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ABSTRACT
The aim of this study is to measure velocity fields and accurate surface elevation in solitary waves utilizing a fast Xray PTV system. It is difficult to measure the free surface of water waves with the optical measurement techniques
available today. This is partly due to refraction and reflection of light rays by the surface of the waves, or by
reflections of light rays by the wall of the wave tank. The interface between water and air will then get an inaccurate
location in images captured by visual light. The use of microelectronics in image sensors, have made it possible to
capture images with both high spatial and temporal resolution. In this study, X-ray measurements with high
resolution in space and time have been performed on solitary waves. Two perpendicular X-ray systems are utilized.
Surface elevation measurements with accuracy of 0.12 mm are presented, and cross-waves due to wall effects are
observed when the average wave height is subtracted from the images. Particles that absorb X-ray are seeded into
the water and PTV is used to find velocities in the flow field. The two X-ray systems provided enough information
to produce a 3D reconstruction of the flow field. The velocities measured are compared to velocities computed by a
Boundary Integral Model (BIM). There seems to be discrepancy between the computed and the measured velocities,
which may be linked to inaccuracy in the particle’s location or linked to the large size of the particles.

1. Introduction
Wilhelm Röntgen was the first to generate and detect X-ray radiation (Stanton, 1896). X-rays
have mostly been used in medical contexts, and an overview of in vivo measurements can be
found in Fouras et al. (2009). In the recent work, X-ray measurements have been frequently used
in experimental fluid mechanics. Several X-ray measurements have been performed to visualize
multiphase pipe flow (see Vinegar and Wellington (1987) and Bin Hu et al. (2005)). One of the
latest developments is to apply known image techniques such as Particle Tracking Velocimetry
(PTV) to images captured with X-rays (Kertzscher, 2004). In X-ray PTV studies, the fluid must be
seeded with X-ray absorbing particles, which also should be neutrally buoyant with respect to
the fluid, as in regular PTV. Drake et al. (2011) have given a description on how these particles
can be made.
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Solitary waves were first observed by John Scott Russell in 1834 (Miles,1980). Typical
solitary waves consist of one single crest and travel with constant speed without changing shape.
They are nonlinear and dispersive waves. A full potential solution for solitary waves was found
by Tanaka (1986), while Fenton (1972) found a ninth order approximative solution for solitary
waves.
Until now, very few X-ray studies with high temporal and spatial resolution have been
utilized in the field of experimental fluid mechanics. The purpose of this study is to measure
surface elevation and 3D velocities of solitary waves, utilizing a fast X-ray system. Solitary
waves are attractive to work with experimentally, since solitary waves can be easily generated in
a wave tank, and the measurements can be validated against well-established solitary wave
theory.
2. Experimental set-up
A sketch of the experimental set-up is shown in Figure 1. Solitary waves are generated in a
10 !" wide and 300 !" long wave tank made of Poly(methyl methacrylate), PMMA. The tank is
mounted

into

an

X-ray

cabinet.

Three

different

water

depths

are

investigated

(! = 2.77, 2.92 !"# 4.85 !"). Two X-ray sources are perpendicularly mounted on top and at the
side of the wave tank. The X-ray radiation is distributed around a peak energy, which is set
to 40 !" and 60 !" for the source mounted on top and the source from the side, respectively. The
associated X-ray currents are set to 4.0 !" and 5.0 !" respectively. Two high-speed X-ray
CMOS detectors are located on the opposite side of the X-ray sources. The detectors sensitive
area is 114.9 !! × 64.6 !! distributed by 1536 × 864 pixels. A multi-channel trigger source
synchronizes the two detectors, and images are captured at 100 frames per second (fps) with an
exposure time of 10!" and a 2×2 pixel binning. A block releasing wave maker generates solitary
waves with three normalized amplitudes !/! (i.e. 0.48, 0.35 and 0.18), which are associated with
the different water depths mentioned above. The wave maker and the X-ray system are
positioned 6.5 and 200.5 !" from the inner left wall of the wave tank. Two acoustic wave gauges
(ultra Banner U-Gage S18U), positioned at −13.74 and 6.26 !" from the middle plane of the Xray systems, are used to measure the surface elevation.
The water is seeded with cylindrical X-ray absorbing particles with a varying length
of 1 – 2 !! and a diameter of 1 !!. The particles are made of foamy polymer with (4 – 5)% by
volume metal (lead and/or tungsten). The average particle density is 1.04 ∙ 10! !"/!! with
standard deviation 0.9 !"/!! . The Stokes number for the particles varies from 0.8201 − 1.0851
depending on the water depth. Even though the particle´s average density is designed to match
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the water density, the slight density difference can still result in a large amount of the particles
sinking rapidly to the bottom of the wave tank or floating to water surface. To improve the
number of particles within the investigation area, a careful selection of particles has been
performed by discarding the particles that drifted to the surface, and those that sank to the
bottom.

Figure 1: Experimental setup.

3. Post processing and PTV analysis.
To find accurate surface elevations, a large calibration data set of different water depth was
collected. A logarithmic calibration curve was used for the top view while a second order
polynomial curve was fitted to the side view data. The side view interphase was determined by
the maximum vertical gradient of the images. Dropouts in the ultrasonic probe measurements,
which occurred at steep regions, have been filled in by linear interpolation of proximity signals.
In addition, cubic polynomial regression has been used to remove high-frequency noise from the
ultrasonic signal. !
To obtain three-dimensional velocities of the X-ray particle, a coupling of the
measurements from the two X-ray cameras needs to be performed. Compared to the images
obtained from the vertical measurements, the images captured from the side measurement have
given much lower contrast between water and X-ray particles. This is as expected because the
relative fraction of X-ray absorbed by seeding particles becomes smaller as the water depth
increases. To enhance the contrast in the side images special image processing techniques have
been applied:
•

Background removal (Subtraction of an averaged still water image)

•

Normalization
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(The interphase is found by the maximum vertical

gradient.)
This has clearly enhanced the contrast between the background and the particles, but the
boundaries of the particles will be affected by this procedure and the accuracy in the center
location of the particles may be reduced. For the top view, the higher contrast allows for particle
recognition by only performing the background removal and normalization processes.
Determination of the particles centers and velocities are performed in DigiFlow developed
by Dalziel (2006). 3D-reconstruction of the positions is simply performed by basic geometry
analysis, and by coupling the depicted particles captured by the two different cameras. This is
fairly easy since the number of particles is relative limited (~8) and since the algorithm only
matches particles based on their locations. Only particles that show a coinciding trajectory
motion of their 3D positions with an error less than 0.15cm are considered.
To verify the velocity obtained by the X-ray system, the simulated values from the
boundary Integral Model (BIM) were used for comparison. The BIM solver is essentially an
inviscid potential flow model that computes the velocity field and surface elevation of solitary
waves. More information on the BIM model can be found in Pedersen et al. (2013).
4. Results
The results are presented in two parts in this section. Firstly, the surface elevation measurements
are presented, followed by the observations from the velocity measurement. Raw images of top
and side views captured by the X-ray cameras from the experiments are shown in Figure 2. As
shown by the side view (right image of Figure 2), the contrast between water and particles is
low.

Figure 2: Raw images of the wave crest. Left: Top view Right: Side view.
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4.1 Accurate surface elevation measurements
The surface elevation measured by X-rays, compared with the ultrasonic probe measurement, is
shown in Figure 3 for the water depth (H) of 4.85 cm. The comparison has shown a very good

Figure 3: Surface elevation measured with X-ray and the ultra sonic probes. Left: Averaged top view and interphase from
the side view. Right: Side view and probes.

agreement on the measured surface elevation between the ultrasonic and X-rays from both the
side and top views. The X-ray measurements from the top and the side are smoothed with a first
order Savitzky-Golay filter with a frame size of 0.028 !. The maximum deviation between the
ultrasonic probe and the X-ray measurements is 0.12 !! for the top view, and 0.14 !! for the
side view. This is prominent compared to the accuracy one can retrieve from the optical
measurement techniques available today. The smaller waves captured after the large solitary
wave are the reflected waves from the end walls of the wave tank.

Figure 4: Left: 3D Spatial surface elevation, Right: Cross-waves obtained after the wave crest. Colour scale, [cm]
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A 3D spatial resolved view of the waves is presented in Figure 4. The left figure shows
the 3D surface elevation, reconstructed by correlating the surfaces from the image series. The
right figure shows the deviation in the surface elevation in the cross section of the wave tank.
The average surface elevation is subtracted from the original image and a smoothing filter is
applied. The filter size was set to 50 × 5 pixels. After the solitary wave crest passes, a small crosswave is observed. This is probably caused by wall effect from the wave tank.
4.2 Measured velocities
Figure 5 shows 3D trajectories of the X-ray particles collected from four different runs from the
experiment with the water depth (H) of 2.77 !". The coordinate origin is set to the middle of the
detectors for (!, !), and at bottom of the wave tank. ! = 0 correspond to the time when the wave
crest is centered in the images. Although great effort has been made to increase the number of
particles within the investigation area, the number of particles is still not as large as one would
normally require for accurate quantitative analysis.

The background shows the measured

surface elevation.

Figure 5: 3D trajectories of particles collected from −!. !"# < ! < !. !"#.
t=0 corresponds to the time when the solitary wave crest is captured in the
centre of the detectors.
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Figure 6: Velocities at t=0.04s, Left: Side view, the solid lines marks the surface, Right: Top view

Figure 6 shows the measured velocities of the X-ray particles in comparison with the velocities
computed by the BIM solver. In general, there is a fairly good agreement between the simulation
and experiments. Nevertheless, slight discrepancies from BIM are observed for the measured
velocities. The average velocity magnitude difference is 23 % for the particles obtained at
! = 0.04 !. The discrepancies may be due to the relative high stokes number calculated for the
particles. The particles may not follow the flow fidelity, and inertia forces might affect the
particles. The image processing performed on the images from the side, will introduce a small
error in the center location of the particles, and this may be one of the reasons for the deviations
in Figure 6.
5. Conclusion
In the present study, X-ray measurements of solitary waves were investigated in a small-scale
wave tank facility. Accurate surface elevation measurements were conducted with an accuracy
of 0.12 !!. A cross-wave was observed behind the solitary wave crest, and is most likely caused
by wall effects from the wave tank.
3D velocity measurements of X-ray particles were investigated and compared with
computed velocities from numerical simulations. There were some discrepancies between the
computed and the measured velocities, which were linked to the X-ray particles stokes number,
and the uncertainties related to the particles location in the images. A smaller wave tank will
enhance the contrast between the water and the particles in the images from the side, and this
may improve the accuracy in the particles location. The particles used in the current experiment
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are not optimal for this setup, and it would be beneficial to use smaller particles with a less wide
and more similar to water density distribution.
Finally as indicated in the present study, the fast X-ray system is an excellent
measurement technique for obtaining accurate interfaces and flow characteristics associated with
solitary waves. In particular, it brings a superior feature when 3D spatial velocities fields are
desired.
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