV-1, the training data sets are shown in Fig.6. The possible pressure measurement

models based on a single wave can be derived by:

p=0.9617A1;"*" —1.2377TAT - 0.3944 (23)
p=0.9016As"*" —1.0664AT -0.1619 (24)
p =0.7654A1,"*" —0.3749AT - 0.0533 (25)
p =0.6017A2;"*" —0.1460AT - 0.0973 (26)

where At(p AT) At(p Alf,) ,Al‘(p A;,? and Al‘(p AT) are the measured travel-time change of Lcg wave, Lre-1%

wave, Lre- 4 wave and Lre-5" wave in PV-I, respectively.
The pressure measurement models based on multiple waves and temperature change in PV-I is
derived by:

(p,AT) (p AT) (ﬁ AT) (p,AT)
p=0. 4494At -0. 0535At +0. 0860Az +0. 2965AtL i @7)
- 0.6240AT 0.2416

The final measurement models based on multiple waves in PV-I is derived by:
p= 0.0272Arj{’ A1 —0.1935A17%) +0.1334A17) +0.6136A1 ") ~0.1813 (28)

Lre-4"

For the PV-II, the analysis data sets are shown in Fig. 7. The similar measurement model based on
different waves can also be developed by multiple liner regression analysis, and the details are not given
any more.

5.4. Experiment results for pressure measurement

14



In order to evaluate the performance of the different models described in Sec. 5.3, the average
relative error (ARE), the root-mean-square error (RMSE) and correlation coefficient (») are introduced,
which can be described by:

1 n

XZZZX[ (29)
1 &, XX,

LN SN 30

ARE n}j| » | (30)
ll‘l _

- = —X) 31

RMSE \/nE](X X) (3D
iu; 3 )(x, -x)

= (32)

e
JZ(x; _XY Z(x %

where x; (X;) is the measured value (the true value) of the i-th time, x (x; ) is the average of the

measured value (the true value), n is the number of measurement.

In the PV-I, the number of test data for each wave is 12 with the pressure ranged from 1.1MPa to
6MPa and the temperature ranged from18.9°C to 32.9°C. In the PV-II, the number of test data is 42 with
the pressure ranged from 1MPa to 6MPa and the temperature ranged from16.2°C to 35.9°C. The test
results are shown in Table. 5. The results validated the feasibility of the pressure measurement model
based on multiple waves. Compared with the measurement model based on a single wave, which is easily
affected by the temperature, the measurement model based on multiple waves can achieve the pressure

measurement with the ARE less than 7.24% and the RMSE within 0.3MPa.
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Table 5 Results of different pressure measurement models in PV-I and PV-II

Pressure vessel No. PV-I PV-II
Measurement model based RMSE RMSE
on different waves below ARE (MPa) ' ARE (MPa)
Lcr 43.01% 1.35 0.971 32.75% 1.17 0.831
Lre-1* 13.61% 0.57 0.925 e e e
Lre-4" 15.38% 0.50 0.950 36.58% 1.03 0.869
Lre-5" 8.86% 0.39 0.981 47.78% 1.38 0.870
Lre-6™ e e 52.39% 1.67 0.779
Multiple waves+ AT 15.74% 0.55 0.984 18.36% 0.79 0.938
Multiple waves 6.24% 0.26 0.987 7.24% 0.22 0.993

5.5. Discussion

The selection of object waves is critical to the accuracy of the pressure measurement model. In the dual-
receivers mode, high SNR for object waves on both receiving probes are claimed in order to improve
measuring accuracy of the travel-time change. This causes some uncertainty to the pressure measurement
model based on multiple waves. in this work, the Lcg wave, Lre-1¥ wave, Lre-4" wave and Lre-5" wave
are chosen as the object waves to establish the pressure measurement mode in PV-I. while in the PV-II, the
object waves include the Lcg wave, Lre-4™ wave, Lre-5" wave and Lre-6" wave.
The travel-time of the Lcg wave and the reflected longitudinal waves changes linearly with temperature
and pressure. And the relationship between the travel-time change and the pressure remained appropriately
invariable when the temperature changes in our study. This is the theoretical basis for the pressure
measurement model with temperature compensation in Egs. (23)-(26).

The experiment results show that the travel-time change induced by pressure is very small (Ins/MPa

for Lcr wave) while the temperature’s influence is very significant (1.3ns/C for Lcr wave). So how to
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decrease the influence of the temperature and keep the temperature constant during the measuring process
is critical. Pressure measurement model based on multiple waves take advantage of the information
redundancy among the Lcr wave and the reflected longitudinal waves and can achieve higher accuracy
than models based on single wave.

The training data and the test data are all results of individual measurement. Considering the
measurement uncertainty, repeated measurement and averaging can improve the accuracy of the

measurement further.

6. Conclusion
In this paper, we proposed a non-intrusive method for pressure measurement based on multiple

waves. Both the theoretical analysis and experiment results show that the travel-time of Lcr wave and

reflected longitudinal waves respectively changes linearly with the pressure and temperature. Considering

the information redundancy among the travel-time change of these waves, the fusion algorithm is adopted
to establish the pressure measurement model, which describes the relationship between the pressure and
the travel-time changes of Lcr wave and that of reflected longitudinal waves.

With the dual-receivers mode, the measurement system is constructed to validate the feasibility and
effectiveness of the new pressure measurement model. Compared with the pressure measurement model
based on a single wave, the multi-wave model can effectively improve the measurement accuracy.
Experiment shows that the new method can implement the pressure measurement with the ARE less than
7.24% and the RMSE within 0.3MPa. Furthermore there is no need to measure the temperature using this
method, which can effectively minimize the temperature influence and simplify the measurement system.

Overall we can conclude from our research that:

(1) The travel-time change of Lcr wave and reflected longitudinal waves respectively varies linearly with
the pressure and temperature.

(2) A multi-wave pressure measurement model with the fusion algorithm is proposed, which is able to
adequately describe the relationship between the pressure and the travel-time changes of Lcg wave and
that of reflected longitudinal waves.

(3) In the experiment we have demonstrated that the pressure measurement based on the multi-wave
model is notably more accurate than the one based on the single-wave model (ARE is less than 7.24%
and RMSE is lower than 0.3MPa).

(4) Last but not least, the multi-wave model can cancel the influence of the temperature. It can effectively

minimize the temperature influence and simplify the measurement system. The travel-time change
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induced by pressure is very small. Increasing the sample rate and using the averaged travel-time

change of repeated measurement can improve the measurement accuracy further.
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