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ABSTRACT

One of the most favorable and cost-saving methods to counteract water quality deterioration in a
harbor basin is the use of flushing culverts, which reduce flushing times and avoid areas of low flow
and eddies formation. In the present paper, results of experiments carried out in a 2-D facility in
order to investigate wave and dissolved oxygen transmission in harbor basins through flushing
culverts are presented and analyzed. Incident wave and transmitted wave heights were determined
using wave gauges for various combinations of wave characteristics and geometric characteristics
of the flushing culverts. An empirical equation using regression analysis was derived, which
correlates the wave transmission coefficient with the characteristics of the waves and the
geometrical characteristics of the flushing culvert. Further the oxygen transmission coefficient
through flushing culverts, was expressed as a function of the characteristics of waves and the
dimensions of the flushing culvert. The comparison of calculated and experimental data is very
encouraging. Though, the verification of the proposed equation with even more extended
experimental data and real scale measurements is needed in order to be used in the design
process.
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1. INTRODUCTION

Marine pollution in coastal areas is a subject of global interest the last decades, as the
development of large metropolises, harbors and industrial, developed traditionally in the coastal
areas, resulting in the deterioration of neighboring marine environments (Nikolaou et al., 2009).
Water quality within a basin must be considered, especially in warmer climates where biological
processes are accelerated. Dissolved oxygen concentrations and eutrophication, are of the most
studied forms of coastal marine pollution (Tsoukala and Moutzouris, 2009; Karydis, 2009).
Successful control of water quality is usually dependent upon periodic exchange of harbor water
with the main water body that the harbor serves (Dunham and Finn, 2002; US Army Corps of
Engineers, 2002). Several methods have been developed to counteract diminished flushing and
insufficient renewal occurring leeward of coastal structures (EPA, 2001). Among these methods,
providing openings through the construction of flushing culverts is favorable due to the low
construction and operational costs.

In Greece, where there are more than 600 harbors of different sizes and operations, the
construction of flushing culverts for the improvement of water quality is common (Tsoukala and
Moutzouris, 2009). Two factors seem to have a significant role in water quality using flushing
culverts: wave transmission and dissolved oxygen transfer. The first one counts for enhancing
water transfer rate through the narrow openings of flushing culverts and thus diminishing renewal
time, whereas DO transfer represents a more direct index of water quality.
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Several efforts have been made to demonstrate the beneficial effects of designing flushing culverts
using numerical models (Stamou et al., 2004; Foudoulis and Memos, 2005). Recently,
experimental results in 3-D experimental facilities (Tsoukala and Moutzouris, 2003) at the
Laboratory of Harbor Works (LHW) of National Technical University of Athens (N.T.U.A.) have
been presented. The wave transmission coefficient K; (defined as the ratio of the transmitted wave
height to the incident wave height through the flushing culvert) was used as the main non-
dimensional parameter and it was correlated with the wave characteristics (wave height and wave
period) and geometrical characteristics of the flushing culvert using dimensional, parametric and
regression analyses.

In this paper results of measurements conducted in a 2-D experimental facility in order to
investigate wave and dissolved oxygen transmission in harbor basins through flushing culverts are
presented and analyzed. A constitutive set of experiments was carried out to observe the effect of
the geometrical characteristics of flushing culverts on the wave transmission coefficient in order to
define which parameters could most effectively predict the wave transmission coefficient.
Furthermore, the experimental data were processed using regression analyses. As a result,
empirical equations that can be used in the design of flushing culverts were derived. The proposed
equations correlate the wave transmission coefficient and the oxygen transfer coefficient
respectively to the characteristics of flushing culverts and to the incident wave characteristics.

2. EXPERIMENTAL SETUP AND DATA SAMPLING

2.1 The physical model

Physical model experiments were conducted in the wave flume at the Laboratory of Harbour Works
(LHW) of National Technical University of Athens (NTUA). The flume is 27 m long with a
rectangular cross-section that is 0.60 m wide and 1.52 m high (Figure 1). A piston-type wave
generator is fixed at the one end of the flume and is capable of producing monochromatic,
sinusoidal waves. The input signal to the wave generator is produced by modifying the velocity and
the eccentricity of the wave paddle.

DRAIN PIPE WAVE FLATTENING SYSTEM
SUPPLY PIPE WAVE GENERATOR PADDLE
GRAVEL BEACH VIEWING WINDOW GRAVEL BEACH

1.52m 0.60m

27.0m

Figure 1. Schematic plan view of experimental flume

2.2 Test layouts and structures

Two different types of breakwaters were tested:

a) Rubble mound breakwater (RMB) with a length of 1.80 m, a height of 0.90 m and a width of 0.60
m, equal to that of the flume. The breakwater was composed of a layer of quarry rocks with a
density of 26.50 kg m™ and characteristic diameter ds;=12 cm. The rocks had varying dimensions
and a fixed length of 1 m for all the layouts. The leeside of the breakwater was constructed by a
steel vertical plate of 2 mm thickness. Flushing culverts were placed inside the breakwater with
varying width (b) and height (h) and constant length (/=100m). The still water depth for each
layout is given in Table 1. All other major dimensions are given in Figure 2a.

b) Impermeable vertical breakwater (VB) with varying length and constant height and width (1.00 m
x 0.60 m) were tested. The still water depth was 0.60 m for all the experiments. The breakwater
model was placed with its seaward side in a distance of 13 m from the wave generator paddle as it
seems in Figure 2b.
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Details of the 15 different layouts for both breakwaters and specifically the width (b), the height (h)
and the length (/) of the flushing culvert, the water depth (d) and the elevation of the bottom of the
flushing culvert (z) are shown in Table 1.

Table 1. Experimental layouts

Layout Breakwater b(cm) h(m) 7/ (cm) d(cm) z (cm)
Layout A RMB 12.0 12.0 100.0 54.0 54.0
Layout B RMB 18.0 12.0 100.0 54.0 54.0
Layout C RMB 30.0 12.0 100.0 54.0 54.0
Layout D RMB 18.0 12.0 100.0 60.0 54.0
Layout E RMB 18.0 18.0 100.0 60.0 51.0
Layout F RMB 24.0 15.0 100.0 60.0 52.5
Layout G RMB 24.0 18.0 100.0 60.0 51.0
Layout H RMB 30.0 15.0 100.0 60.0 52.5
Layout | RMB 30.0 18.0 100.0 60.0 51.0
Layout J RMB 12.0 12.0 100.0 66.0 54.0
Layout K RMB 18.0 12.0 100.0 66.0 54.0
Layout L RMB 30.0 12.0 100.0 66.0 54.0
Layout M VB 18.0 12.0 50.0 60.0 54.0
Layout N VB 24.0 12.0 50.0 60.0 54.0
Layout O VB 24.0 12.0 100.0 60.0 54.0

2.3 Wave transmission measurements

Resistance wave probes were used to record and determine wave characteristics for each test. A
quoted precision of £2% can be achieved with these wave probes. The HR Wave Data Calibration
Module (Beresford et al., 2005) was used to calibrate the wave probes.

A total of 158 experiments were conducted under different combinations for 10 monochromatic
wave climates in order to investigate wave transmission characteristics through the selected
layouts. Wave height (H;) used in the experiments ranged from 1.1 cm to 16.6 cm and wave periods
(T;) from 0.90 sec to 1.48 sec. The list of the different wave conditions is presented in Table 2.

Water level time series were measured using five resistance wave probes. The probes were placed
on specific stands at specified positions along the flume. For all the conducted experiments, the
probes were placed perpendicular to the water surface along the axis of the flume. In Figure 2, the
locations of the wave probes (P;) for the two different breakwater models are shown.

The HR Wave Data Calibration Module (Beresford et al., 2005) was used to calibrate the wave
probes. Wave data were sampled at a rate of 30 Hz. All experiments were run twice over a period
of 307 s each time. The HR Wave Data - Data acquisition and analysis software program
(Beresford et al., 2005) was used for data acquisition, and the output signals of wave probes were
stored in different data files for each test for further analysis.

2.4 Dissolved Oxygen Concentration Measurements

Additionally, in order to investigate the dissolved oxygen (DO) transmission through flushing culvert
and the variation of DO concentration in the leeside of the flushing culvert, 14 selected
experimental conditions (DO1-DO14) from the above mentioned (Table 2) were repeated for
layouts M, N and O.
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Table 2. Experimental wave conditions
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Wave H; T Wave H; T Wave H; T
Number (cm) (sec) | Number (cm) (sec) | Number (cm) (sec)
Wi1 1.1 0.90 W25 5.1 1.25 W49 10.1 0.90
W2 1.3 1.48 W26 5.2 1.48 W50 10.2 0.90
W3 1.6 1.48 w27 5.3 1.10 W51 10.3 0.90
W4 1.7 0.90 w28 6.0 1.10 W52 10.6 0.90
W5 1.8 1.48 W29 6.2 1.25 W53 10.6 1.25
W6 1.9 1.10 W30 6.2 1.25 W54 10.8 0.90
W7 1.9 1.48 W31 6.5 1.48 W55 10.8 1.10
W8 2.0 0.90 W32 6.6 0.90 W56 10.9 1.10
W9 25 0.90 W33 6.7 0.90 W57 11.0 0.90
W10 2.7 1.48 W34 7.6 1.48 W58 11.1 1.48
W11 2.9 1.10 W35 7.6 1.10 W59 11.5 1.48
W12 3.0 1.48 W36 7.8 1.25 W60 11.7 0.90
W13 3.5 1.10 W37 7.9 1.48 W61 11.8 0.90
W14 3.9 1.48 W38 8.0 1.48 W62 12.4 1.48
W15 4.0 0.9 W39 8.4 1.48 W63 12.9 1.10
W16 4.2 1.25 W40 8.6 0.90 W64 13.1 1.25
W17 4.3 0.90 W41 8.7 1.48 W65 14.0 1.06
W18 4.5 1.10 W42 8.7 1.48 W66 14.3 1.06
W19 4.5 1.48 W43 9.2 0.90 W67 14.4 1.06
W20 4.6 0.90 W44 9.3 1.10 W68 15.7 1.06
W21 4.6 1.06 W45 9.5 1.25 W69 15.9 1.48
W22 4.8 1.48 W46 9.7 1.10 W70 16.0 1.06
W23 4.8 0.90 W47 9.8 1.06 W71 16.6 1.48
W24 5.1 0.90 W48 9.9 0.90
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Figure 2. Sketch of experimental setup
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Before each experiment, the water was deoxygenated using the nitrogen stripping method. Long
elastic tubes with small pores were connected to nitrogen cylinders equipped with regulating
pressure valves. The elastic tubes were placed in front and behind the breakwater. The
deoxygenating procedure lasted 12 hrs and the achieved concentration varied between 1-3 mg I

The concentration of DO in water body was monitored over time by a portable YSI 550 DO meter at
6 sampllng locations (04-Og) along the flume as shown in Figure 2. Its precision varies around *
0.15 mg I'"'. For measurements where water temperature varies from calibration temperature £ 10
°C, a systematlc fault of + 1% (0.08 mg I in 25 °C) is involved (YSl.com, 2010). Before the
beginning of each experiment, the DO meter was calibrated and the initial DO concentration (Co)
was measured before the start of the experiment.

Measurements of DO concentration commenced upon initial wave generation and continued until
the DO value was stabilized. The measurement duration varied from 20-164 min depending on the
wave conditions and the geometrical characteristics of the flushing culvert.
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Figure 3. Dissolved oxygen concentration measurements locations

In Table 3, the characteristics of incident wave and geometrical characteristics of flushing culvert
for the conducted experiments are shown.

Table 3. Wave and geometrical characteristics in experiments for DO measurement

No. of Wave characteristics Geometrical characteristics
experiment H; (cm) T; (sec) b (cm) h (cm)  (cm)
DO1 6.3 1.48 18.0 12.0 50.0
DO2 10.7 1.48 18.0 12.0 50.0
DO3 6.0 1.10 18.0 12.0 50.0
DO4 15.5 1.10 18.0 12.0 50.0
DO5 4,2 1.48 24.0 12.0 50.0
DO6 8.3 1.48 24.0 12.0 50.0
DO7 5.1 1.10 24.0 12.0 50.0
DO8 8.9 1.10 24.0 12.0 50.0
DO9 7.5 1.48 24.0 12.0 100.0
DO10 11.3 1.48 24.0 12.0 100.0
DO11 16.0 1.48 24.0 12.0 100.0
DO12 7.7 1.10 24.0 12.0 100.0
DO13 14.4 1.10 24.0 12.0 100.0

DO14 16.0 0.90 24.0 12.0 100.0
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3. DATA ANALYSIS AND RESULTS

3.1 Wave transmission analysis and results

The transmission coefficient (K;) was calculated as the ratio of the average transmitted wave height
(H:) obtained from the average of P, and Ps wave probes in RMB model and the average of P3; and
P4 in VB model to the incident wave height (H;):

K, =t (1)

Analysis of the transmission coefficient and the effects of different variables (dimensional and non-
dimensional) on K; were examined both graphically and statistically (Brebos and Deves 2007).
Based on dimensional analysis (Vartelatou, 2006) the following dimensionless parameters were
considered for further analysis:

H b d z h ¢
Kt =—L= {_5_5_5_7 _5;Uj (2)

H; H, H H, H H
) i sin¢ i
The dimensionless parameter, un | L = —————|, can be used to include wave steepness,
2nH, /gT?

where sin ¢ is the breakwater's slope.

Experimental data were analyzed using a non-linear regression analysis to determine an empirical
relationship, which estimates the wave transmission coefficient using as inputs (a) the wave
characteristics and (b) the geometrical characteristics of the flushing culvert. In the analysis 155
experimental measurements, i.e. approximately 95% of the data were used to determine the
empirical relationship, by removing randomly 5 % of the data. Then, the remaining 5% of the data
were used for the validation of the equation. The statistical software package SYSTAT v15.0
(SPSS, 2007) was employed to accelerate the analytical process. Equation (3) was found to
provide a good representation of the wave transmission through the flushing culvert.

K= (0,135 2 40,0262 +0.030 -2 +0.048 0,036 | g0 (3)
H H, H, H, H, H,

The standard deviation value of Equation (3) was found equal to 0.162 and the correlation
coefficient (R?) equal to 0.783. Comparison of measured and calculated K, using Equation 3 for all
the different series of experiments is shown in Figure 4. It is observed that the predicted K, is
within the 95% confidence interval with only 12 data points being outside of this range.

1.25— o

1.00—

0.75—

0.50—

Calculated Kt

0.25—
R Sq Linear = 0.783

0.00 | | | |

0.00 0.25 0.50 0.75 1.00 1.25
Measured K;

Figure 4. Comparison of measured and calculated K;
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3.2 Dissolved oxygen analysis and results
DO concentration in the leeside of a flushing culvert calculated by equation:

ocC

E: Kpo(C,—C) (4)
where, C is the DO concentration in the leeside of the flushing culvert, Cs, the saturated DO
concentration depended on temperature and pressure, t is time, kpo, the oxygen transmission
coefficient  through flushing culvert, which varies with wave conditions and geometrical
characteristiscs of flushing culvert.

The solution of equation (4) can give a function of DO concentration, C, with coefficient kpo and
time:

C= Cs - (Cs _CO) : eikm‘t (5)
For the initial conditions of C=C, at t=0 and assuming constant saturation concentration for the
entire experiment, equation (5) can be expressed as a linear function of time:

In(C, -C)=—ky, -t+In(C, -C)) (6)
Based on the available experimental data, kpo coefficients (Gaitanis et al., 2009) were determined
by solving equation (6).

Based on dimensional analysis conducted by Vartelatou (2006) and Tsoukala & Moutzouris (2009)
for wave transmission coefficient, the DO transmission coefficient was expressed as a function of
the following dimensionless variables:

b ¢
kDo —[an’-ﬂj (7)

where H; and T; are incident wave height and period whereas b, | are flushing culverts’ width and
length respectively. Note that the height of flushing culvert is omitted from the parameters of

concern as there were no available measurements to indicate its effect on oxygen transfer and will
be a subject of future research.

After investigating the best fitting equation form with nonlinear regression analysis (SPSS, 2007),
the following equation is proposed for the estimation of the oxygen transmission coefficient:

1.364
b i 1
k.. =|0.161-0.024— —0.002— |x| — 8
po ( H. H}{Tj ®

The standard deviation value of Equation (3) was found equal to 0.036 and the correlation
coefficient (R?) equal to 0.774, which can be considered very satisfying. Thus, DO concentration in
the leeside of the flushing culvert can be expressed as a function of time, wave conditions and
geometrical characteristics of the flushing culvert.

Note that, according to Equation (3), kpo coefficient increases while flushing culvert’'s width and
length decrease. This indicates that openings with sufficient small dimensions in order to allow
wave transmission while, at the same time, producing turbulence effects can ease DO transfer
through them.

Equation (5) in conjunction with equation (8) can provide the evolution of DO with time in the
leeside of a flushing culvert for given conditions of the structure and the wave climate. In addition,
using the proposed equation, the demanded time till a given critical concentration is achieved in the
harbor basin with given wave conditions for a flushing culvert with specific geometrical
characteristics could be estimated.

The evolution of DO in the leeside of the flushing culvert was calculated using equation (5) for the
conditions of Table 3 in order to verify the validity of the proposed method. Coefficients kpo for the
given conditions were calculated from equation (8). The estimated values were compared with the
experimental data. In Figure 5, the evolution of DO estimations with time are plotted for 4 indicative
experimental conditions in comparison with the experimental data. It is obvious that estimated
values are clearly well representing the measured data.
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Figure 5. Comparison of estimated and measured DO evolution with time
for selected experimental conditions

5. CONCLUSIONS

In the present paper, results of experiments carried out in the 2-D facility of LHW in order to
investigate wave and dissolved oxygen transmission in harbor basins through flushing culverts are
presented and analyzed. The flushing culvert is embodied in physical models of breakwaters with
vertical as well as with sloping seaside profiles.

An empirical equation using regression analysis for the 95% of the data was derived, which
correlates the wave transmission coefficient K, with the characteristics of the waves and the
geometrical characteristics of the flushing culverts; this equation was successfully verified using the
rest 5% of the data and can be used in the preliminary design of flushing culverts.

For the estimation of DO concentration in the leeside of the flushing culvert during time an empirical
equation was also proposed. The oxygen transmission coefficient through flushing culverts, kpo,
was expressed as a function of the characteristics of waves approaching the breakwater and the
dimensions of the flushing culvert. The comparison of calculated and experimental data is very
encouraging.

The proposed equation seems to be a satisfactory preliminary approximation and could be
used for the estimation of the transmission coefficient. According to the scales of the tested
physical models, a quite well prediction is expected for waves with heights between 0.15 - 2.5
m and periods 3.5 - 5.75 sec. However, as these equations derived from laboratory
experiments possible scale effects are fomented in the results. To overcome this uncertainty,
further experiments should be undertaken in different scales for both regular and irregular
waves. Finally measurements in nature are needed to be conducted for the validation of the
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proposed equation and the optimization of the coefficients derived from the regression
analysis.
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