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Abstract. To test coefficient sensitivity of underwater shockwave pressure sensor, dynamic
calibration is conducted using traceable standard bench sensor and PCB913B02 sensor calibration
equipment. In the research, silicon oil of different specification was filled into sealed tank in order
to study the relations between silicon oil specification and calibration result of pressure sensor.
Explosion tests are conducted using explosives of different formulas and underwater shockwave
sensors filled with silicon oils of different specifications. The test result shows such principle and
the method of calibration mentioned above could ensure the calibration precision, which therefore
certifies the accuracy of shockwave pressure test.
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1. Introduction

In the 8th session of the International Study Group for the Standardization of the Methods of
Testing Explosives (EXTEST), the participants discussed the underwater explosion measurement
and test method for determining the function of explosives. The test sensors used in various
countries are mainly the ICP type of tourmaline underwater sensors produced by American PCB
Company [1].

The sensitivity coefficient of such a sensor changes after repeated use, which greatly affects
the reliability of the test results. China’s Zhang Li [2] conducted research in this aspect, using
TNT drug pack for dynamic calibration, the calibration is based on the classical pressure
calculation formula on underwater TNT explosive shock wave summed up by Cole [3]. It is even
convenient to use a traceable dynamic calibration system. However, the sensor needs to be
disassembled during sensor calibration. The sensor's built-in silicone oil is inevitably lost in this
process. This requires us to find a viable alternative silicone oil to meet the calibration and use
requirements of the sensors.

2. Test part
2.1. Instruments and samples

The schematic diagram of the experimental system is shown in Fig. 1. The test instrument is
the PCB913B02 sensor calibration device, and we choose PCB136A as the standard sensor, and
using Multipro data acquisition system produced by Nichols. 5 kinds of silicone oil, the
specifications are shown in Table 1.

2.2. Experimental principle

In order to make the test effect more obvious, we selected two new PCB138 7525 and PCB138
7521 sensors. Fill multiple cylinders with different specifications of silicone oil. Install the above
two sensors that have been disassembled into exposed tourmaline. The sensor and silicone oil are
shown in Fig. 2.
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Table 1. The specification of silicone oil

Name and lot number Density (p / g'em™) | Kinematic viscosity (v20 °C/mm?s’")
PCB sensor with silicone oil 0.9458 19.9
First batch of samples 0.9390 15
The second batch of samples (1#) 0.9450 21.16
The second batch of samples (2#) 0.9450 21.39
Home-made sensor with silicone oil 0.9710 345.5
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Fig. 1. PCB913B02 hydraulic pulse generator

Fig. 2. Test two new ICP underwater shock wave sensors and five silicone oils

The principle of the calibration device is to use a mass block falling from a certain height to
hit a piston filled with a silicone oil-tight pressure cylinder to generate a pressure pulse with a
pulse width of 7 ms-8 ms. The generated calibration pressure waveform is shown in Fig. 3. Since
the internal pressure of the closed liquid is all equal everywhere, so the pressure pulse of this
amplitude acts on all over the cylinder wall. The cylinder wall with pressure is equipped with a
PCB136A reference sensor as the pressure transmission standard, which is traced back to NIST.
The calibrated sensor is mounted at the symmetrical position of the cylinder wall with pressure
and the sensitivity is dynamically calibrated by using the comparison method.

The 136 A pressure transmission standard is to suspend a single piece of tourmaline
piezoelectric crystal between two steel rods, its diameter is 3.8 mm and thickness is 0.127 mm.
Since no diaphragm and outer casing affect the inherent characteristics of tourmaline crystal,
therefore, the precision is high. Its shape is shown in Fig. 4.

ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479, KAUNAS, LITHUANIA 181



STUDY ON INFLUENCE FACTORS OF UNDERWATER SHOCKWAVE SENSOR DYNAMIC CALIBRATION.
HONGTAO XU, PENGGANG JIN, ZAN GAO

1.0E+5 T T T v T T T T T T T v T r
/\
7.5E+4

5.0E+4

Pressure

2.5E+4

T T T T T
S
eaaa Lo s a o b oo o 1y oo

0.0

0.08 5.0mS 10.0mS
TIME
Fig. 3. Typical pressure pulse signal generated by model 913B02

Fig. 4. 136A standard sensor

3. Results and discussion
3.1. Analysis of sensor sensitivity coefficient under the calibrations of different silicone oils

In the factory’s certificate of a sensor, there is a description on the traceable source of the
zero-calibrated sensor and its technical indicators. The dynamic calibration device used is the
PCB913B02 sensor calibration device, and the test method used is AT601-8 (NIST). The technical
indicators are mainly sensitivity and linearity. There is no relevant standard in China. According
to the sensor factory’s certificate and the instructions of the calibration device, the calibration
process is carried out at a temperature of 23 °C and a relative humidity of 43 %. Using the different
oils, the sensor is calibrated at 5 points in the measuring range, and the obtained data is straight-
line fitted by the least squares method so as to obtain the sensitivity coefficient.

The dynamic calibration sensitivity coefficient of the two sensors under different silicone oil
systems is shown in Table 2.

Table 2. Dynamic calibration sensor sensitivity coefficient
under different kinds of silicone oil systems

Batch 7525 sensor 7521 sensor
Factory’s certificate 142.7 mv/MPa 141.6 mv/MPa
Sensor’s original-filled oil | 141.82 mv/MPa | 140.85 mv/MPa
1st batch 139 mv/MPa 139.98 mv/MPa
2nd batch 1# 139.13 mv/MPa | 140.11 mv/MPa
2nd batch 2# 140.82 mv/MPa | 140.28 mv/MPa
Home-made sensor oil 144.04 mv/MPa | 143.75 mv/MPa

In the test conditions of five different silicone oil sealed cylinders, the sensitivity coefficients
of the two sensors did not change greatly. The sensitivity of the dynamic calibration of the silicone
oil contained in the sensor is the closest to that of the factory’s certificate. The maximum deviation
between the sensitivity coefficient value and the factory certificate’s value is 1 %.
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3.2. Linearity analysis of the sensor sensitivity coefficient under different silicone oil
calibrations

The sensitivity coefficient of the sensor at each calibration point on its range during calibration
is inconsistent. However, in order to measure which sensor’s applicability is better, the linearity
of its sensitivity coefficient is calculated by using the least squares method in the full-range
segment. The data is shown in Table 3.

Table 3. Dynamically calibrate the sensor’s sensitivity coefficient linearity
under different kinds of silicone oil systems

Batch 7525 sensor | 7521 sensor
Factory’s certificate 0.4 % FS 0.9 % FS
Sensor’s original-filled oil | 0.26 % FS 0.49 % FS
1st batch 0.36 % FS 0.43 % FS
2nd batch 1# 0.63 % FS 1.39 % FS
2nd batch 2# 1.04 % FS 1.97 % FS
Home-made sensor oil 1.5 % FS 1.28 % FS

The linearity of the sensitivity coefficient of the sensor is a characteristic of the sensitive
component itself, but the linearity of its sensitivity coefficient changes with the type of silicone
oil filled in it during the test.

Test the underwater explosion energy for sensors filled with different silicone oils for
applicable comparison.

The test samples are mainly RDX & HMX-based 18 formulas containing AL and B and about
30 g of press-fit explosives with 8# detonator hole. In order to ensure the stability of the test, this
test is to ignite two sensors and the third one is a backup. Using 3 sensors, it is 7525, 7521 and
7500. Among them, the 7525 sensor is filled with the second batch of 1# silicone oil, the 7521
sensor is filled with silicone oil used for home-made sensors, and the 7500 is an undissembled
sensor. In the test process the three sensors were bundled together. It is judged whether the distance
from the sensors to the explosion centre is consistent, based on the arrival time of the shock wave.
By calculating the test dose, the depth entered in the water, and the ranging distance has been
determined, the test results have removed the boundary effect caused by the explosion. The test
system uses Agilent VXI data acquisition instrument, as well as PCB482A05 signal adapter. Data
processing is performed by using self-developed data processing software. The test site is shown
in Fig. 5, which is a pool, a lifting sensor, and an electrical measuring system.

Fig. 5. Pool, lifting sensor, electrical measuring system

The 18 kinds of different formula explosives were sorted out, and the test data obtained from
the underwater explosion was used for the test results. The pressure corresponding to each sensor
was shown in Fig. 6.

When the source of the explosion explodes in the water, the shock wave is transmitted from
the aqueous medium to the sensor’s silicone oil, then to the sensor’s sensitive component

ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479, KAUNAS, LITHUANIA 1 83



STUDY ON INFLUENCE FACTORS OF UNDERWATER SHOCKWAVE SENSOR DYNAMIC CALIBRATION.
HONGTAO XU, PENGGANG JIN, ZAN GAO

tourmaline. In this process, maybe there exists an impedance matching problem among the
acoustic impedance of water and the acoustic impedance of silicone oil and the acoustic impedance
of the sensor casing. The acoustic characteristics of the materials above did not change during the
calibration process of the sensor, among which only the kinematic viscosity change of the silicone
oil is involved. In the process of the shock wave propagating in the silicone oil, its impact process
is very short, and the silicone oil sealed in the sensor cavity is not deformed and is relatively
stationary. Therefore, there is only compressive stress inside the silicone oil. From the Euler
motion differential equation of the ideal fluid, the pressure transmitted to the sensor-sensitive
component tourmaline will not change significantly. It is found in the comparison test of different
explosives that after we changed the different motion viscosity of the silicone oil, the output of
the sensor (the sensitivity coefficient is the dynamic calibration sensitivity coefficient for filling
the silicone oil) under the same explosion source is changed as shown in Fig. 3. This explains that
under the action of shock wave, we cannot ignore the viscosity of the liquid for the process of
transmitting pressure in the sealing the silicone oil. i.e. there is not only stressing pressure but also
shearing stress in this process [6]. At this time, the shearing stress mainly comes from the
momentum exchange between the molecules inside the silicone oil. The silicone oils with different
kinematic viscosities have different shearing stresses during this impact process, and the greater
the kinematic viscosity, the greater the shearing stress. This also causes the pressure of testing the
PCB underwater shock wave sensor with home-made silicone oil to be small. In the underwater
explosion performance test of different formula of explosives, the deviation of testing shock wave
pressure is up to 11 %.
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Fig. 6. Pressure results

4. Conclusions

1) We carried out the dynamic calibration of the sensitivity coefficient of the underwater shock
wave sensor by using the PCB913B02 dynamic calibration device. The calibration principle and
method are feasible.

2) The selection of the liquid medium in the sealed pressure cylinder of the calibration device
affects the calibration result of the sensitivity coefficient, but has little effect on the linearity of
the sensitivity coefficient.

3) As to the calibrating work or liquid medium filled in the PCB138 type of underwater shock
sensor, if we use the silicone oil that is close to the density and kinematic viscosity in the original
type of the PCB138 sensor, the deviation caused by filling different type of media in PCB138
sensor will be reduced in the course of calibrating and using it.
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