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Abstract : 
 
We investigate experimentally the time evolution of the wetted surface during the lifting of a body initially 
floating at the water surface. This phenomenon is referred to as the water exit problem. The water exit 
experiments were conducted with transparent (PMMA) mock-ups of two different shapes: a circular disc 
and a square flat plate. Two different lighting systems were used to diffuse light in the mock-up material: 
a central high-power LED light normal to the surface and an edge-lighting system featuring an array of 
LED lights. These setups make it possible to illuminate the contact line, which delimits the surface of 
contact between the mock-up and the water. The characteristic size of the mock-ups is about 20 cm and 
the acceleration of the mock-up oscillates between 0 and 25 m/s2. We show that the central light setup 
gives satisfactory results for the circular disc and that the edge lighting technique makes it possible to 
follow a contact line with a time-evolving complex shape (strong changes of convexity) up to 1000 fps. 
The observations presented in the paper support the possibility of extending this promising technique to 
more general three-dimensional bodies with arbitrary motion (e.g., including pitch motion). 
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Abstract We investigate experimentally the time evo-

lution of the wetted surface during the lifting of a body

initially floating at the water surface. This phenomenon

is refered to as the water exit problem. The water exit

experiments were conducted with transparent (PMMA)

mock-ups of two different shapes : a circular disc and

a square flat plate. Two different lighting systems were

used in order to diffuse light in the mock-up material :

a central high-power LED light normal to the surface

and an edge-lighting system featuring an array of LED

lights. These set-ups make it possible to illuminate the

contact line, which delimits the surface of contact be-

tween the mock-up and the water. The characteristic

size of the mock-ups is about 20 cm and the accelera-

tion of the mock-up oscillates between 0 and 25 m/s2.

We show that the central light set-up gives satisfacory

results for the circular disc and that the edge light-

ing technique makes it possible to follow a contact line

with a time-evolving complex shape (strong changes of

convexity) up to 1000 fps. The observations presented

in the paper support the possibility of extending this

promising technique to more general three-dimensional

bodies with arbitrary motion (ex: including pitch mo-

tion).

A. Tassin · T. Breton · B. Forest · J. Ohana · S. Chalony ·
D. Le Roux · A. Tancray
IFREMER, Z.I. Pointe du Diable, CS 10070, 29280
PLOUZANE, FRANCE

T. Breton
ENSTA Bretagne, FRE CNRS 3744, IRDL, 29806 Brest
Cedex 09, France

A. Tassin
E-mail: alan.tassin@ifremer.fr

1 Introduction

The water exit problem, or the lifting of a body ini-

tially floating at the water surface, has regained at-

tention and motivated a number of studies in the last

years. In most applications, the water exit problem is

associated with the water entry problem. In that case,

one will speak about an exit stage which is most of

the time subsequent to an entry stage. In marine appli-

cations such as wave impact on a horizontal platform

(Baarholm and Faltinsen 2004), ship slamming (Kaplan

1987) or wave impact on suspended structures (Sun and

Helmers 2015), the water entry and exit event is due to

the relative motion between the body and the free sur-

face. The aeronautical industry has to deal with the

water entry and exit of a body whose shape varies in

time when using a 2D+t approach (also known as strip

theory) for the prediction of the hydrodynamic loads on

the fuselage during emergency landing on water (Tassin

et al. 2013). In contrast to the extensive research on the

water entry problem, which has lead to different linear

and nonlinear Wagner-type models, much less work has

been dedicated to the water exit problem. To the best

of our knowledge, except the experiments reported by

Reis et al. (2010), most of the investigations on water

exit were performed numerically and analytically (ex:

Sun and Helmers 2015; Korobkin 2013; Tassin et al.

2013). It is nevertheless worth mentioning the experi-

mental work of Bourrier et al. (1984) and Truscott et al.

(2016) on the ‘pop-up’ effect, although this water exit

phenomenon is rather different because of the total ini-

tial immersion of the body. Among the questions raised

by the modelling of the water exit stage, the evolution

of the contact line remains a crucial and open question.

As a first step to a better understanding of the exit

stage and assessment of the existing analytical model
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of Korobkin (2013), we attempted to measure the evo-

lution of the contact line, or the wetted surface. Un-

like previous experimental work on water entry which

showed that bottom views could be used to measure

the evolution of the wetted surface on non-transparent

three-dimensional mock-ups (see Halbout 2011; Takagi

2004), we observed a much poorer contrast between the

wetted surface and the rest of the mock-up, so we de-

cided to continue our investigations with a transpar-

ent mock-up. Scolan et al. (2006) previously used a

transparent plate in order to study wave impacts on

a fixed flat plate. In their experiments, they used a

draughtboard placed at the bottom of the wave tank

and a video camera above the mock-up. They discrem-

inated the wetted surface from the rest of the trans-

parent plate as the surface over which the bottom of

the tank (the draughtboard) was visible. Instead of us-

ing the “draughtboard technique”, which is probably

difficult to use with curved three-dimensional bodies,

complex body motions including pitch or in deep wave-

tanks, we aimed at illuminating the contact line. The

draughtboard technique was nevertheless used to show

that the results that we obtained from both techniques

were in good agreement.

2 Experimental set-up

In the experimental set-up described in Fig. 1, the mock-

up is held by high-stiffness strings which are connected

to a rigid metallic frame. This frame is moved upwards

(z-axis) by an electric translation actuator. A high-

speed camera (Photron FastCam Mini AX50) records

a top view of the mock-up. A second camera (Photron

FastCam Ultima APX) was also used during specific ex-

periments carried out with the circular disc in order to

record simultaneaously side views and top views. Note

that both cameras are fitted with a 100 mm lens. The

lower face of the mock-ups is initially put in contact

with the still water surface (z = 0) while minimising

the penetration depth. Two different lighting systems

have been tested : a central LED light (configuration 1)

and a LED edge-lighting system (configuration 2).

2.1 Configuration 1 : central LED lighting

In configuration 1, a high-power LED light (Minostar

LED-spot) is fixed at the centre of the mock-up as de-

picted in Fig. 1. The Minostar LED-spot has a viewing

angle of 45◦and a luminous flux of 140 lm. The up-

per surface of the mock-up located under the LED is

roughened in order to facilitate the light diffusion in the

PMMA. This configuration has been tested with a cir-

cular disc of radius 10 cm and thickness 8 mm and with

a square plate of thickness 8 mm and side length of 20

cm. During the experiments, the acceleration was mea-

sured with an accelerometer fixed on top of the LED in

order to analyse more precisely the motion undergone

by the mock-up. A record obtained during the water

exit of the circular disc is plotted in Fig. 2. One can see

that the acceleration of the mock-up exhibits significant

variations which can be imputed to the compliance of

the strings of the set-up. As far as we are concerned with

showing the feasibility of the visualisation technique,

one can consider that the different mock-ups undergo

approximately the same time evolution as the record

plotted in Fig. 2 (in terms of flow regime). The eleva-

tion of the mock-up was derived from the acceleration

measurement via a double time integration of the accel-

eration signal. The elevation was used to compare the

results obtained from different experiments at similar

elevations.

2.2 Configuration 2 : LED edge-lighting

In configuration 2, LED arrays were mounted at the

periphery of a square plate of thickness 15 mm and

a side length of 20 cm. In order to be able to incor-

porate LED lights without disturbing the water, the

square plate was continued obliquely with a slope of

30◦ as depicted in Fig. 3 which shows a vertical cross-

section of the mock-up. Note that the thickness of the

extrapolated sides was set to 12 mm in order to avoid

any masking of the lower face from the camera point of

view. Altogether, the 4 LED arrays (SMD 5050 EPIS-

TAR) supply a luminous flux of about 1000 lm. The

edges of the mock-up in contact with the LEDs, which

have a viewing angle of 120◦, were also roughened to

homogenize the light diffusion in the PMMA.

3 Results

In this section, we present the results obtained with the

different techniques. All the images depicted in this sec-

tion were captured at a frame rate of 1000 fps. Note that

the online version of the article offers the possibility of

zooming in on small details of the images.

3.1 Top view of the circular disc - Configuration 1

A sequence of 4 images for different elevations, h(t), ob-

tained during the water exit of the circular plate with

configuration 1 is plotted in Fig. 4. The acceleration
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Fig. 1: Description of the experimental set-up
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Fig. 2: Acceleration and elevation during the water exit

of a circular disc

Fig. 3: Description of the edge-lighting configuration

(Configuration 2) for a square plate

and elevation during this test are the same as in Fig. 2.

One can see that an inner ring appears inside the outer

ring corresponding to the periphery of the disc. The

inner ring follows the contact line : it appears at the

periphery of the disc and contracts towards the centre

as the mock-up exits the water. Despite the imperfec-

tions of the mechanical system holding the mock-up

(the mock-up is held by 3 strings), the contact line re-

mains closely circular during the exit. Note that the in-

tensity of the light increases significantly as the contact

line approaches the light source. In order to check that

the ring of light visible in Fig. 4 corresponds to the con-

tact line (boundary of the wetted surface), we carried

out experiments with a draughtboard at the bottom of

the water tank (about 40 cm under the water surface),

allowing a direct visualisation of the contact surface. A

sequence of images of a test with a draughtboard is pre-

sented in Fig. 5. Note that the elevation corresponding

to the different images of Fig. 5 are very close to the el-

evation corresponding to the images of Fig. 4. One can

see that the region over which the draughtboard is vis-

ible and undeformed follows the same evolution as the

ring of light visible in Fig. 4. In fact, this ring is clearly

visible at the periphery of the draughtboard surface in

Figs. 5c and 5d. This comparison is however less ob-

vious in Figs. 5a and 5b due to the smaller contrast

between the contact line and the image background.

In order to allow for a better comparison between

the two techniques, the geometry of the contact line ob-

served in Fig. 4 was extracted. The contour detection

algorithm that we used is based on the Taubin method

(Taubin 1991) and the shape of the contact line was
assumed to be elliptic. The perfomance of the contour

detection algorithm is illustrated in Fig. 6, where the

elliptic contours obtained with this approach have been

superimposed to the original images. These elliptic con-

tours were also superimposed to the images obtained

from the draughtboard technique, as plotted in Fig. 7.

Although the elevations of Figs. 5 and 4 are very close,

the parameters of the ellipse measured from the images

of Fig. 4 were interpolated linearly between the time

steps in order to improve the comparisons between the

two experiments. One can clearly see that the regions

overwhich the draughtboard is undistorted is delimited

by a contour closely related to the elliptic contour ex-

tracted from Fig. 4, thus demonstrating the accuracy of

the contour illumination technique. Although the over-

all agreement is very satisfactory, one can observe some

discrepancies due to the imperfections of the set-up (e.g.

the mock-up rotates slightly) when zooming very close

to the contact line (the online version offers the possi-

bility of zooming close to the contact line).
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For these experiments, the aperture of the lens was

adjusted such that both the mock-up and the draught-

board were reasonnably well in focus and such that the

aperture of the diaphragm was not too small in order

to be able to see the contact line which is much less

luminous than the draughtboard. The contrast of the

images presented in Figs. 4 - 7 was adjusted numerically

in order to make the contact line more visible.
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Fig. 4: Configuration 1 : image sequence of the con-

tact line for a circular disc (see online version for high

definition images)

3.2 Side views of the circular disc

In order to assess the accuracy of the draughtboard

technique and the contact line illumination technique,

we performed experiments during which we recorded si-

multaneously side views and top views (with two cam-

eras). We added a white background in order to visu-

alize the water column by shadowgraphy. Figs. 8 and

9 show the shape of the water column which rises un-

der the circular plate for different values of the eleva-

tion. These images were obtained during three different

experiments and correspond to the time instant when

perspective effects are minimal. From these images, we

measured the diameter, φc, of the water column where

its horizontal cross-section is minimal and the diame-

ter of the disc, Ds, as depicted in Fig. 9. The diameter

φc also corresponds to the point where the tangent to

the free surface is vertical. In the following comments
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Fig. 5: Configuration 1 with draughtboard (see online

version for high resolution images)
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Fig. 6: Detection of the contact line for a circular disc

(see color version online)

and throughout the rest of the paper, the portion of the

free surface located above the point where the tangent

of the free surface is vertical will be referred to as the

“meniscus region” and the portion of the free surface

located below this point/line will be referred to as the

“water column”. From the top views, we measured the

diameter of the luminous ring, φr, the diameter of the

draughtboard area, φd, and the diameter of the disc,Dt,
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Fig. 7: Comparison between the detected contact line

and the draughtboard technique for a circular disc (see

color version online)

as depicted in Fig. 10. Note that Fig. 10 corresponds to

the same experiment and to the same time instant as

Fig. 9. A zoomed in view of the regions delimited by the

red square boxes depicted in Fig. 10 is shown in Fig. 11.

One can see on this figure that the diameter of the lu-

minous ring is slightly greater than the diameter of the

draughtboard. In a similar way, zoomed in views of the

regions marked by red dotted circles in Fig. 9 are shown

in Fig. 12, where we have also plotted the left and right
limits of the luminous ring and of the draughtboard

which were measured from Fig. 10 or 11. This compar-

ison confirms that the value of the diameter measured

with the draughtboard technique, φd, is very close to

the diameter of the water column, φc, measured from

the side view. The luminous ring seems to be coincident

with the region where the slope of the meniscus is ap-

proximately equal to 45◦, so it does not correspond to

a contact line strictly speaking. It should be noted that

the disc remains fully wet until the end of the exit as a

thin film of water remains at its surface. In water entry

problems, the name “contact line” or “turn over” region

designates the curve where the free surface is vertical

(see Korobkin 2007). Although a wider surface of the

body surface is wet by the jet, the surface of the body

delimited by “the contact line” is often referred to as

the “wetted surface” or the “contact surface”. It seems

therefore consistent to use the same terminology for the

water exit problem and to use the name “contact line”

for the “turn over line” of diameter φc indicated in Fig.

9. A compilation of the measurements obtained from

the different experiments is presented in table 1. The

results are given in terms of average values over four

consecutive experiments. In the notations, the overline

stands for the average value of four experiments and
(X − Y ) stands for the average value of (X − Y ) over

four experiments, so (X − Y ) 6= (X−Y ). Two different

series of experiments had to be conducted in order to

measure φd (with the draughtboard) and φr (without

the draughtboard) at an elevation of h(t) ≈ 9.5mm.

This is why the results for h(t) ≈ 9.5mm appear on

two different lines in Tab. 1. The results shown in Tab.

1 confirm that φc and φd are very close throughout the

exit and that φr is slightly greater than φc by a few

percents. From a practical point of view, it is therefore

reasonnable to consider that the illumination technique

gives a good measurement of the contact line. Note

that the difference between φr and φc is smaller for

smaller values of h(t), probably because the meniscus

is smaller at the beginning of the exit. This a valuable

point as the highest hydrodynamic loads appear when

the wetted surface is large in a number of water exit

configurations (e.g. water exit at constant acceleration

(Korobkin 2013) , wave impact (Baarholm and Faltin-

sen 2004), water entry and exit at constant acceleration

(Tassin et al. 2013)).
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Fig. 8: Side view of a disc exiting water

3.3 Square plate - Configuration 1

The central LED lighting technique was also used to

study the water exit of a square plate. For this partic-

ular case, some sellotape was stuck to the lower face of

the plate under the LED light in order to reduce the

light transmission into the water and to increase the

light diffusion in the material of the mock-up (the sell-

otape acts as a mirror). Three images recorded during

the water exit of a square plate are plotted in Figs. 13a-

13c, showing a more complex evolution of the contact

line. The contraction of the contact surface is slower
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h(t) (mm) φc/Ds (%) φd/Dt (%) φr/Dt (%) (φd/Dt − φc/Ds) (%) (φr/Dt − φc/Ds) (%)
9.12 80.1 79.8 - -0.25 -
9.75 79.5 - 79.8 - 0.36
30.1 55.3 55.1 56.2 -0.14 0.91
41.9 44.6 44.4 45.5 -0.22 0.87

Table 1: Average values of the relative diameters for 4 different elevations. The overline stands for the average on

4 consecutive experiments. (Ds: diameter of the disc measured from the side view, φc: minimum diameter of the

water column measured from the side view, Dt: diameter of the disc measured from the top view, φd: diameter of

the undeformed draughtboard surface, φr: diameter of the luminous ring)
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Fig. 9: Side view of a disc at h(t)=42.3mm

along the diagonals of the square. At the end of the

exit, the contact surface is very elongated along the di-

agonals. Note that the luminosity of the contact line is

more intense in the regions where the light source inci-

dence is normal to the contact line (this was supported

by additional observations not presented in the paper).

It was necessary to increase significantly the contrast

of these images in order to be able to make the con-

tact line entirely visible. Fig. 13d was obtained from

another experiment during which a draughtboard was

placed under the right-hand side of the mock-up. This

image allows for a side by side comparison with Fig.

13c, given that the elevations corresponding to these

two images are very close. Note that the draughtboard

is visible in the thin elongated region of the contact

surface along the diagonals in Fig. 13d. This confirms

that the contact surface is very elontaged in these re-

gions and indicates that the water column also has a

complex shape. Also note the apparition of the draugh-

tboard on the left-hand side of the image, probably due

to refraction through the free surface. As the sellotape

kept the LED light from being transmitted to the water,

431

0 200 400 600 800 1000

100

200

300

400

500

600

700

800

900

1000

φr

φd

Dt

Fig. 10: Top view of the disc with the draughtboard

and central LED light at h(t)=42.3mm
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Fig. 11: Zoomed in views of Fig. 10

we used underwater lights to lighten the draughtboard

in this experiment.

3.4 Modified square plate - Configuration 2

Based on the previous observations, we tried to im-

prove the results using the LED edge-lighting system

described in Fig. 3. While increasing the global lumi-

nous flux, this set-up aimed at having a wider distri-

bution of the light source. In that way, each portion of
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φr
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Fig. 12: Zoomed in views of Fig. 9 with measurements

from Fig. 11 superimposed
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Fig. 13: Configuration 1 : square plate with central

LED. (a), (b) and (c) : experiment without draught-

board, (d) : experiment with a draughtboard.

the contact line is likely to receive sufficient light from

any direction. A sequence of images obtained with con-

figuration 2 for the modified square plate is shown in

Fig. 14. One can observe that configuration 2 improves

both the intensity and the homogeneity of the contact

line illumination. In fact, it is still possible to make the

contact line more visible in Fig. 14 whereas the signal-

to-noise ratio of the images presented in Fig. 13 pre-

vents from doing so. Note that the accelerometer fixed

at the middle of the mock-up (slightly off-centre of the

mock-up) is also visible in Fig. 14. The contact line re-

mains reasonnably well in focus until an elevation of

60 mm, but it becomes noticeably out of focus when

approaching an elevation of 100 mm in Fig. 14d. The

same experiment has been carried out with a draught-

board which was located at the bottom of the tank and

illuminated by an under water lighting system. During

this experiment, the LED edge-lighting system was also

switched on. The images obtained with this configura-

tion are depicted in Fig. 15. In order to offer a better

comparison between Figs. 14 and 15, we selected man-

ually several points “belonging” to the contact line in

the images of Fig. 14 and superimposed these points

(red crosses) to the images of Fig. 15. This compari-

son clearly shows that the contact line extracted from

Fig. 14 is very close to the curve delimiting the surface

overwhich the draughtboard is visible. The contact line

illuminated by the LED edge-lighting system is also vis-

ible in Figs. 15c and 15d, especially when zooming in

on the regions where the contact line is close to the

centre of the mock-up. The contact line is also visible

in Fig. 13d, together with the draughtboard, in the re-

gions close to the central LED light. Zoomed in views

of Figs. 13d and 15c are presented in Figs. 16a and 16b

in order to compare more precisley the two techniques

at similar elevations. It is interesting to observe that

there is a gap between the border of the draughtboard

and the contact line with both techniques, although the

direction of propagation of the incident light with re-

spect to the contact line is reversed. In configuration 1

the light comes from the centre of the wetted surface

towards the contact line whereas in configuration 2 the

light comes from outside of the wetted surface towards

the contact line. The size of this gap seems however to

be of the same order of magnitude in both cases. More

importantly, the difference between the contact line il-

lumination techniques and the draughtboard technique

remains small, even for large elevations of about 54 mm.

4 Discussion

The results obtained with the circular disc show that

the draughtboard technique is a reliable technique for

the measurement of the minimum diameter of the water

column which can be measured from side views. These

measurements were made by selecting manually, from

zoomed in views of the images, the limits of the fea-

tures that we wanted to measure (φc, φr, φd ...). As

pointed out by Vega et al. (2009), such measurements

are not that simple. We showed that the contact line

obtained with the central LED light and the wetted

surface obtained with the draughtboard technique su-

perimpose well both for the circular disc and the mod-

ified square plate. These comparisons are better when

we compare images obtained at similar elevations (as

shown in the paper) than when we compare images ob-

tained at similar “time instants”. In fact, besides the
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Fig. 14: Configuration 2 : modified square plate with

the LED edge-lighting system
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Fig. 15: Configuration 2 : modified square plate with the

LED edge-lighting system. The red crosses indicate the

location of points selected manually from the contact

contact line in Fig. 14 (see HD color version online)

difficulty of finding a reference time for such compar-

isons, the discrepancies in terms of time evolution of

the acceleration from test to test make these compar-

isons more difficult when they are based on time. We

should also mention that we selected experiments which

“matched” rather well, but that some comparisons with

other experiments were less satisfactory. These discrep-
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Fig. 16: Zoomed in views of the contact line during the

water exit of a square plate with (a) the central LED

lighting and (b) the LED edge-lighting system (see HD

color version online)

ancies probably come from the imperfections of the set-

up (the mock-up is held by strings) and the discrepan-

cies in terms of time evolution of the acceleration from

test to test. The overall accuracy of the comparisons is

nevertheless sufficient to support the conclusions drawn

from the different experiments. Note that the compar-

isons between the side views and the top views, which

were performed on the same experiments, are less af-

fected by the test-to-test variations of the experimental

conditions (acceleration).

The results show that configuration 2 improves sig-

nificantly the illumination of the contact line during

the water exit of a square plate. This configuration was

tested because we intuited that the illumination of the

contact line could be influenced by the angle of inci-

dence of the incident light with respect to the contact

line normal/tangent. The parameters affecting the op-

tical phenomenon are however not yet fully identified.

For example, one can see in Fig. 13a that the thin tips of

the contact line along the diagonals of the square plate

are clearly visible although the contact line is NOT or-

thogonal to the incident light. We were not able to show

whether the sides of the plate play a role in that illumi-

nation. Another interesting aspect is the fact that the

contact line is illuminated both when the light comes

from the centre of the mock-up and from the periphery

of the mock-up.
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5 Conclusion and perspectives

The LED edge-lighting technique proposed for the vi-

sualisation of the innermost point of the contact line

during water exit is promising. It allows for an intense

and homogeneous illumination of the innermost point

of the contact line. The feasability of the method was

proven by carrying out experiments at 1000 fps with

a modified square plate. The performance is remark-

able given the complexity of the shape of the contact

line. The draughtboard technique was used to show

the close correspondance between the illuminated con-

tact line and the undeformed part of the draughtboard.

The proposed method could potentially be extended

to more complex case studies: three-dimensional bod-

ies and bodies subject to more complex motions in-

cluding rotations (the camera should be fixed to the

mock-up in that case), maybe with some restrictions

on the curvature and the deadrise angle (slope of the

tangent) of the mock-up. This technique is also worth

investigating for the tracking of contact lines in differ-

ent configurations (e.g. along a wall, sloshing and water

entry problems). Numerical simulations of the optical

phenomenon would certainly be helpfull to better un-

derstand the interaction between the contact line (or

the meniscus) and the lighting system. Such an analy-

sis might require a more accurate measurement of the

free surface shape around the meniscus region in order

to be able to understand accurately the phenomenon.

This type of measurement is already challenging in the

axisymetric case and probably out of reach for more

complex cases like the square plate. An alternative so-

lution would be to use numerical simulation to obtain

a realistic shape of the free surface, provided that these

results are reliable.
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