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Abstract
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For measuring free-water surfaces conventional methods, such as resistance-type probes,
U-manometers, point gauges, ultrasonic sensors, etc are still most commonly used in modern
hydro engineering. These methods give accurate results at suitable flow conditions, but are
insufficient when the water surface is characterized by turbulence and two-phase flow, with fast
dynamics. This paper presents the use of laser scanning as a measurement method for the
acquisition of free-water-surface profiles of hydraulic phenomena with turbulent,
non-stationary, and non-homogeneous free-surface flows. Results shows that laser scanning can
provide accurate measurements of free-water-surface profiles with high spatial and temporal
resolution, even in cases of turbulent flows with high vertical fluctuations on the water surface.
The comparison with the reference values determined by analysing the images taken with the
high-speed camera showed that measurement uncertainty ranges from £5 mm to +10 mm,
which is more than an order of magnitude smaller than the range of local vertical water-surface
fluctuations. The average profiles, envelopes of vertical water surface fluctuation around the
mean value, as well as the construction of complex water surface topography of intensive
waving can be determined by processing laser scanning data. The results contribute to the wider
use of this non-contact measurement method, which provides important information on water
flow properties to many fields of hydro-engineering. The application of 2-D laser scanning for
free-water-surface acquisition was conducted in the model of supercritical junction flow, where
the development of standing waves leads to the phenomenon of self-aerated flow.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Knowledge of hydraulic phenomena is well advanced mainly
in subcritical flows but is still limited in supercritical flows
and transitions from one to two or multi-phase flow [1, 2].
According to our overview of expected future challenges
in design of hydraulic structures, the main research topics

1361-6501/20/064001+11$33.00

are expected to focus on complex hydraulic phenomena in
terms of high-speed flow and particularly air flow features,
like high-speed outlets, hydraulic power plant flow fields,
sediment bypass tunnels, desilting and fish migration facil-
ities, drop shafts etc [2]. Insufficient or inadequate know-
ledge of such phenomena often leads to under-dimensioning of
structures, their poor functionality, and poor operation, while
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accompanying processes, which also impair the functioning
and condition of hydraulic structures and arrangements, are
not sufficiently considered. To obtain new information and
knowledge about phenomena and processes, experimental,
numerical, or even hybrid research is of great importance. An
overview of the research shows that due to the complexity of
the water flow structures of demanding hydraulic phenomena,
there is a lack of quality data for calibration and verification
of numerical models, which means that 3D numerical model-
ling does not yet yield completely satisfactory results [3-5].
According to the mentioned problem, measurements are an
important part of hydraulic engineering and it is crucial to take
precise and reliable measurements of hydraulic phenomena.
For velocity measurements the development of non-intrusive
measurement methods, particularly image processing tech-
niques like particle image velocimetry [6], bubble image
velocimetry [7], optical flow [8], and computer-aided visu-
alization methods based on the advection-diffusion equation
[9, 10], has been significant in recent years. More advanced
image processing techniques also enable velocimetry of wavy
aerated flows (micro-PIV) [11] and bubbly pipe flows [12],
visualization and estimation of thickness distribution of ver-
tical air-water annular flow (planar laser-induced fluorescence)
[13—-16]. Such strong development is not the case in meas-
urements of water levels, where conventional methods, such
as resistance-type and pressure probes, ultrasonic sensors,
etc still prevail. These methods give accurate results at suit-
able flow conditions, but fail to facilitate the measurement
of complex, fast time-varying, free-water-surface profiles of
aerated flows. Aerated flows have been studied experiment-
ally, numerically, and theoretically over the last few decades
and air/water flow characteristics can described in terms of
length and time scales, turbulent fluctuations, turbulent kinetic
energy, dissipation rate, shear stresses, void fraction, bubble
frequencies, and velocities [17]. While a void fraction of an
aerated flow is often measured with various electric or optical
sensors [18], the most commonly used devices for measur-
ing water levels and depths conventional methods are still,
for example, U manometers [19], point gauges [20, 21], and
ultrasonic sensors [22, 23]. Zang et al [23] provide an up-
to-date literature review on point water level measurement
methods and their capabilities, as well as limitations in sev-
eral types of turbulent flows. The performance of these meas-
urement methods is limited for two-phase flows, because they
do not allow for automated continuous measurement of the
water surface profile with high temporal and spatial resolution.
Due to these issues, research focuses in aerated air-water sur-
face measurements are now shifting to high-speed video cam-
eras in side-view perspective, and to laser-based technologies.
Among these, the laser triangulation method performed by fast
camera imaging may be used for aerated turbulent water sur-
face height measurement as shown in [24]. The method may be
used in a laboratory with a continuous light sheet or in combin-
ation with laser scanner illumination for more localized meas-
urements.

This paper presents the applicability of laser scanning for
measuring the free-water surface and fluctuations of turbu-
lent, high-aerated open channel flows with strong vertical and

longitudinal dynamics. The main focus of this study is on post-
processing of laser scanning point cloud, and on determining
the remission value threshold and range of water surface fluc-
tuation. Analysis was performed using the remission data of
each scan. Point clouds of water surface measurements are
laden with water height fluctuations, several consecutive spec-
ular laser beam reflections, variations of foam layer thickness
and properties etc. We will show that the use of remission data
improves water surface measurement results by a large mar-
gin, by effectively reducing the scatter of laser scanner meas-
urements. The robustness and versatility of laser scanning has
been shown in different fields of research and engineering
[25-27]. The laser beam reflects on the still water surface at
the same angle as the incident angle or penetrates through the
water and reflects from bottom, bubbles or suspended particle.
Smith et al [28] and Tamari et al [29] studied influence of
refraction angle and large incidence angle, respectively, on
measured water levels. Despite this, laser scanning has rarely
been used for water surface profile measurements. Think tanks
from Blenkinsopp and Allis have applied the method for labor-
atory profile measurements of the time-varying free-water sur-
face of propagating waves [30, 31]. Both groups have per-
formed measurements in wave flumes and have used water
mixed with particulate matter to improve reflection. High fre-
quency measurements of wave transformation and character-
istics using a LIDAR scanner were also performed in the field
[32-35]. In recent years laser scanning has been proven to
be a reliable measuring method for acquiring the free-surface
profiles of aerated, turbulent flows [36]. In laboratory stud-
ies such laser scanning was efficiently used to record mean
standing waves topography [37]. For the supercritical junc-
tion flow, standing wave-topography mesh models were ana-
lysed for 168 scenarios, from which phenomenological models
among independent geometric and hydraulic flow paramet-
ers and the dependent characteristics of flow structures were
derived [38]. Laser scanning also provided free-surface fea-
tures in fully aerated flows down a laboratory stepped spill-
way at high spatial and temporal resolution [36]. Montano
et al [39, 40] used LIDAR measurements to simultaneously
record jump toe oscillations and free-surface fluctuations. This
enabled new insights into the interactions of jump toe and free-
surface features in aerated hydraulic jumps.

Due to the specular reflection of the laser beam on the sur-
face of the clear water, the reflected signal reaches the laser
scanning sensor only at a null angle (or very close to 0° (£1°)).
If the beam is reflected off the water’s surface away from the
laser scanner at a greater angle, the sensor could only receive
a signal after several reflections from various surfaces. In such
a scenario, the traveling time and consequently the measured
distance would be too long and erroneously excessive.

In our study we applied laser scanning to measure free-
water-surface profiles accompanied by complex hydraulic
phenomena with highly aerated flow and non-stationary
behaviour. As an interesting practical case we selected a super-
critical junction flow, where distinctively 3D, turbulent, two-
phase flow occurs (figure 1, left). The main aim of our study
was to measure transversal profile of the water surface and the
range of water surface fluctuation.
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Figure 1. Highly turbulent and aerated supercritical junction flow (left) and a sketch of specular reflections of the laser scanner beam on the

aerated water surface (right).

In hydraulic phenomena with highly developed two-phase
flow, especially where white water (foaming), spraying, and
transitions between different types of aerated flows (from
stratified and bubbly to dispersed flow) are present, the exact
detection and determination of the water surface is very dif-
ficult and challenging. In addition, distinctive fluctuations of
water surface or the upper layer of the mixture of water and
air are also frequently present. An abundance of droplets
above the surface can lead to overestimates of surface height,
numerous steep waves prevent measurements of concave
surfaces, entrapped bubbles below the surface can underes-
timate surface height, and the presence of foam can increase
measurement uncertainty (figure 1, right). But at the same time
such flow properties create conditions under which, unlike for
other measurement methods, laser scanning can give useful
results.

2. Experimental set-up

2.1. Supercritical junction flow model

The experimental work was done at the hydraulic laboratory of
the Faculty of Civil and Geodetic Engineering of the Univer-
sity of Ljubljana. A junction model with 90° angle between the
main channel and its side channel axes was used. The lengths
of incoming flows with supercritical flow were the same for
the main and tributary channels, i.e. 1 m, to ensure equal
upstream conditions at the start of the junction. The length
of the main channel downstream of the junction was 4.5 m.
The channel walls were made entirely from glass panels with

joints between them kept to a minimum, so that the impact
of roughness on flow conditions was also minimized. The
inflows into the channels from the reservoir were separated
from each other with two pipelines equipped each with a valve
and an electromagnetic flowmeter. The inflows were provided
with pressure vessels, where both pressure vessels allowed for
the adjustment of the opening and thus of the desired flow
conditions. The experimental apparatus was equipped with a
frame structure for mounting and precise positioning of meas-
uring devices that allowed for the repeatability of measure-
ments in the same cross-sections. The frame structure was
separately mounted on a rigid metal supporting base to pre-
vent the transmission of vibrations from the glass part to the
measuring equipment. The model is shown in figure 2, where
the main parts are marked with numbers: 1—pipeline sys-
tem equipped with valves and flowmeter; 2—pressure vessels
with adjustable height of the openings; 3—main channel; 4—
tributary channel; 5—rails with carrier for mounting and pre-
cise positioning of measurement devices; 6—Ilaser scanner;
7—free overflow at the end of the model.

By adjusting the height of the openings and discharge in
each pipeline we set flow parameters for the series of scen-
arios. The discharge in the main and tributary channel was set
from 2 to 60 1 s~! and 1.5 to 55 1 s~!, respectively. For both
channels the opening heights were set at an interval from 10
to 30 mm. The maximum values of the Froude and Reynolds
number of the inflows in the analysed scenarios were 12 and
1.2 x 103, respectively. The paper presents measurement res-
ults of scenarios with the opening height of 20 mm on both
pressure vessels; the discharge in the main channel 37.6 15!
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Figure 2. Experimental setup—supercritical junction flow model.

(Fr = 8.5), and the discharge in the side channel 25 1 s!
(Fr =5.6).

2.2. Measuring equipment and measurements

The non-stationary topography of free-water-surface flow was
measured using a 2-D laser scanner LMS400 manufactured by
SICK, which allows for measurements with a high temporal
and spatial resolution (figure 3, left). The device emits laser
beams in the visible red light wavelength A = 650 nm with a
frequency up to 175 kHz, and the receiver records the reflec-
tions from water surfaces, bubbles, walls, etc. Water surface
measurements using a laser scanner comprise a relatively new
field, so before use for systematically measuring water sur-
face topography the measurement method had to be extens-
ively verified. The verification procedure is described in [37].
Topography measurements along the junction in a length of
2 m were carried out in 21 consecutive cross-sections at an
interval of 100 mm (figure 3, right). The results and a compar-
ison with laser triangulation in dashed cross sections (R) and
(C1-C3), respectively, are presented later. The laser triangula-
tion method used is described in [24]. Each free-water-surface
profile was measured from the centre point transversally to the
channel. The angles of the beams’ incidence on the water sur-
face were smaller, which increased the number of received, i.e.
returned, echoes. The transversal free-water-surface profile in
the individual cross-sections was determined based on 6000
scan lines. Every measurement included distance, angle, and
remission data. A configuration with a line scanning frequency
270 Hz and angular resolution 0.2° was selected. The angular
range was 70° and each scanline was composed of 350 meas-
urement points; i.e. totalling 94 500 distance measurements
per second and 2100 000 points per cross-section in total. The

amount of data recorded is high due to the high scanning fre-
quency required by the non-stationary junction flow phenom-
ena, but the actual acquired data is dependent on the reflection
from the surface. Often the returned beam is not detected by
the laser scanner and data are randomly missing for a range of
acquisition angles and times. Despite the high sampling rate
and the great number of measurements, only around 5% of the
signal emitted from the laser scanner was, due to the specificity
of interaction between laser beam and surface of aerated water,
returned and detected by the laser scanner’s photodetector.

For systematic measurements with a high frequency in
many recorded cross-sections, we developed methodology for
determining the free-water-surface profile, entire topography
of the standing waves, and the envelopes of maximum and
minimum values of surface fluctuations. We have developed
our own laser scanner drivers for data acquisition, as well
as a user interface for configuration, visualization, and data
storage.

Due to the limitations of conventional measurement meth-
ods for measuring the free-water-surface profiles of turbu-
lent, two-phase flow with strong vertical dynamics, reference
measurements in selected points were conducted using image
analysis. For visualization and to determine the local aver-
age water surface level and fluctuations in individual points
we used a thin slice ruler inserted into the water flow and a
high-speed Casio EX-F1 camera with an image acquisition
rate of 300 fps. Considering flow conditions, the influence of
the ruler on the turbulent two-phase flow could be assumed
as negligible. The average value and standard deviation of
fluctuation were determined based on the reading of water
levels in 1000 consecutive images. In image analysis it was
possible to visually control the water levels, as determined by
algorithms developed in MATLAB. This also made it possible
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Figure 3. Laser scanner SICK LMS400 (left) and a sketch of the junction with its main dimensions and measured cross-sections
(cross-sections in which results are given are marked with red and blue dash lines) (right).

to assess the fluctuation of the water surface with greater con-
fidence and to compare the values with the results of the ana-
lysis of the measurements with laser scanner.

2.3. Filtering the measurements based on reflection intensity

Besides the distance between the device and measuring
surface, determined based on the time-of-flight measuring
method, the laser scanner also records the remission (intens-
ity) of each returned signal. The remission value is recorded
with a value between 0 and 255 (8-bit record) and does not
have a measurement unit. Due to the scattering, energy dissip-
ation when traveling through water and reflections on surfaces
smaller than the laser beam footprint (only part of the light
beam is reflected), the energy of the returned signal is smaller
than the energy of the emitted signal from the laser scanner.
Figure 4 clearly shows that echoes also come from reflections
off of deeply submerged bubbles and water drops above the
water’s surface. The threshold value for actual water surface
measurement filtering was determined by analysing the remis-
sion value of the reflections for submerged bubbles in stand-
ing water [37]. In this study threshold values were analysed
for submerged bubbles and flying droplets of aerated, turbu-
lent flow of the supercritical junction model. By excluding the
returned signals with low remission value, we were able to sig-
nificantly reduce the influence of the bubbles deeper in the
water and droplets in the air in determining the mean water
surface profile. Multiple returned signals could be detected by
the laser scanner due to the scattering of the beam on the tur-
bulent, aerated water surface. The laser scanner used in our
study can detect up to three echoes for each emitted signal, but
only the first was considered in the post-processing of the raw
point cloud. The second and third returned signals frequently
originate from the multiple consecutive reflections from vari-
ous surfaces, which is reflected in the signal’s longer traveling
time, and consequently longer measured distance and apparent
lower water depth.

3. Results and discussion

3.1 Average free-water-surface profiles and range of
fluctuation measurement

Figure 4 shows a raw (cyan colour points) and filtered
(dark blue colour points) point cloud as measured by laser
scanning. In figures 4(A)-(C), the raw point cloud was
filtered using different values of remission threshold (A—
threshold value = 20; B—threshold value = 10; C—threshold
value = 5). The black dash and the red lines indicate the mean
free-water-surface profile, as derived from the entire raw and
filtered point cloud, respectively. The black points with error
bars show the reference values determined through analysis of
the images recorded with a high-speed camera. It is not always
evident from the entire point cloud in the individual cross-
sections where the highest water surface fluctuations occur.
The intensity of fluctuations depends on flow characteristics.
In areas with a strong transversal dynamic of the water mass,
fluctuations are higher closer to the channel walls. In a mixing
zone of both supercritical inflows (main and tributary inflows)
the highest fluctuations occur along the standing wave ridge
inside the channel.

The filtered point cloud has fewer points for high remis-
sion thresholds, since reflections that retain much energy are
rare (figure 4(A)). High-energy dissipation is a consequence of
the laser beam scattering and consecutive specular reflections
on the aerated water surface, as well as the beam’s traveling
through the water itself. With the filtering at a threshold value
of 40 and higher, the number of points is too small to determ-
ine transversal profile without making further assumptions and
running additional analysis.

Comparison of both measurement methods shows, that at
a lower threshold value in the filtered point cloud there are
still many reflections from more deeply immersed bubbles and
droplets of spray above the water surface (figure 4(C)). Points
with a remission value above the threshold are also located out-
side the range of the water surface fluctuation, as determined
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Figure 4. Raw and filtered laser scanning point clouds for remission thresholds 20 (A), 10 (B) and 5 (C); average free-water-surface profiles
obtained from raw and filtered point cloud, and reference values obtained with image analysis (cross section ‘R’ on figure 3, right); depth
and Froud numbers of the inflows: h; = h, = 20 mm, Fr; = 8.5 and Fr, = 5.6).

with image analysis. Since the laser beams are reflected on
both the drops above the surface and the immersed bubbles
below the water surface, the transversal profile still matches
the measurements with image analysis.

The measurement showed that laser scanning can be only
used to capture the formation of water surfaces where foamed
or fully developed two-phase flow occurs in the upper layer.
In poorly developed two-phase flow with low bubble density
and when bubbles occur across the entire depth of the water

body, there are more reflections and a wider range of incidence
angles. The determined values are lower than the actual ones
due to the reflections from the bubbles deeper in the water.
The influence of the bubbles deeper in the water could be suc-
cessfully reduced by filtering the point cloud and taking into
account the remission (intensity of reflected signal).
Remission analysis of the returned signals, as detected by
the laser scanner’s photodetector, shows that it is necessary
to find the appropriate value of threshold that enables the
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Table 1. Comparison of water surface measurements in several points at selected cross-sections using the laser scanner and image analysis

with a high-speed camera.

Measured water depth values [mm]

Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7
(Y=-230mm) (Y=—-150mm) (Y=-50mm) (Y=0mm) (Y=50mm) (Y =150mm) (Y =230 mm)
Image analysis
using a high-speed
camera 80 70 70 65 75 115 150
Laser scanning
without remission
filtering 63 50 46 48 62 81 121
Laser scanning
with remission
filtering 77 70 65 62 77 117 147
Difference
LMS400 and high-
speed camera -3 0 -5 -3 +2 +1 -3

determination of the mean free-water-surface profile as well as
its fluctuation. In this verification procedure the most appro-
priate threshold value was determined at 10. As can be seen
from figure 4(B), the agreement between the mean free-water-
surface profile determined from the laser scanning point cloud
and the reference levels from image analysis were very good.
At the same time, the band of filtered points almost completely
coincides with the maximum and minimum envelope of the
water surface fluctuations determined through image analysis.
The deviations between the laser scanners and the reference
measurements are given in table 1. Based on the measurement
uncertainty of the laser scanner provided by the manufacturer
and the results presented here, we estimate that after filtering
measurements based on the remission data the measurement
uncertainty ranges from £5 mm for locations with small ver-
tical dynamics to +10 mm for locations with high vertical sur-
face dynamics.

Figure 5 (below) shows histograms of the water depth in
three locations as shown in figure 5 (top), corresponding to
locations x = —150 mm (left), 0 mm (central), and 150 mm
(right location) within the cross-section. Reference measure-
ments with high-speed camera were also taken in these loca-
tions. In the analysis all points from the filtered point cloud of
3000 scanlines, located within a 20 mm wide interval around
each x location were taken into account.

The histograms of water depth values show that the distri-
bution of the measured values approximately corresponds to
the normal distributions around a mean water level (determ-
ined both by image analysis and laser scanner measurements).
In the left slot the measurements are evenly distributed around
the mean value, which can be attributed to the turbulent nature
of the flow phenomena and strong fluctuation. In the middle
slot (evaluation point 2), that was directly below the laser scan-
ner, there is a larger number of measurements in the narrow
band around average depth value. At a null angle (or very
close to 0°) the laser beam penetrates the water slightly bet-
ter and more deeply than at greater incidence angles. In the
right slot distribution is similar to the normal distribution. In all

three slots there are a relatively small number of measurements
with greater deviation (outliers). Since the point cloud was
filtered at a constant value of remission threshold, it was not
possible to completely eliminate reflections from more deeply
immersed bubbles and droplets above the water surface.

For three cross sections with different vertical dynamics of
water surface C1 to C3, comparisons of mean free-surface pro-
file and a range of fluctuations obtained by post-processing
simultaneous measurements with laser scanning and laser tri-
angulation are shown in figure 6, left. Flow conditions (dynam-
ics and turbulence) in these cross sections are shown in the
images in figure 6, right. In the post-processing of laser scan-
ning point clouds, the same value was used for the remis-
sion threshold as described above (the constant value was set
to 10). Comparison shows good agreement (between £10 to
25 mm), except for the region near the wall, where the agree-
ment between both methods is slightly worse. Due to the
reflection from the glass walls, the performance of the laser
triangulation was decreased [24].

The results shown in figure 6 confirm that remission filter-
ing performed well in representing remarkably different flow
conditions (variations in height and velocity fluctuations, sur-
face foam presence and thickness, etc). As discussed in the
Introduction, there is no other method with good temporal and
spatial resolution available for benchmarking except for the
laser triangulation method (figure 6).

Good agreement between the results of surface measure-
ments using laser scanner and laser triangulation show that
the filtering procedure using remission thresholds presented
above is appropriate. We therefore believe that remission fil-
tering procedure can be successfully used for surface height
measurement in a wide range of flow conditions.

3.2. Mesh models of water surface topography and
envelopes of fluctuation

Based upon the methodology of measurement from
section 3.1, the flow at the entire junction was measured
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Figure 6. Left—results of measurements of average turbulent water surface profiles (solid lines) and a range of fluctuations (left: dotted
lines). Results are shown for laser scanning (blue) and laser triangulation method (red). Right—flow condition in cross sections, where
comparison with laser triangulation was made (cross sections ‘C1-C3’ in figure 3, right; depth and Froud numbers of the inflows:

h; = h; = 20 mm, Fr; = 8.5 and Fr, = 5.6).

and evaluated. The topography of the standing waves was cloud was processed based on the remission values of the
reconstructed from the free-water-surface profiles of each laser measurements. Figure 7 (left) shows two consecutive
cross-section (locations shown in figure 3). The raw point cross-sections. We note that the point clouds of the water
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Figure 7. Point clouds of two consecutive cross-sections (left, above); digital water surface model of standing waves along the entire
junction (right, below); 100 mm long section of standing wave with a plot of the average free-water-surface and maximum and minimum
envelopes of its fluctuations (right, above) (depth and Froud numbers of the inflows: h; = hy = 20 mm, Fr; = 8.5 and Fr, = 5.6).

surface show similar spreading of measured depths and num-
bers of points in the point cloud. This led to the determination
of the mean values of the free-water surface profile, as well as
the range of water surface fluctuations. The results are shown
in figure 7 (top, right). The mesh plot was generated using
the Kriging method. The remission threshold was set to 10
(figure 4(B)).

The laser scanning direction was from the top down (i.e.
plan view). Thus, the measured water surface does not show
air pockets or tunnels of air occurring in the body of the wave.
Such pockets may appear below the cover ridge of the wave
along the circulation zone of both inflows. As seen in figure 1,
a barrel-like water flow formation occurs at the junction due to
high Froude numbers of inflows in both the main and tributary
channel. Inner barrel roll surfaces cannot be measured from
the selected scanning position. Some water structures could
be captured by changing the laser scanner position (below
the bottom or from the sides), but due to the model’s design
it would have required significant modifications, which were
not possible at this stage. Beside this a minimum required
distance between laser scanner emitter/receiver and measured
surface (response time/working range of the laser scanner) has
to be assured without any physical barriers. In a side view

arrangement a measurement performance could be affected by
reflections from glass walls and water drops thereon.

In the areas with lower point density in the point cloud
a comparison of figures 1 and 7 reveals similarities among
regions with limited aeration. However, for the presented
measurement scenario of high Froude and Reynolds num-
bers, it was still possible to successfully generate the 3D mesh
model. Remission filtering facilitated the rejection of out-
liers from reflections from droplets, splashing, or immersed
air bubbles. The filtering also enabled determination of the
maximum and minimum water surface fluctuation envelopes.
Figure 6 (right, bottom) shows the maximum and minimum
water surface fluctuation envelope of length 100 mm. Both
envelopes were evaluated as 4 one standard deviation from
a mean water level. Due to the rejection of points in the
point cloud using remission filtering or beam reflections away
from the receiver, and particularly because the measurements
were taken in the individual sections one after another, an
equidistant representation of temporal dynamics in depth or
water mass movement across the entire area is not possible.
Nevertheless, based on the results of measuring the steady
inflow from both channels we can analyse the extent to which
water surface fluctuations occur.
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Knowledge of free-water-surface fluctuations in very
intense open flow phenomena enables research into and devel-
opment of hydraulic structures for experimental and applied
purpose. The depicted measurement system and analysis pro-
cedure of remission filtering proved well suitable for the task.
For future work, the vertical dynamics of surfaces in individual
locations may be of interest.

In [24, 37], limitations of laser scanning method for meas-
urement of water surface height are well summarized. They
originate from the physical properties of several consecutive
reflections, in which the beam is reflected back to the laser
scanners’ receiving optics.

In addition, we would like to address the limitations of the
remission filtering method. Results from figures 4 and 5 show
points in a point cloud that are available for remission filter-
ing. Many of them are specularly reflected several times and,
with every consecutive reflection, the laser beam’s intensity is
diminished and thus the remission value smaller. Eventually
such measurement becomes invalid, because several reflec-
tions apparently increase distance to the objects, which is in
this case wrong. Such points are rejected by using remis-
sion filtering, increasing measurement accuracy as shown in
figures 4-6. But we are left with fewer valid height measure-
ments. Such a procedure may eventually lead to a decrease
in measurement resolution or gaps, especially in the case of
highly turbulent flows.

There is also an issue with reflections from droplets or
bubbles under the surface. Here we may expect a weak first
reflection because of the droplet’s small size in comparison
with the laser scanner’s beam diameter. Subsequent reflections
from single droplet are much less probable. The remission fil-
tering algorithm will, due to low remission value, recognize
the first such reflection from a droplet as a series of reflections
and wrongly exclude it from further analysis.

We firmly believe that any future serious development of
laser scanning methods for aerated turbulent water surface
measurements will use remission filtering to improve meas-
urement accuracy. Recent laser scanner developments, among
them those enabling simultaneous velocity measurements,
may additionally improve here implemented simple remission
filtering method.

4. Conclusions

Laser scanning with high spatial and time resolution is widely
used these days. Laser scanning is a non-intrusive measure-
ment method that for a long time was considered unsuitable
for measuring water body surfaces. This paper now shows that
it is indeed useful as a measurement method for free-water-
surface flows with three-dimensional, turbulent, and aerated
two-phase flow properties.

Due to the specular laser beam reflections from the water
surface, successful measurements (reflected beams detected
by laser scanner) in standing, clean water are limited to the
incidence angle of the beams at around 0°. In highly aerated
flows the continuous air-bubble and water mixture is formed in
the surface layer and multiple air/water and water/air surfaces

strongly increase the number of specular reflections detected
by the laser scanner’s photodetector. While the conventional
measurement methods typically used in hydro engineering
fail to yield satisfactory results in cases of strong two-phase
flows with fast water surface dynamics, laser scanning enables
acquisition with high temporal resolution and a reconstruc-
tion of the high spatial resolution topography. Along with a
detailed description of the mean free-water-surface profiles,
analysis of raw point clouds makes it possible to determine
the water surface fluctuations around the mean values. We
were able to filter within the measured point clouds based on
remission values. By doing so, returns from flying droplets
and submerged bubbles were to a large extent rejected and
the water surface scanning was improved. The results extend
the use of this measurement method and may provide import-
ant information on water flow properties to various fields of
hydro-engineering. With filtering and other methods of data
post-processing, laser scanning provides a robust solution with
applicability in laboratory and field measurements.
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