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Wedge water entry studies are often performed by Naval Architects to estimate hydrodynamic pressure loads on small
craft operating in waves. There are a number of theoretical formulations that have been developed in an effort to
simplify the process of estimating design loads for vessel design. The work presented in this paper is the first step toward
using a theoretically-based tool to reconstruct hydrodynamic pressures by taking spray root position measurements.
This paper shows the validity of this method using a case study of a rigid wedge drop experiment. Future components of
this work will further develop this tool to be used for highly-flexible structures and also in-situ pressure measurements
at sea. The results of this paper show that the Wagner (1932) reconstruction method predicts the residual hydrodynamic
pressure due to the fact that the theory considers the effects of acceleration. Meanwhile, the Armand and Cointe (1986)
reconstruction method shows that the peak pressure magnitude and location can be reasonably predicted.
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INTRODUCTION

Wedge water entry is one of the well-known problems for
naval architects, especially those who work on the design of
high-speed vessels. Over the years, many researchers, to be
discussed in upcoming paragraphs, have developed models
to simulate a prismatic wedge impacting the water surface,
which can be applied to a vessel traveling in waves. Since
slamming can tangibly influence the structural strength, overall
performance and crew functionality on board, accurate prediction
of slamming loads is an indispensable step in the design process
of planing vessels. Moreover, there has been a growing interest
to implementing the wedge water entry results into predicting
the motions of the planing hulls, using 2D+t method (Faltinsen
(2005)). This method relates the problem of the motion of
a prismatic planing vessel into problem of a 2D wedge that
vertically enters into the water. Once the hydrodynamic load-
ing problem of the 2D wedge is solved, results can be used in
order to predict the motion and loads on high-speed planing vessel.

It is shown in the literature that as the wedge with a deadrise
angle of B penetrates into a calm water, i.e. in Fig. 1, the
disturbance generates water pile up and the spray root, which
is the point of maximum curvature on the water surface.
Researchers have studied the relationship between spray root,
kinematics and hydrodynamic loading. The problem was first
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introduced by von Karman (1929) for the application of the
design of the seaplane landing on a water surface. A more
justified model was then suggested by Wagner (1932), where
he employed asymptotic theory to relate the wedge water entry
problem to an expanding flat plate. Even though his model
predicts better results for the impact pressure compared to the von
Karman (1929) model, there exists a singularity in the governing
equation for the hydrodynamic loading at the location of the
spray root. Further researchers tried to develop new models so
that they could solve the singularity problem and estimate more
accurate results for a wide range of deadrise angles. Logvinovich
(1969); Armand and Cointe (1986); Vorus (1996); Mei et al.
(1999) and Judge et al. (2004) are some examples for these
studies. ~Wagner (1932), Generalized Wagner, Logvinovich
(1969), and Armand and Cointe (1986) will be adapted and used
in this study and will be discussed in more detail in the next section.

The wedge water entry problem has also been examined exper-
imentally in addition to analytically and numerically. Zhao and
Faltinsen (1993) proposed a numerical model and carried out a
series of experiments to validate their model. These tests covered
a wedge and also a bow flare section. They compared free surface
profile, pressure coefficient, slamming force, and penetration
speed between the experiment and model predictions. Yettou
et al. (2006) conducted a series of experiments to parametrically
investigate the wedge free fall water entry. Effects of drop height,
deadrise angle, and wedge mass on the impact pressure were
studied. In addition, some non-dimensional analysis was also
discussed. Lewis et al. (2010) performed some experiments on
water entry of a 25° deadrise-angle wedge and measured the
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Water Pile Up

Figure 1: A schematic depicting the vertical water entry of a
wedge.

kinematics and pressure-time history of the wedge during the
impact. They also made attempts to visualize the fluid flow
around the wedge to study the effect of the spray root on the
exerted hydrodynamic pressure.

The studies mentioned to this point are on rigid wedge impact.
Attention is now given to studies of flexible wedge water entry.
Korobkin et al. (2006); Qin and Batra (2009); Panciroli and
Porfiri (2015) developed separate models to study the water entry
of a flexible wedge. In their models, they investigated the effect of
the hydrodynamic loading on the structural response of the model.

Experimentally, water entry of a compliant wedge was studied
by Panciroli and Porfiri (2015). They used particle image
velocimetry (PIV) to evaluate the effects of flexibility on the
hydrodynamic loading and structural response of the flexible
panels. They compared the experimental results with their
semi-analytical model. Shams et al. (2017) also experimentally
investigated the water entry and exit of a flexible wedge. They
used PIV measurements to obtain the velocity and pressure field
around the wedge. They also studied free surface elevation to
compare these experimental results with their semi-analytical
model for slamming.

Ren et al. (2018, 2019); Javaherian et al. (2019) conducted
several experiments to investigate the interaction between
hydrodynamic loading and the structural response of a flexible
wedge. They implemented Stereoscopic-Digital Image Correla-
tion (S-DIC) to measure the displacement and also out-of-plane
deflection of the wedge during the impact. Javaherian et al. (2019)
introduced a novel method for tracking and measuring the spray
root propagation along the bottom of a flexible wedge. Having
fully synchronized measurements, they studied the interaction
between the spray root, hydrodynamic loading, and structural
response of the wedge. Fisher et al. (2019) proposed a two-way
coupled, low fidelity, semi-analytical approach to simulate water
entry of a flexible wedge. The coupling relates the spray root
location in the fluid to the deflection on the wedge panel in
contact with the water. Results showed a very good agreement
with experimental results presented by Javaherian et al. (2019)
and Ren et al. (2019).
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Due to the expanded use of composite materials in high-speed
vessels as well as the need to increase speed and decrease vessel
weight, the vessel structure can no longer be considered rigid.
As previously mentioned, it is important to have an accurate
estimation of the design loads a high-speed vessel will encounter
to increase the operational envelope. Use of the established
theoretical models for rigid wedges in this context results in
uncertainty for flexible wedges since they were not designed to
take into account these physics. The approach of this paper is to
allow for a semi-empirical prediction of the pressure distribution
on the bottom of a wedge due to free-fall by inputting the spray
root into existing theoretical models. This approach is important
for two reasons: (1) for experiments on highly flexible structures,
it is not possible to use traditional pressure sensors as they cause
stiffening of the bottom plate that would not normally be present,
and (2) an approach that allows for in-situ measurements in the
field can be desirable.

In this paper, a new technique is proposed to reconstruct the
wedge kinematics and exerted hydrodynamic pressure on the
wedge water entry problem using the spray root time-history as an
input into existing theoretical models. A case study will be pre-
sented in this paper, wherein the proposed reconstruction method
will be used for a rigid wedge experiment. The reconstructed
results from this method will be compared to both the full exper-
imental measurements as well as the full theoretical prediction.
The methodology developed and presented in this paper is the
first step to reconstruct the hydrodynamic pressure and structural
response in water entry of highly flexible structures in the context
of both the water entry problem and a vessel traveling through
waves.

METHODOLOGY

In this body of work, existing theoretical models that have been
developed to predict pressures for vertical rigid wedge water en-
try will be adapted to take the spray root position at each time
step to output the resulting pressure on the wedge. The intent
of the original theoretical models was to use an impact velocity
and acceleration to determine the hydrodynamic pressure distri-
bution and wedge kinematics at all subsequent times. The two
long-term goals of this project are to (a) incorporate spray root
measurements for a highly-flexible wedge, and (b) use spray root
measurements on a high-speed planing vessel in waves to com-
pute accurate hydrodynamic pressure distributions. The work in
this paper will establish this method for a rigid wedge by using
the following models: (1) Wagner (1932), (2) Generalized Wag-
ner as presented in Zhao et al. (1996), (3) and (4) Logvinovich
and modified Logvinovich as presented in Korobkin (2004), and
(5) Armand and Cointe (1986). Of these five models presented,
all but Wagner (1932) are formulated for constant entry velocity.
Wagner (1932) was formulated for non-constant entry velocity.
Later work on the development of this method will be to re-derive
models (2) to (5) to consider non-constant entry velocity.

SMC 2020, 29 September — 2 October, Houston TX 2

Page 2 of 13



Page 30of 13

Wagner Model

Wagner (1932) used asymptotic theory to collapse the 2-D wedge
problem to an expanding line-boundary value problem that must
be solved at each timestep. The extent of the line, for a symmetric
wedge, is —X,(f) to X, (¢), where X, (¢) is the instantaneous
location of the intersection of the body with the free surface. Out-
side of this domain, the free surface kinematic boundary condition
states that all particles on the free surface must remain on the free
surface, so the velocity potential, ¢, at all X locations outside of
the line must be equal to zero. In this model, the body remains
fixed, and the fluid flows upward. The velocity of the fluid is the
magnitude of the velocity of the wedge, but in this frame of refer-
ence travels upward. The remaining models that will be discussed
in this paper have a similar basis to this model. Furthermore, the
relationship between the vertical position of the wedge and the
spray root location,

2
z=— X, tanp, (D)
b

will be used for all models. The differences between each
subsequent theoretical model and the present one will be noted in
the following subsections.

Using potential flow theory, the function for the velocity poten-
tial can be solved, and the pressure distribution can be solved using
Euler’s equation with the assumption that the fluid acceleration is
the dominant term in Euler’s equation. Finally, there was a small
angle assumption made for the deadrise angle. The final result for
the hydrodynamic pressure is:

p(X) = 1 pv2 | T Ko X°

T y2
’8,/)(521,—)(2 Xip = X2

XZ _ XZ]

It is noted that there exists a singularity at the location of
the spray root, X = X, in the formulation as observed in
Eq. 2. The pressure equation is only valid from the range
—X,p(t) < X < X,p, and this model cannot predict the pressure
at and beyond the spray root location.

It is worthwhile to mention that once the pressure data are re-
constructed on the X-axis using these formulations, the results
are then transformed back to the x-axis so they can be compa-
rable with the experimental pressure measurements (see Fig. 1).
The process of transformation is repeated for all other theoretical
models that are covered in this study.

Generalized Wagner Model

The Generalized Wagner method was presented by Zhao et al.
(1996). The main differences between the Generalized Wagner
and Wagner (1932) include: (1) all other terms in Bernoulli’s
equation were retained except for the hydrostatic pressure, (2)
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the deadrise angle was allowed to be larger (no small angle ap-
proximation was used), and (3) the velocity was assumed to be
constant. The hydrodynamic pressure distribution in this model is
summarized as:

2
4 Xsp XSP

2
——————cos f———
tan 3 ’x%,,—XZ X2, -X?

Again, it can be seen that there exists a singularity at the location
of the spray root, X = X, in the formulation as observed in Eq. 3,
and the formulation is only valid up to the spray root location.

1
X) = -pV?
pX)=2p

—sin2,8+2—7r]. 3)

Original and Modified Logvinovich Models

The original Logvinovich (1969) method is similar to Wagner
(1932), except that the small deadrise angle assumption is not
used in the first term, and the entry velocity is assumed constant.
The simplified version of the Logvinovich (1969) formulation for
the hydrodynamic pressure in the contact region is presented by
Korobkin (2004):

2
2 T Xsp Xsn

tan 8 /stp _x2 XSZP - x2

If the second order terms with respect to wedge deadrise angle,
B, are retained so that the small deadrise angle assumption is
not applied, then the Modified Logvinovich model is obtained
(Korobkin (2004)) as shown below:

1
pX) = zpV “4)

1 2| 7 Xsp 2 stp
p(X) = 3pV = o8’ 5
2 tan 8 /XSZP _x2 Xsp—X
—sin? ﬁ] . B

Again, one can notice from the Eqgs. 4 and 5 that both of the
Original and Modified Logvinovich models have singularity at the
location of the spray root, X = X, and the formulation can only
be used to compute the hydrodynamic pressure inside the wetted
area of the body.

Armand & Cointe Model

Armand and Cointe (1986) resolved the singularity issue in the
hydrodynamic pressure prediction by using a piecewise formula-
tion for the pressure. This involves matching the inner domain
(inside the jet) solution with the outer domain (outside the jet)
solution. These two formulations are linked together by matching
the jet thickness on both sides of the singularity. The pressure
distribution from Armand and Cointe (1986) model in the outer
domain, X < X, is written out by Zhao and Faltinsen (1993)
through using the Bernoulli equation as:
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daX. 1
Pout —P0 = pVXsp d_;P(stp - Xz) 2=

dXsp _1 dXsp 2 1 1 2
PV Xep = [2Xep(Xsp = )12 420 | =2 | [l (1+119)7,
(6)

and in the inner domain, X > X, the pressure can be computed
using:

1 1._
Pin = po = 2pldXy, /diP |72 (1 + |7]2)7%, 7

where |7| should be computed at each time step using the tran-
scendental relationship:

X —c = (8/m)(=In|7| - 4|t]? = |7] + 5), (8)

where ¢, the jet thickness, can be obtained from:

§ = nV?2X,,[4dX,, /dt] 2 )

Once the ¢ is known for each time step from Eq. 9, T has to
be computed numerically from Eq. 8. Finally, the hydrodynamic
pressure can be determined using both Eqgs. 6 and 7. The entry
velocity is still assumed constant for the derivation of this model.
This might cause some uncertainty to the analysis, where the
solution is considered for a free-fall wanter entry problem.

Traditional Approach and Proposed Approach

When using the theoretical formulations described in the previous
subsections, the spray root location using Eq. 1, and the impact
velocity, V, is specified. The pressure data is then predicted
using the equations for pressure, given as Eqgs. 2 to 7. Although
these methods provide a good estimation for the pressure dis-
tribution, there exists some discrepancies between the predicted
values and the actual measurements due to simplifications that
were made when deriving the theoretical equations. Once the
pressure distribution is computed and integrated to determine the
total force on the body, the rigid body kinematics can be computed.

In this study, a modified method of adapting these theoretical
models is implemented. The experimental spray root position is
used as an input into the equations for hydrodynamic pressure
(Egs. 2 to 7). Once the pressure distribution is computed, then the
kinematics of the wedge can also be computed. The differences in
the calculation method are shown in Fig. 2, where the traditional
method is shown on the left and the proposed method is shown
on the right. In the traditional method, the calculation is looped
through time using updated velocity information. Using the pro-
posed empirical method, a new spray root position and velocity
is taken to reconstructed pressure at each time. The goal of this
new approach is that the method be extended to provide accurate
predictions of pressure on highly flexible structures and vessels
operating in waves.
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Traditional Reconstruction
Approach Approach
Impact Exp. Spray Plug in _ Elle_,

next value ofl
the spray root

Velocity Root

Relate velocity to
spray root (Eq. 1)

Relate spray root
to velocity (Eq. 1)

Pressure
calculation: Proceed to the

Egs. 2t0 9 next time step

Note: use of Eq. 2
(Wagner Model) in
Acceleration the  reconstruction

formulation requires
Repeat for a slightly modified
each time

sequence of steps.
Figure 2: Flowchart demonstrating the traditional method for fol-
lowing the theoretical formulations (left side) and the proposed
method (right side).
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Figure 3: Plan view of the wedge showing the dimensions of the
wedge and locations of the sensors. (Image courtesy of Javaherian
et al. (2019)).
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Figure 4: Spray root propagation on the bottom of the wedge for
different drop heights. (Figure regenerated from Javaherian et al.
(2019)).

CASE STUDY

To show a demonstration of the new proposed method, a case study
is presented using experimental data from Javaherian et al. (2019).
In this experimental study, spray root, hydrodynamic pressure, and
rigid body kinematics were measured. For the work presented in
this paper, the spray root information is used as the input into
the theoretical models, as shown in Fig. 2. Since the wedge
kinematics and hydrodynamic pressure were also measured, these
experimental measurements can then be compared to the results
of the new reconstruction method. Finally, the theoretical model
predictions for hydrodynamic pressure (shown as the traditional
method in Fig. 2) will also be compared with the experimental
measurements and the new approach.

Experimental Setup

The exact details of the experiment from this case study can be
found in Javaherian et al. (2019); Ren et al. (2019). The rigid
aluminum wedge model with a deadrise angle of 8 = 20° is used
in this case study. Fig. 3 shows the locations of all the sensors
used in the experiment as seen from the top view. A string
potentiometer was used to measure the position time-history
of the wedge during the experiments. The vertical impact
acceleration of the wedge was recorded by three accelerometers
that were mounted on both sides of the wedge (A, Ay and Apc).
An array of seven pressure transducers were mounted on the
bottom of the wedge to measure the hydrodynamic loading during
the water impact. All sensors were located within increments of
33.9 mm at one side of the wedge bottom, as it is shown in Fig. 3.
The x-direction is called the characteristic line. The pressure
measurements were sampled at a sampling rate of 200 kHz. Spray
root measurements were taken using high-speed photography
with 2000 fps and digital image processing to quantify the spray
root evolution. Fig. 4 shows the spray root propagation on the
wedge bottom for different drop height, H = 7.9, 25.4 and

Reconstructed Kinematics and Hydrodynamic Loading Using Spray
Root Propagation in Wedge Water Entry
M.J. Javaherian

SNAME Maritime Convention 2020

121 - — —7.90cm
25.4cm
10 ¢ 50.8cm

0 20 40 60
t [ms]

Figure 5: Spray root speed on the bottom of the wedge for different
drop heights.

50.8 cm (corresponding to impact velocity of Vy = 1.219, 2.175
and 3.057 m/s, respectively). The spray root propagation speed
for these drop heights is also plotted in Fig. 5. The spray root
propagation speed was computed by taking the time-derivative of
the spray root position-time history. These results are taken from
Javaherian et al. (2019) and are the inputs that are taken in the
proposed method.

RECONSTRUCTION ANALYSIS

In this section, results of the reconstruction technique will be re-
ported and will be compared to pure theory and pure experiment.
First, the hydrodynamic pressure distribution will be presented
and discussed. The discussion of an empirical scaling will pre-
sented for the Armand and Cointe (1986) model. Following this
will be the presentation and discussion of the pressure time histo-
ries compared at experimental pressure sensor locations. Finally,
the reconstructed kinematics will be presented and discussed. It
is noted that because the kinematics are dependent upon the hy-
drodynamic pressure, the focus of this section shall be on the
hydrodynamic pressure.

Reconstructed Pressure Distribution

Pressure data reconstructed from different theoretical models
using experimental spray root data for Vp = 1.219 m/s are depicted
in Fig. 6. Results are shown as spatial distribution in different
time steps that correspond to the time in which sensors P; to P;
reach their peak. Results show that the reconstructed pressure
data from Armand & Cointe and also Logvinovich models predict
better results compared to the other models. These models can
reasonably predict the peak location and magnitude, specially in
early time steps. However, as the time passes. The tail of the
pressure, say the residual pressure, predicted by these methods
experience a lower loss compared to the experimental results.
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Figure 6: Pressure Reconstruction from different models for the
impact velocity of Vp = 1.219 m/s. Each curve denotes the time,
in which the corresponding sensor reaches the peak. These time
steps are + = 6 ms, t = 12.5 ms, t = 18.5 ms, + = 25 ms,
t =32.5ms,t = 40 ms and r = 48 ms for the sensors P; to Py,
respectively.

Fig. 7 illustrates the similar results for the reconstructed
pressure corresponding to the impact velocity of Vy = 2.175 m/s.
Results plotted as spatial distribution in different time steps, each
of which representing the time that the sensor reaches the peak.
For a better view of how these models compare, please see Fig. 8
(a) and (b), which show a closer look at t = 11 and 19.5 ms. The
comparison also shows that the reconstructed pressure data from
the Armand & Cointe and also Logvinovich models predict better
results compared to the other models. The peak location and
the corresponding magnitude are acceptably predicted by these
models, specially in early time steps. Nonetheless, the tail of the
pressure is reconstructed higher than the experimental values for
the last 3 time steps. One possible reason is that these models
are developed based on a constant entry speed. Even though
using experimental spray root results can compensate for this
to some extent, the residual peak pressure stays higher than the
experimental values for the later time steps.

Fig. 9 quantitatively compares the magnitude and the location
of the peak pressure reconstructed from each model with the
experimental results. These values are plotted versus location
of the sensors for Vy = 2.175 m/s.. The comparison in Fig. 9a
shows that Armand & Cointe model can predict the location of
the peak very well. The error for the peak location is less than
2% for this method. As far as the magnitude of the peaks is
concerned, Fig. 9b shows the Armand & Cointe model predicts
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Figure 7: Pressure Reconstruction from different models for the
impact velocity of Vo = 2.175 m/s. Each curve denotes the time,
in which the corresponding sensor reaches the peak. These time
stepsaref =3.5ms,t =7ms, = 11ms,# = 15ms, t = 19.5 ms,
t =24 ms and ¢ = 29.5 ms for the sensors P; to Py, respectively.

the magnitudes to within 6% except at the locations of Ps and P7.
For the last two sensors, the error is 10% and 17%, respectively.
In fact, for the last two sensors, the deviation becomes greater
for all reconstruction methods. Comparison also shows that after
the Armand & Cointe method, the Logvinovich model results
in better reconstructed pressure data compared to the remaining
methods. The Generalized Wagner, Modified Logvinovich and
original Wagner method predict the results with much higher
deviations.

Comparison Between Traditional and Recon-
structed Approach

In Fig. 2, the reconstruction approach that was used in this study
was also compared with the traditional approach. To verify
the reconstruction approach, the study has been repeated using
the traditional approach for all the above-mentioned theoretical
models. Results are compared to the reconstructed pressure to
gauge the validity of the reconstruction technique and evaluate
the effectiveness of using this semi-empirical approach. Fig. 10
to 14 show a comparison of the pressure distribution from pure
theory (traditional approach), reconstruction method (subject of
this paper), and pure experiments. These highlight the improved
accuracy of these models. This is especially evident for the first
two sensors, P; and P, in all models. Comparing the peaks
resulted by the Generalized Wagner theory in Fig. 10, one can
observe that the peak of sensor P is computed to be 32% higher
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Figure 8: Pressure Reconstruction from different models at (a)

t =11 msand (b) ¢t = 19.5 ms.
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Figure 9: Comparison between (a) location and (b) magnitude of
the peak pressure reconstructed from different models with the

experimental results for Vp = 2.175 m/s
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Figure 10: Spatial pressure distribution resulted from the tradi-
tional (theory) and the reconstruction approach using the General-
ized Wagner model for Vy = 2.175 m/s. Results are compared with
the experimental pressure distribution. The curves correspond to
the time steps that were presented in the Fig. 7.

than the experimental peak. For the reconstruction approach, this
deviation is reduced to 12%.

Additionally, the reconstruction technique predicts the location
of the peaks more accurately compared to the traditional approach
for all models. For example, the error of the location of the peak
corresponding to the P7 in Fig. 11 is estimated to be within 8% by
the Logvinovich theory, but to within 2% using the reconstructed
approach for this model.

Among the traditional models, it is observed that the residual
pressure predicted by the Wagner model in Fig. 13 is closer to
the experiments compared to the other models. As discussed
earlier, the existence of the non-constant entry velocity terms
in the Wagner (1932) model (Eq. 2) makes this model more
accurate to account for the loss of speed in free-fall water
entry. This justifies that such a model, in which the non-entry
velocity terms are maintained could potentially predict the
better pressure data for the free-fall wedge water entry than other
models. Investigation into inclusion of the acceleration term in the
other models will be conducted in a later study as part of this work.

Corrected Armand & Cointe Model

Although the peak magnitudes and their location are fairly re-
constructed using the Armand & Cointe model (Fig. 9), one can
observe from Figs. 6 and 7 that as the time passes, the residual
pressure (x << x,) deviates considerably from the experimental
results. For example, Fig. 8b shows that the residual pressure
data at x = 2 cm reconstructed from Armand & Cointe method is
10.6 kPa, which is 140% higher than the experimental measured
pressure, 4.4 kPa. This deviation, which comes from the assump-
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Figure 11: Spatial pressure distribution resulted from the tradi-
tional (theory) and the reconstruction approach using the Logvi-
novich (1969) model for Vp = 2.175 m/s. Results are compared
with the experimental pressure distribution. The curves corre-
spond to the time steps that were presented in the Fig. 7.
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Figure 12: Spatial pressure distribution resulted from the tradi-
tional (theory) and the reconstruction approach using the Modified
Logvinovich (1969) model for Vy = 2.175 m/s. Results are com-
pared with the experimental pressure distribution. The curves
correspond to the time steps that were presented in the Fig. 7.
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Figure 13: Spatial pressure distribution resulted from the tradi-
tional (theory) and the reconstruction approach using the Wagner
(1932) model for Vp = 2.175 m/s. Results are compared with the
experimental pressure distribution. The curves correspond to the
time steps that were presented in the Fig. 7.
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Figure 14: Spatial pressure distribution resulted from the tradi-
tional (theory) and the reconstruction approach using the Armand
and Cointe (1986) model for Vy = 2.175 m/s. Results are com-
pared with the experimental pressure distribution. The curves
correspond to the time steps that were presented in the Fig. 7.
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tions that are used in the original model of Armand & Cointe, i.e.
the constant entry velocity assumption, can drastically cause the
hydrodynamic force to be over-predicted. To compensate for this
deviation, a simple correction is applied to the formulation of the
Armand and Cointe (1986) model. This modification is suggested
for the outer domain by multiplying a correction term to the Eq. 6:

Pmodified out = (1 - 3Xsp + 3X) Poriginal out - (10)

This modification is made in a way that it preserves the
location and the magnitudes of the peak as it is predicted in
the original model. However, the residual pressure is adjusted
so that it decreases over time as it does in the experiments.
It should be noted that this modification is not physics-based
and is based on the observation of the results and the com-
parisons. In the future, the authors would try to re-derive the
theoretical formulations for the pressure distribution based on a
free-fall water entry so that the corresponding terms for the non-
constant entry velocity would remain in the pressure formulations.

Fig. 15(a) illustrates the reconstructed pressure distribution
from corrected Armand & Cointe compared with the original
reconstruction model and the experiments for Vy = 2.175 m/s.
The comparison shows that while the magnitude and the location
of the peaks are maintained from the original reconstruction
method, the corrected Armand & Cointe model reconstructs
the residual pressure more accurately when compared to the
experimental observations. For instance, Fig. 15(b) reveals that
the deviation between reconstructed and experimental pressure at
x = 2 cm reduces from 140% to 15% at r = 19.5 ms.

Pressure Time-Histories

The hydrodynamic pressure measured in the Javaherian et al.
(2019) experiment were at single points. The pressure-time
history for H = 25.4 cm is depicted in Fig 16 along with the
reconstructed pressure-time histories from the original and
modified Armand & Cointe reconstruction methods. The curves
from left to the right denote the pressure history at the location
of the sensors P; to Py, respectively (see Fig. 3). For the period
prior to the peak pressure, the modified and original Armand &
Cointe models reconstruct the pressure time-history identically.
The residual pressure data from the modified Armand & Cointe
model matches very well with the experimental results compared
to the original model.

Figs. 17 and 18 show the pressure-time history of the wedge
reconstructed from modified Armand & Cointe method for drop
heights of H = 7.9 and H = 50.8 cm, respectively. Results are
compared with those of experimental measurements for each
drop height. The comparison shows that the pressure-history for
these drop heights are predicted well using this model. Compared
with other sensors, the maximum deviation between the peak
and residual pressure data is observed for the last two sensors.
As discussed previously, these deviations are attributed to the

SMC 2020, 29 September — 2 October, Houston TX 9
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Figure 15: Comparison between the pressure distribution recon-
structed from modified and original Armand & Cointe with ex-
periments for the impact velocity of Vp = 2.175 m/s.
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Figure 16: Pressure-time history reconstructed from modified

Armand & Cointe model compared with the experimental results
for H = 25.4 cm, Vy = 2.175 m/s.

assumption of the constant entry velocity of the model. With
the derivation of the physics-based modified formulation for the
free-fall water entry, these deviations are expected to be reduced
since the reduction of the pressure due to the loss of entry velocity
would be more realistically captured.

Reconstructed Kinematics

To reconstruct the kinematics of the wedge, the force that
exerts on the body during water entry is computed from the
pressure-spatial distribution. Given the force-time history, the
acceleration-, velocity- and position-time history can be obtained,
subsequently. The kinematics of the wedge reconstructed from
the modified Armand & Cointe model is reported in Fig. 19 for
the impact velocity of Vp = 2.175 m/s. Since the kinematics are
reconstructed using experimental spray root data, they are plotted
until the chine-wetted moment.

The vertical acceleration of the wedge reconstructed from the
modified Armand & Cointe method is illustrated in Fig. 19(a)
along with the experimental measurements. The acceleration
starts with a negative value of -8.6 m/s2, which is close to
the gravitational acceleration of the falling body. The wedge
experiences a sharp rise in the acceleration following the
impact moment and reaches the maximum of acceleration of
40.12 m/s> at t = 18 ms. This magnitude is 10% higher than
the corresponding experimental peak for the acceleration. This
deviation is attributed to the 3D effects in the experiments, which
is not resolved in the reconstruction process. In experiments,
the 3D effects cause the pressure wave to be smaller at the sides
of the wedge along the length compared to the pressure at the
midspan of the wedge, say characteristic line (line x in Fig. 3).
In the 2D reconstruction process, the pressure wave is assumed
to be constant along the length of the wedge. This assumption
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Figure 17: Pressure-time history reconstructed from modified
Armand & Cointe model compared with the experimental results
for H=7.9cm, Vy = 1.219 m/s.
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Figure 18: Pressure-time history reconstructed from modified
Armand & Cointe model compared with the experimental results
for H = 50.8 cm, Vy = 3.057 m/s.
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Figure 19: (a) Acceleration, (b) velocity and (c) position of the
wedge reconstructed from Modified Armand & Cointe model

forVp = 2.175 m/s. Results are compared with the experimen-
tal measurements.

would lead to compute a higher force in the reconstruction
technique compared to the experiments. As the time increases,
this deviation becomes larger. Hence, the reconstruction acceler-
ation have a good agreement with the experimental measurements.

The vertical velocity of the wedge is shown in Fig. 19(b).
The reconstructed velocity that starts with the impact velocity of
2.175 m/s, matches very well with the experiments for most of
the time. Considering the hydrodynamic force due to impact,
the magnitude of the velocity decreases tangibly as the wedge
penetrates into the water. As the time passes, the reconstructed
velocity decreases a little bit compared to the experimental
results. Again, this is caused by the influence of the 3D effects
on the acceleration curve. In fact, the higher upward (positive)
acceleration, would cause the wedge to proceed slower downward.

Lastly, Fig. 19(c) depicts the vertical position-time history
of the wedge for the impact velocity of Vy = 2.175 m/s. As
the wedge penetrates into the water, the position curve is nearly
linear. The comparison shows a very good agreement between
reconstructed position and the experiments except the small
deviation at the final time steps.

SMC 2020, 29 September — 2 October, Houston TX 11



SNAME Maritime Convention 2020

CONCLUSIONS

In this paper, a reconstruction approach was proposed to esti-
mate the hydrodynamic loading and kinematics of the wedge
during water entry. This approach incorporates the spray root
measurements into the traditional theoretical models. In fact,
the spray root location is used as the input for the traditional
theoretical models to reconstruct the hydrodynamic pressure and
kinematics. This approach was evaluated by studying free-fall
water entry of a rigid wedge with different impact velocities. A
set of experiments conducted by Javaherian et al. (2019) was
considered as the case study. The experimental spray root prop-
agation was used to reconstruct the pressure distribution using
five different theoretical models. Results were then compared
with the experimental pressure measurements. The comparison
showed that the reconstructed pressure using Armand & Cointe
model has the best prediction for the location and magnitude
of the peak pressure. For most time steps, the location and the
magnitude of the peaks were predicted within 1.5% and 10% of
error, respectively. However, the residual pressure (pressure at
X << xsp) was not well resolved with this model and could fall
up to 140% higher than the experiments. This is attributed to
the fact that the Armand & Cointe is based on the constant entry
assumption and thus, it does not proportionately capture the loss
of the pressure due to the reduction in the speed during the entry.

On the other hand, reconstructed pressure from the Wagner
model could capture the residual pressure data more accurately.
Since this model accounts for the change of the speed in the
pressure formulation, it can better predict the residual pressure in a
free-fall water entry. However, the prediction of the peak pressure
from this model was more deviated from the experiments. The
comparison showed that the prediction for the peak magnitude
and its location by this model possess the errors of 15% and 2%
for most of the time steps.

To improve the reconstruction results from the Armand &
Cointe model and account for the loss of the velocity in the
free-fall water entry, a correction term was proposed based
on the observation and the comparison between reconstructed
and experimental results. This term was defined in a way to
implement the reduction in the residual pressure, while it does not
influence the location and magnitude of the peak. Results showed
that the maximum error in the prediction of the residual pressure
could drop to 15% for the corrected Armand & Cointe model. A
more physics-based model will be derived in future so that the
non-constant entry terms would be maintained in the formulations.

To verify the proposed reconstruction approach, the study
was repeated for the case study using the traditional theoretical
models (pure theory). The computed pressure distribution from
traditional approach were then compared with those of the
reconstruction approach. The comparison demonstrated that the
reconstruction approach could predict the peak magnitudes better
than the pure theory. As an instance, the error of estimating
the first peak, corresponding to P; for the experiments, could
improve from 32% for the pure Wagner (1932) theory to 12%

Reconstructed Kinematics and Hydrodynamic Loading Using Spray
Root Propagation in Wedge Water Entry
M.J. Javaherian

for the reconstructed Wagner model. The error of the location in
which the peak occurs were also enhanced from within 8% for
the traditional approach to 2% using the reconstruction approach.

It was also shown that the reconstruction approach can
appropriately predict the kinematics of the wedge. Acceleration,
velocity and the position of the wedge reconstructed from the
Armand & Cointe model were compared with the experimental
results that showed a good agreement. There are small deviations
at the final time steps that were mainly caused by the 3D effects
in the experiments.

This proposed reconstruction approach will be extended in
future to take into account the structural response. The current
study was the first step to develop this technique for predicting
the hydrodynamics and structural response in water entry of
highly-flexible structures.
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