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Abstract

This study aims to verify experimentally the specifications of the data acquisition system required for the precise measurement of signals in
an underwater explosion (UNDEX) experiment. The three data acquisition systems with different specifications are applied to compare their
precision relatively on maximum shock pressures from UNDEX. In addition, a method of assessing the acquired signals is suggested by
introducing the concept of measurement uncertainty. The underwater explosion experiments are repeated five times under same conditions, and
assessment is conducted on maximum quantities acquired from underwater pressure sensors. It is confirmed that the concept of measurement
uncertainty is very useful method in accrediting the measurement results of UNDEX experiments.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Survivability against threat weapons by the enemy is an
important factor in designing and constructing naval ships. As
part of such considerations, countries with advanced navy such
as the United States have consistently been conducting lots of
researches, such as design methods for shock hardening,
response analysis methods to shock and so on. They have also
been accumulating of experiment data through naval ship
shock trials and shock tests for shipboard equipment. In Korea,
various research studies e such as study on shock response
analysis of ship structure by underwater explosion, application
research on actual vessels through the development of the
relevant programs and introduction/utilization of commercial
programs, and shock withstand interpretation and performance

test evaluation of equipment and mounting devices e are
actively being conducted by Agency for Defense Development
(http://www.add.re.kr) and Korea Institute of Machinery and
Materials (http://www.kimm.re.kr). The relevant core tech-
nologies in this field are also being secured in a continuous
manner through such efforts (Korean Register, 2014).

Ship shock trial may be conducted to check comprehensive
shock withstand performance for naval vessels with all
equipment under complete construction. The navy in some
advanced countries require ship shock trials for a guide ship of
equivalent class in principle. Ship shock trial is a necessary
process for verifying the shock reinforcement measures
applied to the target ship and equivalent-class ships, con-
firming the validity of the applied standards and criteria,
drawing improvement points for follow-up of the same class
with equivalent quality, and establishing the basis for setting
the shock reinforcement requirements for future vessels (Mair
and Reese, 1999). In addition, it is necessary to measure
various signals such as pressure, acceleration, etc. as data for
setting the standards for future designs and constructions as
well as other engineering works, and these signals are
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evaluated as meaningful resources that can be used for anal-
ysis of shock response results. Park et al. developed a mea-
surement equipment system for acquiring the shock pressure
on the hull from underwater explosion and the response to
shock from the hull and its equipment in order to utilize it on
the ship shock trial of mine sweeping hunter (Park et al.,
2003a; Park et al., 2003b).

Since ship shock trial requires a lot of budget, studies using
small-sized model ships are being conducted. Chen et al.
(2009) have experimentally investigated the dynamic
response of scaled ship model using rubber sandwich with the
square honeycomb core coatings subjected to underwater ex-
plosion. Wang et al. (2014) have performed experimental tests
and numerical analyses in order to investigate the transient
dynamics and failure mode of a ship-type box structure
(STBS) subjected to non-contact, near-field underwater ex-
plosion (UNDEX). The UNDEX experiments are conducted
by setting small explosive charge under the floating STBS
directly. Kwon et al. conducted a research for performing an
underwater explosion trial for small-sized model ships,
measuring the response to shock from the model ship, and
comparing the result with the M&S (modeling & simulation)
results (Kwon et al., 2015; Kwon et al., 2016).

In general, input to the vessel on the underwater explosion
experiment is the shock pressure that occurs due to the
explosive, and output is the structural response by the vessel
(acceleration, velocity, deformation, etc.). Therefore, it is
extremely important to measure accurately the shock pressure
generated by the explosive. This study aims to verify experi-
mentally the specifications of the data acquisition system
(DAQ system) required for the precise measurement of signals
in an underwater explosion experiment. The three data
acquisition systems with different specifications are applied to
compare their precision relatively. In addition, a method of
assessing the acquired signals is suggested by introducing the
concept of measurement uncertainty (JCGM, 2008; ISO,
2011). The underwater explosion experiments are repeated
five times under same conditions, and assessment is conducted
on maximum quantities acquired from underwater pressure
sensors.

2. Data acquisition system

In order to evaluate the effects of Analog-Digital Converter
(ADC) resolution and sampling rate of the data acquisition
system (DAQ system) on the measurement results, three
DAQ systems were selected. Products of the same
manufacturer (National Instruments, NI) were chosen to
minimize the effects of the unique characteristics of the
DAQ system. The models and major specifications of the
three DAQ systems are shown in Table 1.

System No. 1, which has 24-bit ADC resolution, allows
51,200 samplings per second, whereas system No. 2, which
has 24-bit ADC resolution, allows 204,800 samplings per
second. Thus, system No. 2 has four times' higher sampling
rate capacity than that of system No. 1. System No. 3, which
has 10-bit resolution, allows 12,500,000 samplings per second.

While the ADC resolution is smaller than others, the sampling
rate is much huge over 50 times. Each DAQ system was
connected with a computer to collect and save the data.

The sensor used for this experimental research is under-
water pressure sensor of PCB (http://www.pcb.com). It is a
sensor for measuring shock pressure generated by underwater
explosion, and its model name is W138A10 (PCB
Piezotronics, 2016). W138A10 is an ICP-type sensor that
produces output within ±5 V, and its maximum measurement
pressure is 68,950 kPa. The sensitivity of the sensor is
0.073 mV/kPa, and the resolution of the sensor itself is
0.14 kPa (¼0.010 mV). The resonant frequency of the sensor
itself is known to be more than 1000 kHz, and the rise time is
less than 1.5 ms.

The output resolution of the sensor can be expressed by Eq.
(1) below.

ðMax: output�Min: outputÞ�2bit No: ð1Þ
Thus, a DAQ system with 10-bit resolution has output

resolution of (10 V)/210 ¼ 9.77 mV. On the other hand, one
with 24-bit resolution has output resolution of (10 V)/
224 ¼ 0.60 mV. Therefore, DAQ system No. 3 can secure a
precision of 16,000 times or more as compared with the sys-
tem No. 1. In order to utilize fully the resolution of the sensor,
it can be assumed that a DAQ system with a resolution 20-bit
or more from (10 V)/2x ¼ 0.010 mV would be appropriate.

In order to meet the rise time of the sensor, the sampling
rate must be equal to or greater than (1/rise time). Therefore, it
can be predicted that the sampling rate should be 700,000 or
more per second. Assuming that more than 20 points per cycle
are required in order to clearly represent the signal waveform
measured in the time domain, the frequency of the waveform
that can be measured in each system can be expected to be
around 1/20 of the sampling rate. Therefore, the system No. 3
can be observed up to the frequency of 625 kHz in the time
domain. As such, if we examine only the sensor side, the ADC
resolution specification of systems No. 1 and No. 2 are
assessed to be satisfactory, but the sampling rate is estimated
to be insufficient. On the other hand the system No. 3 is
evaluated to have unsatisfactory ADC resolution.

3. Underwater explosion experiment and measurement
result

As shown in Fig. 1, an underwater explosion experiment
was conducted in a water tank with diameter of 22 m and

Table 1

Data acquisition systems.

System No. 1 System No. 2 System No. 3

Model Name NI 9234a NI-PXIe-4497b NI PXIe-5160c

Sampling Rate 51.2 kS/s 204.8 kS/s 12.5 MS/s

ADC Resolution 24-bit 24-bit 10-bit

a Data Sheet NI 9234 (NI, 2016a).
b NI 449x Specification (NI, 2016c).
c Device Specification NI PXIe-5160 (NI, 2016b).
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depth of 15 m. A 1 kg explosive (TNT) was installed in the
center of the water tank, and three underwater pressure sensors
were installed at a radius of 2 m, 4 m, and 6 m, respectively.
The installation depth of the explosive and the sensors is 5 m.
The three aforementioned DAQ systems were used for col-
lecting the experiment data.

Among the experiment results, Fig. 2 shows the signals
measured by pressure sensor #1 and DAQ system No. 2. It can
be checked that shock wave pressure due to underwater ex-
plosion, reflected wave pressure from the wall of the water
tank, and pressure from bubbles were measured.

In this study, only the shock wave pressure part is consid-
ered. The signals collected from each sensor and DAQ system
are analyzed and only the shock wave part is shown in Fig. 3,
and a similar pattern can be seen.

The underwater shock wave generated by the explosion is
superimposed on the hydrostatic pressure. The pressure history
of the shock wave at a fixed location starts with an instanta-
neous pressure increase to a peak followed by a decline. That,
initially, is usually approximated by an exponential function.
The peak pressure in the shock front depends on the size of the
explosive charge and the stand-off distance from this charge at
which the pressure is measured. Peak pressure pm is expressed
by the empirical equation of Cole (1948) as the following
empirical formula:

pm ¼ K$

�
W1=3

R

�A

ðunit :MPaÞ ð2Þ

11
m

6
m

4
m

2
m

pressure sensor #1

pressure sensor #2

pressure sensor #3

explosive (TNT)

Fig. 1. Configuration of the experimental test.

Fig. 2. Pressure signal measured from the DAQ system No. 2.

591S.-J. Moon et al. / International Journal of Naval Architecture and Ocean Engineering 9 (2017) 589e597



where K and A are constants that depend on the explosive
charge type. For example, according to the value presented in
Bradley (1991) for TNT, K ¼ 52:4, A ¼ 1:13. W is the weight
of the explosive charge in kilograms. R is the distance between
the explosive charge and target (sensor) in meters.

The maximum pressure of shock wave was extracted from
Fig. 3 and summarized in Table 2. Relative difference was also
calculated based on the value predicted from Eq. (2) for each
measured pressure. It can be checked that, while DAQ system
No. 1 has a relative difference of about 20%, DAQ systems
No. 2 and No. 3 show relative difference about 5%.

From Fig. 3, the time interval between peaks from values at
each peak was summarized in Table 3. Since each sensor was
installed at interval of 2 m, the time interval between peaks

should have a certain value. That value can be calculated from
the sound speed in water and the distance theoretically. The
sound speed in water can be calculated from the following
empirical equation (Wilson, 1960):

Fig. 3. Measured incident pressure signals.

Table 2

Maximum pressure and relative difference.

Distance System No. 1 System No. 2 System No. 3 Equation (2)

2 m 19.52 MPa

18.5%

23.09 MPa

3.6%

24.06 MPa

0.5%

23.94 MPa

4 m 8.68 MPa

20.7%

11.20 MPa

2.4%

10.38 MPa

5.1%

10.94 MPa

6 m 6.27 MPa

9.4%

6.85 MPa

1.0%

6.79 MPa

1.9%

6.92 MPa
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C ¼ 1449þ 4:6t� 0:055 t2 þ 0:0003 t3

þ ð1:39� 0:012 tÞðS� 35Þ þ 0:017 d ð3Þ
Here, C is the speed of sound in m/s, and t; S; d refer to

water temperature (�C), salinity (%), and depth (m), respec-
tively. The time between 2 m distance can be calculated using
Eq. (3). Table 3 shows that DAQ system No. 3, whose sam-
pling rate is relatively large (12.5 MS/s), shows a constant
value. In addition, Table 4 shows the slope for reaching the
peak from 0, which is calculated to examine the influence of
the sampling rate. Ideally, it should have an infinite value
because it corresponds to an impulse. Table 4 shows that DAQ
systems No. 2 and No. 3, which have relatively large sampling
rates, have larger slope compared to system No. 1. However,
the difference between DAQ systems No. 2 and No. 3 cannot
be clearly determined.

The following conclusions can be drawn from the experi-
ment results above:

� The reliability of the measurement results of DAQ system
No. 1, which has the lowest sampling rate, is considered to
be relatively low.

� DAQ systems No. 2 and No. 3 show almost equal level of
results, and they are highly reliable because they have high
agreement with the empirical formula, Eq. (2).

� In the DAQ system for the underwater explosion experi-
ment, sampling rate and ADC resolution are thought to
have a complementary relationship. That is, if the sam-
pling rate is very high, ADC resolution may be lowered; if
the ADC resolution is high, sampling rate is rather low, but
the effect on the measurement result is small.

4. Assessment method of measurement results

4.1. Estimating the uncertainty of measurement results

Measurement uncertainty was calculated in order to ensure
the reliability of the measurement results of the underwater
explosion experiment. In the previous Section 3, it was
confirmed that the difference between DAQ systems No. 2 and
DAQ system No. 3 was not large. Further experiments were
performed using only DAQ system No. 3. First, the experiment

conducted in Section 3 was repeated five times in the same
manner under the same conditions. Note, however, that four
underwater pressure sensors were installed at intervals of 2 m,
4 m, 6 m, and 8 m. Measurement uncertainty was calculated
only for the maximum magnitude value of the incident wave
pressure. Table 5 presents the maximum pressure by analyzing
the results of five experiments.

Uncertainty can be divided into Type A evaluation of un-
certainty and Type B evaluation of uncertainty. Type A un-
certainty is an evaluation method that uses statistical analysis
for repetitive measurements, whereas Type B uncertainty is an
evaluation method that assumes a probability density function
that the measured values may have using existing information
or literature to be. Type B uncertainty evaluation is utilized
when statistical analysis cannot be used (JCGM, 2008).

In most cases, measured quantity y is not directly measured,
but is determined from N number of inputs x1; x2; / xN
using functional relation f ðxÞ which is called the measurement
equation by the following equation:

y¼ f ðx1;x2;/xNÞ ð4Þ
As described above, some measurement equipments are

required in order to measure the pressure of the shock wave. In
this experiment, underwater pressure sensors, a signal condi-
tioner/amplifier, and the DAQ system No. 3 were used. The
measured values from each equipment possess uncertainty on
their own, and the size of uncertainty can be checked using the
calibration report of each equipment. The uncertainty due to
the proficiency of the person conducting the test may be taken
into consideration as well. In this paper, only the uncertainty
of underwater pressure sensor and DAQ system No. 3 was
considered. For the DAQ system No. 3, uncertainty on its own
and uncertainty from ADC resolution were considered.

Using Eq. (4), a model equation for the measurement of
maximum pressure can be expressed as the following Eq. (5).

pm ¼ pm;0 þ dsensor þ dDAQ ð5Þ
Here, pm;0 is repetitive measurement, and dsensor and dDAQ

are correction values for sensors and the DAQ system No. 3.
pm;0 is equal to the values presented in Table 5. Information
written on the calibration report of each equipment is shown in
Table 6 below.

In this experiment, five repetitive experiments were con-
ducted to measure the maximum pressure (pm;0) at each sensor
location as shown in Table 5. In order to estimate the uncer-
tainty of the maximum pressure measured, average, standard
deviation, and degrees of freedom (D.O.F.) were summarized

Table 3

Time difference between peaks.

Distance System No. 1 System No. 2 System No. 3 Equation (3)

2 m 1.347 ms

1.328 ms

1.328 ms

1.342 ms

1.343 ms

1.346 ms

1.333 ms

1.333 ms4 m

6 m

Table 4

Slope from zero to peak.

Distance System No. 1 System No. 2 System No. 3 Ideal

2 m 511 GPa/s 1579 GPa/s 2290 GPa/s ∞
4 m 220 GPa/s 1181 GPa/s 740 GPa/s ∞
6 m 173 GPa/s 775 GPa/s 517 GPa/s ∞

Table 5

Maximum pressures of measurement results.

Distance

(m)

1st Test

(MPa)

2nd Test

(MPa)

3rd Test

(MPa)

4th Test

(MPa)

5th Test

(MPa)

Equation (2)

(MPa)

2 24.06 23.72 22.95 22.84 22.93 23.94

4 10.38 10.36 10.36 10.33 9.53 10.94

6 6.79 8.20 7.97 6.29 5.81 6.92

8 5.01 4.91 4.57 4.73 4.36 5.00
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as shown in Table 7. The standard uncertainty from repeated
measurements uðpm;0Þ is calculated using the following Eq.
(6).

u
�
pm;0

�¼ std
�
pm;0

�� ffiffiffi
n

p ð6Þ
Here, std and n are the standard deviation and number of

repetitions, respectively. The degree of freedom is calculated
from n number of independent measurements, and it is ðn� 1Þ
for simple cases. As shown in Table 7, the uncertainty esti-
mated through repetitive experiments is Type A uncertainty.

Table 6 shows that the uncertainty for the pressure sensor is
expressed as the relative uncertainty, and that it is Type A
uncertainty evaluation. Using the average value of the
measured maximum pressured, its conversion into absolute
uncertainty is shown in the following equation:

uðdsensorÞ ¼ 3%

k
� ðAverage of Max: PressureÞ ð7Þ

Meanwhile, the uncertainty for the DAQ system No. 3 is
expressed as an absolute value. Note, however, it is necessary
to convert it into a pressure unit. Using the sensor sensitivity
(0.073 mV/kPa), it can be expressed as Eq. (8) below.

uðdDAQ;1Þ ¼ 1 mV

k

�
ð0:073 mV=kPaÞ ¼ 6:85 kPa ð8Þ

Moreover, uncertainty on the ADC resolution of DAQ
system No. 3 was considered additionally. The DAQ equip-
ment used for measurement has its resolution, and its
maximum input voltage is ±5 V. Therefore, voltage resolution
is approximately 9.766 mV (¼ 10 V/210). Consequently, the
uncertainty of DAQ system No. 3 by resolution is Type B
uncertainty evaluation and its probability distribution can be
presumed to be a symmetrical rectangle. This is Type B un-
certainty evaluation, and uncertainty can be calculated from
the equation below. The D.O.F. for the Type B uncertainty
evaluation is ∞.

uðdDAQ;2Þ ¼ 9:766 mV

2

� ffiffiffi
3

p .
ð0:073 mV=kPaÞ ¼ 38:62 kPa

ð9Þ
The estimated uncertainty in Table 7 should be used to

calculated the uncertainty of maximum pressure (pm), which is
called combined uncertainty (uc). If combined uncertainty
inputs x1; x2;/xN do not have any correlations e in other
words, if they can be obtained independently e combined
uncertainty can be obtained using Eq. (4) and Eq. (10) below.

u2cðyÞ ¼
XN
i¼1

	
vf

vxi


2
u2ðxiÞ ¼

XN
i¼1

½ciuðxiÞ�2 ð10Þ

uðxiÞ is the standard uncertainty of xi, and ci is called sensitive
coefficient. Using Eq. (10), the sensitive coefficient for each
measurement in Eq. (5) is calculated to be 1. On the other
hand, the calculation of the D.O.F. for combined uncertainty is
known to be very complicated. It is derived by calculating the
effective degree of freedom (veff ) using the Welch-
Satterthwaite formula (Satterthwaite, 1946) below.

veff ¼ u4cðyÞXN
i¼1

½ciuðxiÞ�4
vi

ð11Þ

Table 8 shows the values calculated from Eqs. (5)e(11).
For the case with distance of 2 m, its values were summarized
as in Table 9 as representative. The combined uncertainty uc
can generally be used to express the uncertainty of the
measured value. But a measure for uncertainty can define a
certain section around the measurement result which is ex-
pected to include most of the distribution consisting of rational
estimation of the measured value. It is required for special
cases in commercial or industrial areas, for utilization in
regulations, or for cases related to safety and health. Such
additional measure for uncertainty is called expanded uncer-
tainty. If the effective D.O.F. is greater than 10, expanded
uncertainty is expressed with confidence interval of about 95%
using the coverage factor (k) of 2.

Table 10 shows the expanded uncertainty at each distance,
including that in Table 9. The range of the maximum pressure
measured five times can be expressed as a
(average ± uncertainty) at 95% confidence level, and it can be
checked whether the predicted value from Eq. (2) is included.
In Table 10, it is confirmed the predicted values from Eq. (2)
are within the range of the maximum pressure except for the
measurement results at distance of 4 m. Therefore, the

Table 6

Calibration information of pressure sensor and DAQ system No. 3.

Corrective

value

Uncertainty

(ab. 95% level of

confidence, k ¼ 2)

Pressure Sensor 0 3%

DAQ System No. 3 0 1 mV

Table 7

Standard uncertainty of maximum pressure.

Distance

(m)

Average

(MPa)

Standard

deviation

(MPa)

Standard

uncertainty

(MPa)

D.O.F.

2 23.30 0.553 0.247 4

4 10.19 0.370 0.166 4

6 7.01 1.042 0.466 4

8 4.72 0.261 0.117 4

Table 8

Standard uncertainty of pressure sensor and DAQ system No. 3.

Distance (m) Average

(MPa)

uðdsensorÞ
(MPa)

uðdDAQ;1Þ
(MPa)

uðdDAQ;2Þ
(MPa)

2 23.30 0.350 0.007 0.039

4 10.19 0.153 0.007 0.039

6 7.01 0.105 0.007 0.039

8 4.72 0.071 0.007 0.039
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measured maximum pressure values at distance 2 m, 6 m, and
8 m can be assessed as valid at the 95% confidence interval.

4.2. Estimating uncertainty for empirical formula,
equation (2)

The validity of the experiment result can be verified using
empirical formula, Eq. (2), as described in Section 4.1. But Eq.
(2) includes factors of measurement uncertainty as well since
the weight of TNT (W) and distance from explosive (R) must
be measured in order to use Eq. (2). Therefore, uncertainty for
Eq. (2) was evaluated in the same manner described in Section
4.1.

To measure weight and distance, an electronic balancer and
a steel tape scale were used, respectively. The uncertainty of
each equipment as written in its calibration report is shown in
Table 11.

Using Eq. (4), the model equation for maximum pressure
estimation equation can be expressed as Eqs. (12)e(14) below.

pm ¼ K$

�
W1=3

R

�A

ð12Þ

W ¼W0 þ delectronic balancer ð13Þ

R¼ R0 þ delectronic scale ð14Þ
First, Table 12 shows the uncertainty of explosive weight

(W) and distance from explosive (R) in Eqs. (13) and (14). The
procedure was omitted, since it is the same as the descriptions
in Section 4.1. Note, however, that information for distance
(R) was only for the case of 2 m. The resolution of electronic
balancer and steel scale measure is 1 g and 1 mm, respectively.

Next, uncertainty of maximum pressure was estimated
based on the combined uncertainty and degree of freedom in
Eq. (12) and Table 12. While all procedures are the same as
those in 4.1, the sensitivity coefficient of Eq. (10) is expressed
by the following equations:

c1 ¼ vpm
vW

¼ K$A$
1

3

�
1

R

�A

W
A
3�1 ð15Þ

Table 9

Measurement uncertainty for distance of 2 m.

pm;0 dsensor uðdDAQÞ
Uncertainty 0.247

(MPa)

0.350

(MPa)

0.007 (MPa) 0.039 (MPa)

Sensitive coefficient 1 1 1 1

D.O.F. 4 ∞ ∞ ∞
Combined uncertainty 0.430 (MPa)

Effective D.O.F. 36

Expanded uncertainty 0.860 (MPa)

Table 10

Expression of measurement uncertainty.

Distance (m) Average

(MPa)

Uncertainty (MPa)

(ab. 95% level of

confidence, k ¼ 2)

Equation (2)

(MPa)

2 23.30 0.86 23.94

4 10.19 0.46 10.94

6 7.01 0.96 6.92

8 4.72 0.29 5.00

Table 11

Calibration information of balancer and tape scale.

Corrective

Value

Uncertainty (ab. 95% level of

confidence, k ¼ 2)

Electronic Balancer (Weight) 0 3%

Steel Scale (Distance) 0 3%

Table 12

Measurement uncertainty for explosive weight and distance of 2 m.

W0 delectronic balancer R0 dsteel scale

Average 1.000 (kg) e e 2.000 (m) e e

Uncertainty 0 (kg) 0.015 (kg) 0.003 (kg) 0 (m) 0.030 (m) 0.0003(m)

Sensitive coefficient 1 1 1 1 1 1

D.O.F. 0 ∞ ∞ 0 ∞ ∞
Combined uncertainty 0.015 (kg) 0.030 (m)

Effective D.O.F. ∞ ∞

Table 13

Measurement uncertainty for distance of 2 m.

W R

Uncertainty 0.015 (kg) 0.030 (m)

Sensitive coefficient 9.0 �13.5

D.O.F. ∞ ∞
Combined uncertainty 0.428 (MPa)

Effective D.O.F. ∞
Expanded uncertainty 0.856 (MPa)

Table 14

Expression of measurement uncertainty on Eq. (2).

Distance (m) Average (MPa) Uncertainty (MPa) (ab. 95%

level of confidence, k ¼ 2)

2 23.94 0.86

4 10.94 0.40

6 6.92 0.25

8 5.00 0.18
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c2 ¼ vpm
vR

¼ K$ð �AÞ$
�
W

1
3

�A

$

�
1

R

�Aþ1

ð16Þ

Typically, the numerical values are listed in Table 13 for a
distance of 2 m. Table 14 shows the measurement uncertainty
for each distance. Table 10 presents the measurement uncer-
tainty for the measurement results, and Table 14 shows the
measurement uncertainty for Eq. (2). A comparison of the
values in Table 14 is shown on Fig. 4. It is confirmed that the
range of the measured maximum pressure and value predicted
from Eq. (2) is overlapped each other. Therefore, all of
measured maximum pressure values are assessed as valid at
the 95% confidence interval.

5. Conclusions

In order to verify experimentally the specifications of the
data acquisition system (DAQ system) that is required for the
precise measurements of signals from the underwater explo-
sion experiment, this study have measured the maximum
pressure of shock wave from three data acquisition systems
with different specifications and compared their magnitudes
with empirical formula. The following conclusions were
drawn:

� When considering only the specifications of the sensors
used in this experiment, it is expected that a data acqui-
sition system capable of ADC resolution of 20-bit or more
and sampling rate of 700,000 samples per second is
required.

� The equipment with 24-bit ADC resolution and 204.8 kS/s
sampling rate and the equipment with 10-bit ADC reso-
lution and 204.8 kS/s sampling rate show almost equal
level of results, and the agreement with empirical formula
is confirmed to be within 5%.

� Sampling rate and ADC resolution are evaluated to be
complementary relationship. In other words, ADC reso-
lution may be low if sampling rate is very high, and if the

ADC resolution is high, the effect on the measurement
result will be small even if sampling rate is somewhat low.

In addition, the concept of measurement uncertainty was
used to conduct accreditation on the measured signals using
statistical methods. A series of methods for calculating mea-
surement uncertainties, such as establishment of measurement
equation e calculation of standard uncertainty e calculation
of combined uncertainty e calculation of expanded uncer-
tainty, was introduced. This was used in measuring the
maximum pressure of underwater explosion in order to draw
the following conclusions:

� Measurement equipments are used for all experiments,
and all measurement equipment have uncertainty on their
own. Therefore, when assessing the measured signals, the
uncertainty of the measurement equipment that were
used must be considered in order to obtain satisfactory
results.

� If there are factors of uncertainty in the empirical formula,
the uncertainty of the empirical formula must be consid-
ered in order to perform the evaluation completely.

� Using the concept of measurement uncertainty is assessed
to be a very useful method in accrediting the measurement
results of experiments.
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