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ABSTRACT: In this study, a particle image velocimetry (PIV)-based pressure estimation method was investigated, with application to the
wave-in-deck loading phenomenon. An experimental study was performed in a two-dimensional wave tank using a fixed deck structure under a
focused wave, obtaining local pressures by pressure sensors, global loads by load cells, and instantaneous velocity fields using the PIV
measurement technique. The PIV-based pressure estimation method was applied using the Euler equation as the governing equation, and the
proper time step for the wave impact pressure was studied using the normalized root-mean-square deviation. The pressure estimation method
showed good agreement for the local impact pressure in comparison with the measured pressure by the pressure sensors. However, some differences
were observed in the peak pressure due to the limitations of the Euler equation and the sampling rate of the measurement system. Using the
estimation method, the pressure fields during wave-in-deck loading were determined in the study, with an analysis of the mechanism of impact

and negative pressure occurrence.

1. Introduction

Ships and offshore structures operating in harsh marine
environments are easily exposed to wave impact loads such as green
water and slamming due to high waves, and wave-in-deck loads of
offshore structures. This can cause great damage to ships and offshore
structures, or even cause capsizing (Faulkner, 2001; Ersdal and
Kvitrud, 2000; Faltinsen, 2005; Kaiser et al., 2009). For the structural
safety design of ships and offshore structures that can overcome the
impact load caused by waves, the structural design criteria must first
be established with an accurate estimation on the external force along
with a quantitative understanding of the flow characteristics of the
wave impact load. To this end, various experimental or numerical
studies are being conducted to measure the pressure applied on the
occurrence of wave impact loads and to quantitatively analyze the flow
characteristics that cause them. The following representative studies
have been conducted, and many other studies are currently being
conducted: a study on the flow characteristics of the green water

phenomenon that occurs in a simplified shape, and the measurement of

the impact load by measuring the pressure applied on the deck and
upper structure when a green water phenomenon occurs (Buchner and
Voogt, 2000; Lim et al., 2012; Lee et al. , 2020); an impact mechanism
analysis using pressure measurement of the slamming phenomenon
occurring at the leading edge, and a wedge-shaped model (Faltinsen et
al., 2004; Shams et al., 2017; Oh and Jo, 2015; Xie et al., 2018); and an
experimental pressure measurement and flow characteristics study on
the wave-in-deck load (Abdussamie et al., 2014; Duong et al., 2019).
Most of these studies experimentally measured and analyzed the
pressure applied on the surface of the structure by using pressure
sensors, and qualitative analysis was mainly performed on the flow
characteristics that cause impact loads. However, it may be
challenging to apply the Froude similarity when the impact pressure is
measured using a pressure sensor (Rouse, 1959), which is widely used
in experimental studies due to the nonlinearity and uncertainty of the
phenomenon itself (Ariyarathne et al., 2012). In addition, the pressure
sensors can only measure pressure locally, which can create flow
disturbance due to direct contact between the fluid and the sensor. In

order to solve these problems, a method of estimating the impact
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pressure using the surrounding flow velocity has been recently
proposed (van Oudheusden, 2013). Thus far, the penetration method
using conduction and resistance devices has mainly been used as an
experimental method for measuring the flow velocity around ships and
offshore structures, and a method using optical fibers has also been
used (Chanson, 1997). However, these contact-type flow rate
measurement methods generate disturbance of the surrounding flow
due to direct contact with the fluid. Moreover, many non-contact flow
rate measurement methods, which are used to measure the flow
velocity through external optical image measurement, have been
developed in order to overcome this shortcoming. Particle image
velocimetry (PIV) is used to study the dynamics of various fluid
properties, such as flow velocity and compressible fluids. PIV can be
used to measure the position of particles in a fluid through optical
image measurement without disturbing the flow, and to measure the
velocity over the entire flow in the field of view at the same time. It is
also used for high-precision verification of computational fluid
dynamics (CFD) simulation, since it can provide the characteristics of
the velocity field (Nila et al., 2013; Lee et al., 2016; Kim et al., 2019;
Kim et al., 2020). This PIV-based velocity field measurement method
can apply the Froude similarity to velocity, and can estimate the
pressure field rather than the local pressure at the same time; thus, it is
expanding its application range as an experimental pressure estimation
method.

The pressure estimation method using the instantaneous velocity
field measured through PIV was first applied in the field of
aerodynamics. Van Oudheusden (2013) showed the applicability of
the pressure and load estimation method through the flow field around
the wing measured using PIV, and this pressure estimation method
was applied to various shapes, including the wing (De Gregorio, 2006;
Spedding and Hedenstrém, 2009). In the field of marine engineering, a
study was conducted using the velocity field measured by PIV to
calculate the internal pressure and acceleration of a fluid in waves
(Jakobsen et al., 1997). Panciroli and Prfiri (2013) estimated the
pressure during free fall of a wedge-shaped structure using the velocity
field measured through PIV, and compared and verified the results
with potential theory. Kim et al. (2020) investigated the damping
mechanism in the roll motion of a rectangular-shaped structure in
waves using the surrounding velocity field measured through PIV, and
compared the estimated pressure with the CFD analysis results. These
studies showed the accuracy and applicability of the pressure field
estimation method using the velocity field measured using PIV.

In this study,
experimentally implemented, and a study was conducted on the

the wave-in-deck load phenomenon was
application of the pressure estimation method using the instantaneous
velocity field of the surrounding flow measured through PIV. A
method of estimating pressure was proposed using the instantaneous
velocity field of fluids based on the Euler equation, and measuring the
local pressure for the wave impact load caused by the interference of
the wave generated by the method of overlapping the regular wave
with the deck structure fixed in the two-dimensional wave tank. The

pressure estimation characteristics were compared depending on the
time interval between the velocity fields for the instantaneous
acceleration calculation, and a time interval setting method for
accurate impact pressure estimation was proposed. In addition, a
hydrodynamic analysis study was conducted on the mechanism of
pressure generation of wave-in-deck loads by estimating the
significant pressure field around the structure when an impact load

occurs.
2. Theoretical Background

In order to estimate the pressure around the structure by using the
instantaneous velocity field measured through PIV, the two-
dimensional inviscid Euler equation is used as the governing equation
in this study. The pressure gradient of the fluid in the PIV field of view
can be estimated through the Euler equation-based Egs. (1)—(2).
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where p denotes pressure, p denotes fluid density, ¢ denotes time, = and
z denote the Cartesian coordinate systems in the horizontal and vertical
directions, respectively, and v« and w denote the instantaneous
velocities for =z and =z, respectively. The spatial and temporal
acceleration terms of the fluid at time ¢ in Egs. (1) and (2) were
calculated by applying the central difference method (Egs. (3), (4)) for

the continuous velocity field measured through PIV, as shown in Fig. 1.

ou _ulz+hzt)—ulz—hzt)

o o= o ®
al( 1) = ulx,z,t +ndt) —ulzx,z,t —ndt) @
o YT 2nét

where & denotes the time interval between images measured through
PIV, h denotes the space interval between each vector, and n denotes
the number of images between continuous velocity fields used in the

acceleration calculation.
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Fig. 1 Time step between each velocity field for calculation of
acceleration
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Fig. 2 Pressure integration scheme in the study
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Fig. 3 Spatial forward integration method

The forward difference (Eq. (5)) and the backward difference (Eq.
(6)) were used according to the location to calculate the spatial
difference at the edge of the PIV field of view.
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The pressure field of the fluid in the field of view was measured by
applying spatial integration to the pressure gradient in the fluid field
measured through the above process. The schematic spatial integration
process is shown in Fig. 2. First, the pressure at the free surface is
assumed to be atmospheric pressure, and the measured pressure
gradient along the line L1 perpendicular to the z-axis direction is
integrated for an arbitrary point A on the free surface. Then, the
pressure for an arbitrary point B on the L1 line is measured through
integration in the « direction and —z direction along L2 perpendicular
to L1. Based on the measured pressures on L1 and L2, the space
marching integral (Eq. (7)) (Baur and Kongeter, 1999) is used to
measure the pressure of the rest of the field, as shown in Fig. 3. Next,
the pressure field for a location other than point A on the free surface
was measured in the same way, and the average value of each location
of the pressure field measured in each measurement process was used
as the final pressure field.

p(s) IP(S,ﬁf)+/S Vp e ds @)

s,

where 5., denotes a reference position, and s denotes a spatial

position to be calculated.

3. Wave-in-Deck Load Experiment Method

3.1 Experimental Conditions

In order to examine the accuracy of the PIV-based impact pressure
estimation method, the results were compared and verified by applying
it to a model experiment (Duong et al., 2019) for wave-in-deck loads.
The model experiment was conducted in a two-dimensional wave tank
(32 m long, 0.6 m wide, 1 m deep) equipped with a piston-type wave
maker and an inclined wave absorber, as shown in Fig. 4. The
dimension of the deck structure was determined by referring to a
jacket-type structure operating in the Gulf of Suez area with a similar
ratio of 1:56 (Table 1). In addition, the breadth of the structure was set
to 0.60 m, equal to the breadth of the tank, in order to exclude the
three-dimensional effect of the impact load phenomenon.

In this experiment, a focused wave made with two regular waves
with having different periods and wave heights was used to implement
the deck impact load in extreme environments and to exclude the
effects of previous waves. The focused wave has a relatively strong
nonlinearity compared to the regular waves, and the main variables for
the wave height and period of each regular wave used for the focused
wave and the wave nonlinearity (Myrhaug and Kjeldsen, 1986) are
listed in Table 2. In this experiment, the velocity field and pressure
were measured when the wave-in-deck load occurred due to the
focused wave. The time series of the waves used is shown in Fig, 5,

i 0.40m

x - T

LC1 LC3
Wave ,., s ,., 060m
maker L2 . . L4

32m

(a) Plan view

Load Cell Support
dc

15m 0.40m
Wave 3
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(b) Side view Wave absorber

Fig. 4 Schematics of experimental setup

Table 1 Principal dimensions of prototype and model

Prototype Model

Length (m) 22.00 0.40
Breadth (m) 18.00 0.60
Water depth (m) 33.50 0.60
Deck clearance (m) 4.56 0.06

Table 2 Specifications of component and focused waves

Component 1 Component 2
Period (s) Height (m) Period (s) Height (m)
1.04 0.108 1.25 0.109
Focused Wave
Hm Hm Hm L6 L6 7,6 7,0

0.093  0.054  0.047 0.25 0.22 1.11 1.10
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Fig. 5 Time history of focused wave

where A, denotes the crest height, A, denotes the trough height, 7
denotes the wave height, 77 and 7; denote the time taken for the wave
to reach the crest from the average surface, and to reach the average
surface from the crest, respectively, and 7,

up-crossing and zero down-crossing periods, respectively. Each

and 7}, denote the zero

variable is schematically shown in Fig. 5.

The deck structure used in the experiment was fixed at a distance of
15 m from the wave maker, all experiments were conducted at a depth
of 0.60 m, and measurements were performed immediately before the
reflected wave from the wave absorber returned to the experiment site.
Details on the experimental conditions and the implementation of
overlapping waves are shown in Duong et al. (2019) and Duong
(2019).

3.2 Pressure Measurement Method

Five pressure sensors were used to measure the wave impact load
applied vertically on the lower deck (Fig. 6). A piezo-resistive type
pressure gauge (Kistler 4043A2) that can measure both static and
dynamic pressure at the same time was used as the pressure sensor,
which was installed at five points in the center of the deck, spaced at
equal intervals. The sampling rate of the pressure sensor was set to 5
test for the load.

Post-processing was performed using a finite impulse response (FIR)

kHz through a pre-convergence impact
low-pass filter to remove noise from the measured pressure signal. The
cutoff frequency and filter order of the FIR filter were 150 Hz and 91st
order, respectively, using the method proposed by Lee et al. (2020).

}L P1 P2 P3 P4 P5

. = [ @@-@ @@ 0sm
Wave

Direction

Fig. 6 Location of pressure sensor installations

3.3 PIV Measurement Setup and Method
In this study, the PIV technique was applied for the measurement of
the instantaneous velocity field around the structure when the wave-in-

Load Cell SnE'Eort
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0.60m

e — Wave absorber

P |

Fig. 7 Experimental setup for PIV measurement

deck load was generated, as shown in Fig. 7. The particles used for PIV
measurement had a neutral buoyancy of 57 um in diameter and a
specific gravity of 1.02. A continuous laser [maximum 8 W,
wavelength () 532 nm] was used as a light source for the reflection of
the particles.

In terms of the PIV image, a high-speed charge-coupled device
(CCD) camera (Redlake Y5) with a resolution of 2352 x 1728 pixels
and a 105-mm optical lens (Nikkon, f# 2.8) were used to acquire 500
images per second (& = 500 Hz) for a field of 0.44 x 0.32 m”.

Adaptive cross-correlation (Theunissen et al., 2007, Eq. (8)) was
used to increase the calculation accuracy by changing the size of the
interrogation area to calculate the particle velocity for the measured
image. The interrogation area was set to decrease from 256 X 256
pixels to 64 x 64 pixels, and the interval between the finally calculated
velocity vectors was 5.95 mm by applying 50% overlap.

M—1N-1

AAz,Ay) = ﬁvz Z flm,n)glm+ Az,n+ Ay) ®)

i=0j=0

where C denotes the cross-correlation function, A7 and N denote the
number of pixels in the z- and y-direction interrogation area, ¢ and j
denote the target image coordinates, and f and g denote the particle
distribution of the continuous image.

The false vector in the velocity field was removed and post-
processed through a median test (Westerweel, 1994), as expressed in
Eq. (9) below.

| Uy lomedian) = Ui )|< €101 ©)

where U, ,,(n) denotes the surrounding vector, U, (5,j) denotes the
test vector, and ¢,,,,.,, denotes the limit value used for the test, which
was set to 1.1 in this study.

The measurement error of the PIV measurement method is the sum
of the bias error and the random error, which is expressed as a function
of d/d

pix

by dividing the particle diameter (d.) in the image by the

pixel interval (d ,, ) (Prasad et al., 1992). The term d_ can be calculated

pix
as follows:

d. =/, +d, ., (10)

where A/ denotes the ratio of the distance between the image and the
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lens, and the distance between the lens and the field of view; d, denotes
the actual diameter of the particle; and d,;;, denotes the diameter of the
particle observed in the image by laser diffraction (Hecht and Zajac,
1974), which is derived from Eq. (11).

d

iy = 2:44F (M 1)A 1D

The term d /d,

was calculated to be approximately 0.09, and the corresponding

;. for the PIV measurement area used in this study
measurement error was approximately 0.06 pixels (Raffel et al., 1998).
In other words, it has a measurement error of approximately 2.55% of
the local instantaneous maximum velocity (about 0.3 m/s) of the fluid
measured through this PIV method.

4. Experimental Results

4.1 Comparison of Pressure Estimation Results According to
Time Interval

The pressure estimation method using PIV proposed in this study
may differ in accuracy and error depending on the time interval (At =
2ndt) between velocity fields used in the acceleration calculation.
Therefore, the time interval selection for the pressure calculation
should precede the pressure estimation for increased accuracy.

The pressure estimation results and the measurement results through
the pressure sensor in P1 for the wave-in-deck load phenomenon
according to the time interval change (26¢, 104t, and 204t ) between the
velocity fields for the acceleration calculation is shown in the time
series in Fig. 8. The time (z-axis) was nondimensionalized to period of
the zero down-crossing ( 7, ) of the free surface of the wave, and the
pressure (y-axis) was nondimensionalized to pg/, as shown in Fig 8.
The red dots are the pressure estimation results based on the PIV
measurement velocity field, and the black solid line is the pressure
measurement results measured by the pressure sensor in the model
experiment. The pressure estimation results vary greatly depending on
the change in §t. When 4t is relatively small (Fig. 8(a), At =24t), a
result close to the peak value of the shock pressure can be measured
that rises momentarily when the wave hits the structure, but the
estimated pressure results after the peak pressure fluctuate
significantly. Conversely, when dt is relatively large (Fig. 8(c), At =
204t), the estimated pressure generally matches well with the pressure
measured through the pressure sensor, but shows a significant
difference in the maximum value of the pressure. In other words, it was
found that the accuracy of the velocity field-based pressure estimation
method measured through PIV decreased as the time interval between
velocity fields for the acceleration calculation became longer or
shorter. This is believed to be due to the phenomenon that the accuracy
error increases when the time interval between the velocity fields is
short, and the truncation error increases as the time interval increases
when calculating the acceleration using the velocity field (van
Oudheusden, 2013).

The normalized root-mean-square deviation (NRMSD) of the

measured pressure according to the change in time interval and the
PIV-based estimated pressure were compared to determine the
quantitative accuracy of the time interval between the velocity fields of
the PIV-based pressure estimation method. NRMSD is calculated as
follows:

E (s — P )?
ni=1

(12)
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where p,, denotes the pressure measured through the pressure sensor,
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Fig. 9 NRMSD with different number of images between two
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p,. denotes the estimated pressure using the PIV measurement results,
and 7 denotes the discretized time.

The changes in NRMSD according to the number of images (n)
between the velocity fields set for the acceleration calculation at each
of the five pressure sensor installation positions are compared, as
shown in Fig. 9. The NRMSD had the lowest value for n = 5 at all
pressure sensor installation positions. This means that when the time
interval between the velocity fields for acceleration calculation is 104,
the result of the estimated pressure based on the PIV velocity field best
matches the pressure measured by the pressure sensor. Based on this
result, it was found that the time interval between the velocity fields of
the PIV-based pressure estimation method for the wave-in-deck load

showed the smallest difference from the pressure measurement results

Gang Nam Lee et al.

for At = 106t. The NRMSD results proposed in this study are
expected to show different results depending on the flow or pressure
characteristics of each phenomenon to be estimated. In addition, it is
determined that an appropriate time interval needs to be selected
considering the characteristics of each phenomenon.

4.2 Pressure Field Estimation Results for the Case of Wave
Impact Load

Fig. 10 shows a comparison of the pressure obtained using the
instantaneous velocity field based pressure estimation method
measured through PIV and the measurement results through the
pressure sensor for the wave-in-deck load when the time interval
between the velocity fields is 108t (n = 5). Overall, the instantaneous
velocity field based pressure estimation method applied in this study
produced results that are in good agreement with the measurement
results through the sensors for the local pressure caused by the
wave-in-deck load. The estimated results were close to the peak values
of the impact pressure that increased for the short moment of the
wave-in-deck load at each pressure measurement location. Afterward,
the negative pressure generated due to the gradually decreased pressure
as the wave moved away showed good agreement overall. However,
the pressure was relatively low for the pressure measured by the
sensors for the peak impact pressure that increased rapidly; in
particular, the difference was greater for P1 and P2 located at the
leading edge of the deck. This seems to be attributable to the truncation
error that occurred due to the relatively large time interval between the

instantaneous velocity fields measured by PIV compared to the rise
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Fig. 10 Time history of measured and estimated pressure
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Fig. 11 Pressure and velocity fields under the deck at various wave phases

time of the pressure when the impact phenomenon occurred. In
addition, it is believed to have some differences, since the impact load
estimation method used in this study did not consider the viscosity of
the fluid based on the Euler equation.

The pressure field under the deck estimated using the PIV
measurement image and the velocity field of each occurrence of the
wave-in-deck load are shown in Fig. 11. Each image of the contact
at the leading edge (Fig. 11(a)), the moment the maximum pressure
is measured at the pressure gauge measurement position (P1-P5)
(Figs. 11(b)-11(f)), the emergence of the leading edge (Fig. 11(g)),
and the moment the flow moves away from P1 according to the
process of generating the wave-in-deck load are shown in Fig. 11.
The z-axis is the length of the structure (Z), the y-axis is the depth
of water (D = 0.60 m), the velocity is Z/ 7}, and the pressure is pgH

nondimensionalized, as shown in Fig. 11.

At the contact at the leading edge (Fig. 11(a)), the pressure due to the
waves begins to be applied to the structure, and this pressure increases
gradually as the waves cross under the deck and propagate to the
trailing edge of the deck. At the moment when the local pressure at the
position of each pressure sensor peaks (Figs. 11(b)-11(f)), it is
observed that the pressure of the surrounding fluid increases
significantly at the same time. It was also found that the flow velocity
around the contact area accelerated in the horizontal direction. It is
believed that the free surface was deformed by the structure,
momentarily impacting the structure, and a jet phenomenon, in which
fluid is accelerated, occurred at the same time. In addition, it is found
that the fluid pressure is smaller at the emergence of a leading edge
(Figs. 11(e)-11(f)) than the pressure at the moment the wave first



426 Gang Nam Lee et al.

impacts the leading edge of the structure (Figs. 11(b)-11(d)) as the
wave energy is transmitted to the structure as an impact when the wave
crosses along the lower deck. At the emergence of the leading edge
(Fig. 11(g)), it is seen that a negative pressure lower than atmospheric
pressure occurs from the leading edge of the structure above the free
surface. This continues until the moment P1 is exposed to the
atmosphere (Fig. 11(h)), and then the pressure at the bottom of the lead
becomes equal to the atmospheric pressure as the wave moves away
from the structure.

5. Conclusion

In this study, the pressure measured through pressure sensors, and
the velocity field-based pressure estimation results were compared and
analyzed. This was accomplished by applying a method for estimating
fluid pressure using the instantaneous velocity field measured through
PIV based on Euler’s equation to the wave impact load test under the
deck conducted in a two-dimensional wave tank.

It was found that the pressure estimation results of the velocity field
based pressure estimation method applied in this study were
significantly different according to the time interval (At) between
velocity fields for the acceleration calculation. When the time interval
was short, the peak value of the instantaneously high impact pressure
caused by the impact load was estimated well, but the overall pressure
fluctuated due to an increase in the accuracy error. Moreover, the
overall pressure was estimated well as the time interval increased, but
the truncation error increased, resulting in a difference in the maximum
value of the instantaneous impact pressure.

In order to set an appropriate time interval to improve the accuracy
of the velocity field based pressure estimation method, this study
utilized the NRMSD to examine the quantitative error of the pressure
estimation method. As a result, it was found that the wave-in-deck load
had the lowest error at 10. However, the NRMSD must vary according
to the flow and pressure characteristics of each phenomenon to be
estimated, and an appropriate time interval for each phenomenon must
be estimated using the NRMSD.

In addition, it was found that the size of the maximum value of the
impact pressure of the pressure estimation method based on the
velocity field was slightly different compared to the pressure results
measured by the pressure sensors. This seems to be attributable to the
truncation error due to the relatively large time interval between the
instantaneous velocity fields measured by PIV compared to the rise
time of the impact pressure, which is believed to be the limitation of
this method based on the Euler equation.

The pressure field around the structure during the wave-in-deck load
was estimated and presented using the instantaneous velocity field.
Through the pressure field, the hydrodynamic characteristics of the
surrounding fluid were analyzed when an impact phenomenon caused
by waves occurred, and the mechanism of occurrence of impact
pressure and negative pressure was found through the relation with the
velocity field.

The pressure field estimation method based on the instantaneous
velocity field measured by using the PIV method can not only estimate
the impact pressure without a pressure sensor, but it also has the
advantage of being able to measure the pressure field without disturbing
the flow in a wider range than conventional pressure sensors, which
only measure local pressure. It is believed that this approach can be
widely used not only for the fluid dynamic characteristics of complex
fluid phenomena, such as impact phenomena, but also for the analysis

of pressure generation mechanisms.
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