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In order to provide new insight into the flow and forces around a submarine outfall, 3D tests 

were performed in the DHI Shallow Water Basin with different outfall geometries (with and 

without stabilizing concrete weights), different wave obliquities (90º, 30º and 10º) and 

different pipe distances from the bottom. The tests were carried out in the subcritical flow 

regime. The collected data provide new understanding of the importance of the wave obliquity 

in the forces on the outfall, especially for small values, where there are no available data. 

Moreover, for the case with the pipe stabilized by concrete weights, where almost no 

information is available, the influence on the forces of the wave obliquity and of the pipe 

distance from the bottom are analyzed, giving important indications to the design project.  

 
1. INTRODUCTION 

Worldwide, the use of submarine outfalls has been increasing rapidly (Grace, 2006). Reported 

accidents with such installations (Office of the Ombudsman, 1998), including accidents in Portugal 

reported by Reis & Neves (2003), have highlighted that their good working conditions are of 

mandatory importance to the environment, welfare of populations and economy, with accidents being 

described as having very high environmental, economic and social consequences.  

Although the science and technology for the design and construction of outfalls have advanced 

significantly in the last 30 years, major questions still remain unanswered, including the considerable 

shortcomings in the knowledge of forces induced by waves in submarine outfalls. Significant gaps in 

this knowledge include the influence of: i) the angle of wave attack, especially small obliquities; and 

ii) the pipe stabilizing concrete weights and the corresponding pipe distance from the sea bottom. 

The present paper describes briefly 3D experimental tests on forces on a submarine outfall, with and 

without stabilizing concrete weights, to analyze the influence of the incident wave direction, of the 

stabilizing concrete weights and of the pipe distance from the bottom. Tests were performed from June 

3th to July 12th 2013, in the Shallow Water Basin (SWB) of DHI Water & Environmental. The tests 

comprised series of regular, irregular and bimodal wave conditions with different outfall geometries 

(with and without concrete weights), different wave obliquities (90º, 30º and 10º) and different pipe 

distances from the bottom (0.0 m, 0.02 m - approximately 0.3 D, and 0.033 m – approximately 0.5 D, 

where D is the pipe diameter, equal to 0.07 m).  

 

2. EXPERIMENTAL SET-UP  

Three dimensional tests were carried out in the Shallow Water Basin of DHI Water & Environmental, 

with 35 m x 25 m, over a horizontal bottom. Waves were generated at the wave board and, at the end 

of the basin, a dissipating parabolic beach reduced wave reflection back towards the structure.  
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To model part of a submarine outfall, an impermeable acrylic pipe was placed in the SWB. The 

geometric characteristics of the submarine outfall consisted on: firstly, around 10 m simple pipe, with 

a diameter, D, of 0.07 m; secondly, the same pipe with 26 concrete weights, placed 0.33 m apart. The 

latter outfall geometry, as well as the tested wave characteristics, were chosen to represent the 

common prototype conditions in Portugal and Spain out of the surf zone (where the pipe is usually 

buried or protected by a submerged breakwater).  

The pipe distance from the bottom was varied from 0.0 m to 0.02 m (approximately 0.3 D) and to 

0.033 m (approximately 0.5 D) for both outfall geometries (with and without concrete weights). The 

concrete weights had two different geometries, which differed in the pipe distance from the bottom 

(Figure 1): Type A, with 0.02 m distance from the bottom; and Type B, with 0.033 m distance from 

the bottom. Considering a concrete specific weight of 25 KN/m
3
, the Type A geometry weighed 0.9 kg 

(8.58 N) and Type B 1.1 kg (10.35 N). For the case with a simple pipe, the pipe distance from the 

bottom was conferred by a small metallic structure (Figure 1, bottom). 

 

 
Figure 1: Concrete weight geometries (top, left); pipe weight Type B (top, right); pipe without weights 

(bottom, left) and with weights (bottom, right) 

 

Two groups of 5 wave gauges were located in a line perpendicular to the paddle, one between the pipe 

and the paddle and the other between the pipe and the beach, in order to allow the separation of the 

incident and the reflected waves and of the incident and the transmitted waves, respectively.  

Near the structure the equipment was located as shown schematically in Figure 2. As can be seen in 

the figure, the pipe is divided in three sections: I (with four concrete weights and 2.8 m long), II (with 

two concrete weights and 0.7 m long) and III (with twenty concrete weights and 6.4 m long). 
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Figure 2: Schematic location of part of the equipment used near the structure (plan view and 

cross-sections) 

 

Two load cells (Figure 3a) were placed on an approximately 0.70 m long section (Section II), one 

connecting Sections I and II and the other connecting Sections II and III. 

In Section III, two cross-sections were monitored with sets of 8 pressure cells (45º apart): cross section 

A-A, 0.083 m from the weight on its left, and cross-section B-B, 0.165 m from the weight on its left 

(Figure 2). The first group was composed with DRUCK pressure sensors (Figure 3b) and the second 

with a new set of sensors developed by DHI (Figure 3c). The new set of sensors was working only for 

tests with 30º and 10º wave obliquities.  

 

 
Figure 3: a) Load cells, b) DURCK pressure sensors and c) DHI pressure sensors  

 

Two cross-sections (Figure 2), one in Section I and another in Section III (cross-section C-C), were 

monitored with a wave gauge positioned coincident with the pipe center and with an Acoustic Doppler 

Velocity meter (ADV) located around L/5 (0.08 m) from the pipe, where L is the wave length. 

Additionally, an ADV was used to measure the velocity field in an undisturbed area, 0.80 m before the 

pipe (Figure 2).  

An underwater video camera was used for recording the vortices around the outfall during some 

selected tests. Small lines were glued to the structure, at the upstream and the downstream faces, in 

order to visualize the vortices and, especially, the flow zone influenced by the weights (Figure 4). 

 

  

 

 
 a) b) c) 
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Figure 4: Vortices and small lines fixed to the pipe 

 

3. TEST PROGRAMME 

As can be seen in Table 1, the test programme consisted of 17 incident wave conditions, with regular, 

irregular and bimodal waves, with three wave directions (90º, 30º and 10º), one wave period (T or Tp 

of 2.07 s, except for bimodal waves) and different heights (H or Hs from 0.10 m to 0.25 m, with 

increments of 0.05 m).  Irregular waves conformed to a mean JONSWAP spectrum, with a peak 

enhancement factor of 3.3. Bimodal tests were composed by a sum of two waves with the same height 

and two different peak periods (2.07+1.55 s).  

 

Table 1: Test programme. Wave conditions 

  

Wave type Test # Wave direction (º)  

  

T, Tp (s) H, Hs (m) 

Regular 

r01 

90 2.07 

0.10 

r02 0.15 

r03 0.20 

r04 0.25 

r05 

30 2.07 

0.10 

r06 0.15 

r07 0.20 

r08 0.25 

r09 

10 2.07 

0.10 

r10 0.15 

r11 0.20 

r12 0.25 

Irregular 

i01 90 

2.07 0.15 i02 30 

i03 10 

Bimodal 
b01 30 

2.07+1.55 0.15 
b02 10 

 

The water depth, h, was kept constant, equal to 0.7 m. All tests were repeated, at least once. For one 

selected case (test r08, for pipe with weights Type A; see Figure 1), 30 repetitions were made.  
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The regular, irregular and bimodal wave conditions were tested for different pipe distances from the 

bottom: simple pipe (0.0 m, 0.02 m and 0.033 m); and pipe stabilized with concrete weights (0.02 m - 

Type A and 0.033 m - Type B).  

The test duration was 210 s for regular wave tests (approximately 100 waves) and 2100 s for irregular 

and bimodal wave tests (approximately 1000 waves). The sampled frequency was 40Hz for the whole 

group of tests and for the whole group of measurements.    

Summarizing, a total of 196 regular, irregular and bimodal wave tests were made with different pipe 

geometries (with and without concrete weights), different wave obliquities (90º, 30º and 10º) and 

different pipe distances from the bottom (0.0 m for a simple pipe lying at the bottom; 0.02 m - 

approximately 0.3 D and 0.033 m – approximately 0.5 D, for a pipe with weights).  

 

4. PRELIMINARY RESULTS 

A preliminary data post-processing and analysis have been performed and the data analyzed by now 

seem to be consistent.  

The wave heights and wave periods measured in the 13 wave gauges (see point 2 and Figure 2) for 

similar H, T (or Hs, Tp) remained quite similar throughout all tests, with differences below 3%. The 

differences between the target wave height and the incident wave height obtained using three of the 

five wave gauges close to the paddle and using the Baquerizo (1995) method to separate incident from 

reflected waves was always less than 10%. Figure 5 presents the target wave height, Htarget, versus the 

incident wave height, Hinc, for the whole group of regular tests carried out. 

 

 

 

Figure 5: Target wave height versus incident wave height for regular tests for wave directions of 10
0
, 

30
0
 and 90

0
 

The reflection coefficients were determined using the Baquerizo (1995) method, based on the Mansard 

and Funke method, and using the DHI´s Mike software. The values obtained for the reflection 

coefficient in the whole set of tests ranged from 0.14 to 0.23. 

In what concerns the results from the ADV located in the undisturbed region, the velocity values 

ranged from 0.41 m/s and 0.93 m/s in the tests without the pipe (calibration tests).  

The water temperature was around 18º, giving a range of the Reynolds number from 2.7x10
4
 to 

6.4x10
4
 and a Keulegan-Carpenter number ranging from 12.8 to 28.8. 

For the tests with weights and for 90º obliquity, by integrating the pressure sensors measurements 

around the pipe, it should have been possible to obtain consistent results for forces when compared 

with the loads measured. However, for 90º wave obliquity, only one group of 8 pressure sensors was 

measuring and in this group one pressure sensor was not measuring at all.  
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For the geometry without weights and with some distance from the bottom, pipe movements were not 

realistic, influencing force measurements, which were less reliable. For 30º and 10º obliquity, a large 

influence of the weights was expected on the flow around the pipe and, therefore, on the loads.  

Consequently, for tests with weights, forces were calculated using measurements from load cells and 

for tests without weights forces were calculated using measurements from pressure sensors. 

Figure 6 illustrates, for r09 test with a pipe distant from the bottom 0.033 m, a time series of pressure 

signal in two pressure sensors; one located facing the waves and another at the lee side of the pipe.  

As can be seen, the differences in the signal measured by different type of pressure sensors are less 

than 8%, with DHI sensors giving, in general, slightly larger values. Due to the small dimension of the 

pipe compared with the wave length, L, the time lag between sensors is short and the signal is 

sinusoidal with the same period of the wave.  

 

      

Figure 6: Time series of pressure for test r09 measured at DHI sensors P3 and P7 and at DRUCK 

sensors P25 and P29, for a pipe 0.033 m from the bottom 

Figure 7 illustrates a time series of the in-line force, FN, and of the lift force, FL, measured with a load 

cell for test r07 with a pipe with weights Type A and the corresponding spectra. FN has the same 

period as the wave (T=2.07 s, f=0.48 Hz) and the lift force period comprises the wave period and 

another period that is approximately half of the wave’s period (T=1.04 s, f=0.96 Hz), as expected. In 

some cases, FL has a more irregular trend than FN due to a major influence of the formation and 

shedding of vortices. 

 

Figure 7: Time series of FN and FL and correspondent wave spectra for test r07 for pipe with weights 

Type A 

In the near future, the results of in-line and transversal forces obtained from the tests are going to be 

used to calculate the drag, inertia and lift coefficients, the base of pipe design. The values of the forces 

and their dimensionless coefficients depend on the geometry of the structure and on the hydrodynamic 

characteristics of the flow. The measurements obtained with load cells in pipe with weights of Type A 

and Type B were preliminarily analyzed by calculating the magnitude of the force, separating from 

their maximum positive, FN
+
 or FL

+
, and negative values, FN

-
 or FL

-
. Figure 8 presents the results of the 
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tests and their repetitions, obtained for the three wave directions carried out for pipe with weights. As 

can be seen, there is a sharp reduction of forces, with FN
+ 

mean reduction being of the order of 45%, 

when the angle of incidence is reduced from 90
0
 to 30

0
 and of around 80% when it reduces of 30

0
 to 

10
0
. For FL

+
 the same happens, with a mean reduction of around 75% when the angle of incidence is 

reduced from 90
0
 to 30

0
. However, for FL

+
 and when the wave direction changes from 30

0
 to 10

0
, the 

behavior is not constant: for smaller H, the values have the same order of magnitude and the 

reductions increase with H. The influence of the type of weights is reduced, resulting in a slightly 

lower strength for larger weights (Type B), with this difference being more relevant in the case of FL
+
 

for 90º and 30º. 

 

 

Figure 8: Maximum positive values of horizontal, FN
+
, and vertical, FL

+
, forces obtained for tests with 

weights of Type A and Type B for the three directions tested 

Based on these values, and after a similar analysis is carried out for the pipe without weights, obtained 

by the pressure transducers measurements, a conclusion will be drawn on the influence of the weights 

and of the incident wave direction on the drag, inertia and lift coefficients used on the pipe design, the 

main goal of these tests. 

The influence of the weights on the flow and vortices around the pipe was also observed from the 

video made with injection of dye on the flow close to the pipe with weights. Figure 9 shows an aspect 

of the flow for tests for a pipe with weights Type A and for the same H and T but different wave 

directions: a) 90º, b) 30º and c) 10º. As can be observed, for 10º and 30º the presence of the weights 

and the wave obliquity made changes in the flow close to the pipe. Only for 90º the vortex shedding is 

clearly seen, whereas the flow for 10º and 30º is captured between the weights.  

It should be pointed out that the complexity of the experimental set-up made it almost impossible to 

avoid all the problems briefly described next. 

The absorbing beach suffered longitudinal heterogeneous erosion during the tests, varying the 

reflection coefficient from around 14% to 23% and contributing to create a transversal component of 

the flow relative to the direction of wave propagation. Moreover, transversal waves were created in the 

tank. These problems made it impossible to perform the tests using the active absorption system in 

wave generation, even though it worked properly during the calibration tests.  
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Figure 9: Aspect of the flow for tests for a pipe with weights Type A for regular wave with H=0.20 m 

and direction of: a) 10º, b) 30º and c) 90º 
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