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ABSTRACT
The excavation performance of swirling jets impinging normally against a sand bed from several distances is described. A specially-designed nozzle
with adjustable swirl vanes was used to generate swirling jets of various swirl intensities. Two sand beds of different grain size distributions were con-
sidered. The main scour patterns on the sand bed produced by the swirling jets were measured by image processing of photographs of the bed illumi-
nated by a laser sheet. The velocity profiles of the swirling jets at the nozzle exit were measured using Laser Doppler Anemometry for various test
conditions. The scour patterns were then analysed in relation to the details of the velocity profile of the swirling jets, their Reynolds numbers and
the distances from the nozzle to the bed. The optimum jet features resulting from the different swirl nozzles and the best impinging distances for
sea bed excavation are identified and discussed.
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1 Introduction

The interaction of a jet impinging on a sediment bed has been

investigated by researches in sea bed excavation, dredging and

other underwater operations in coastal and marine engineering.

Experimentation of the erosional action of water jets impinging

on submerged sediment beds were conducted by Rouse (1940),

both for jets kept at a fixed position relative to the sand bed

(Rajaratnam and Berry 1977, Rajaratnam 1981, Aderibigbe

and Rajaratnam 1996, Qi et al. 2000), or for travelling impinging

jets (Peng and Capart 2008). Although the present investigation

is not concerned with the erosion process itself, it is worth men-

tioning that theories have been proposed for the jet-induced

erosion of non-cohesive sediment beds to explain the results

(Hogg et al. 1997, Gioia and Bombardelli 2005, Bombardelli

and Gioia 2006, Peng and Capart 2008). The present work is con-

cerned with the physical characterization of the enhancing effects

that the addition of a swirl velocity component to the impinging

jet may have on the erosion and transport processes on a sand

bed, to improve the jet excavation performance. Pulsating jets

have been proved to have this enhancing effect and are con-

sidered more effective with regard to sediment erosion and trans-

port than steady jets (Kobus et al. 1979). A related issue in

coastal and marine engineering is propeller-induced scour (e.g.

Hamill et al. 1999). The idea of using swirl to improve the exca-

vation and dredging performances of submerged jets was orig-

inally proposed by Redding (2006) and developed in the

“Swirl Jet Project” (2007). The results confirmed the eroding

effect of the swirl superimposed to the standard impinging jet

(Thomas et al. 2007, Felli et al. 2010). However, the results indi-

cated that an increase of the excavation performance was not

always due to the vortex breakdown phenomenon (e.g. Lucca-

Negro and O’Doherty 2001) of the swirling jet, as originally pro-

posed by Redding (2006), but due the axial flow intensification

caused by the swirl (Ortega-Casanova et al. 2007, Thomas

et al. 2007).
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To shed further light on this problem, the scour produced on

sand beds was characterized experimentally by several types of

swirling jets generated by special swirl nozzles. Their main

scour features were quantitatively measured for various jet

Reynolds numbers and distances between the nozzle and the

undisturbed sand bed. The velocity fields at the swirl nozzle

exits were measured using Laser Doppler Anemometry (LDA),

so that the nozzle excavation performances may be explained in

terms of the swirl jet details, the non-dimensional parameters gov-

erning the swirling jet and the distance to the sand bed. In all

cases, a comparison with the scour produced by a non-swirling

jet at identical conditions is included. To understand the exca-

vation process, the quantitative measurements of the scour pat-

terns are complemented with visualizations of the impinging

swirling jet. All details of the experimental setup and the

various experimental techniques used herein are described in

the next section. Section 3 presents the experimental results and

their discussion, while the main conclusions follow in Section 4.

2 Experimental setup and techniques

2.1 Experimental rig

Figure 1 shows a sketch of the test setup. A tank was used of

square base area 1 m2, 0.5 m deep mounted on an aluminium

frame. Its surfaces are of Plexiglas to allow for flow visualiza-

tions using LDA and for photographs of the scour on the sand

bed generated by the swirling jets. The sand was in a container

at the tank bottom, while the upper tank portion was open to

the atmosphere with a free surface of water through which the

swirl generator nozzle is submerged. The nozzle was mounted

on a precision height gauge (range of 0–300 mm, a dial

reading of 0.01 mm and an accuracy of +0.03 mm) to adjust

the vertical distance from the nozzle exit to the sand bed.

Water was recirculated with a low pressure magnetically-

coupled pump, leaving tank through two orifices at the upper

part of the lateral surfaces, passing through a filter to retain sus-

pended sand and decanted into a small auxiliary deposit. After

passage through a stop valve, it was impelled by the recirculation

pump to the swirl generator nozzle inside the tank. A stop valve

was also incorporated downstream of the pump, in addition to an

adjustable valve and a turbine flow metre to monitor the water

discharge. The Pelton wheel turbine flow metre has a range of

0.5–15 l/min, with an estimated relative error of 1% in the

digital display. The pump, and the valves, the filter and the

flow metre were assembled with the auxiliary deposit on an

adjoin table independent of the tank frame to avoid vibrations

of the pump to the flow inside the tank.

For flow visualization and quantitative measurement of the

scour pattern on the sand bed, a digital camera was mounted

either on the top or at one side of the tank. The illumination

was provided by a laser sheet from a green 532 nm laser of

40 mW. For flow visualization, it was set vertically, whereas

for sand height data, it was inclined to the bed with the video-

camera set perpendicularly to the laser sheet.

2.2 Swirl generator nozzles

To generate the swirling jet, a nozzle was used whose tangential

velocity is imparted to the flow by the use of swirl vanes with

adjustable angles. These nozzles have been designed in-house

by accounting for experience from a participation in the “Swirl

Jet Project” (Ortega-Casanova et al. 2007). The vanes were

mounted inside a cylindrical chamber (Fig. 2), at the bottom of

which the nozzle of exit diameter D ¼ 5 mm was located.

The water flow enters the nozzle chamber through a pipe con-

nected to its upper surface, slows down before attacking the

swirl vanes at the chamber bottom part and exits as a swirling

jet. This nozzle contains an inner body or hub to enhance the

axial velocity at the axis induced by the swirl (see below). The

Figure 1 Sketch of experimental setup
Figure 2 Nozzle configuration with stagnation chamber, set of swirl
vanes and nozzle exit. Dimensions in mm
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convenience of this inner body for generating swirling jets of

interest to sea-bed excavation is discussed and detailed by

Ortega-Casanova et al. (2007).

Numerical simulations of the flow inside nozzles are reported

in the above reference, for nozzle configurations similar to that

used herein indicate that the present design is such that an

intense axial velocity overshoot of the vortex core is generated

at the nozzle exit if a high swirl intensity is imparted to the

flow by the vanes, while the axial velocity profiles at the

nozzle exit are almost flat if the swirl is low or absent, as corro-

borated by the experimental data reported below.

Eight vane types were used to generate the swirling jet

(Fig. 3), each mounted with five different angles, so that for a

given nozzle Reynolds number, five swirling jets were generated

for a given set, with five different swirl intensities. If the vanes

are mounted radially, no swirl is imparted to the jet. The

maximum swirl for each vane set results if they are mounted

with the maximum angle between the incoming radial flow and

the vanes (Fig. 3). The main difference between the different

sets lies in the blade thickness. For identical discharge and

vane angle, the nozzle mounted with thicker vanes generates a

swirling jet of higher swirl intensity than thinner vanes.

Herein, only the results from three vane sets are reported,

relating to the thickest blades (Fig. 3): a radial configuration,

referred to as Case R, and two swirl configurations correspond-

ing to the two most tangential vane positions, one with a vane

angle of 15.68 (Case S1), and Case S2 as shown in Fig. 3. All

remaining configurations resulted in less interest for seabed

excavation. Case R was retained to compare its performance

with the non-swirling jet case (Table 1).

2.3 LDA measurements of velocity profiles at nozzle exit

To characterize the velocity profiles generated by the swirl vanes

for a given discharge, both the tangential and the axial velocity

profiles were measured at the nozzle exit using LDA (Section

3.1). A one-dimensional (1D) LDA supplied by the company

DANTEC was mounted on a 2D traversing system (Fig. 4).

Both were controlled by the software BSA/FVA Flow (Dantec

2000). Both the axial and the tangential velocity components

in a 2D grid were then measured at the nozzle exit.

The LDA data were taken in an experimental setup similar to

that described above, but without both the sand bed and the pre-

cision height gauge: the nozzle was just immersed inside the

water tank at a fixed distance from the plain bottom, but close

enough to one of the lateral transparent walls to facilitate the

LDA measurements. The water was seeded with silver-coated

hollow glass particles of 10 mm diameter, supplied by DANTEC.

To compute the Reynolds number, the mean temperature T

was used and the mean discharge Q, so that

R = 4rQ

mpD
, (1)

where D ¼ 5 mm is the nozzle exit diameter, and r andm are the

density and the viscosity of water, respectively, as functions of

temperature T (White 2005)

r(kg/m3) = 1000 − 0.0178|T 8C − 48C|1.7 + 0.2%, (2)

ln
m

m0

= −1.704 − 5.30x + 7.003x2, x = 273K

T K
,

m0 = 1.788 × 10−3kg/(ms).
(3)

Figure 3 Diagram showing two sets of vanes (those with the thinnest
and the thickest blades) with most tangential configuration, generating
the maximum swirl intensity. Dimensions in mm

Figure 4 Photograph of 1D LDA system mounted on 2D automatic
traversing system to measure velocity profiles at nozzle exit. LDA
characteristics: Laser He–Ne of 10 mW, wavelength 632.8 nm (red),
beam separation 38.4 mm, focal length 160.6 mm, beam angle at cross-
ing 13.6348, with 29 fringes in volume sampling. Traversing length
590 mm, both in x and y directions; 40 mm/s maximum motor speed
in both directions

Table 1 Vane angles and dimensions of different configurations, with

chord vane 17.57 mm long and maximum vane thickness of 5.2 mm

Case Vane angle (8)

R 0

S1 15.6

S2 35.6
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2.4 Sand parameters

Two different sands were used: SAND1, from the beach of

Málaga city, of mean grain diameter d50 ¼ 0.36 mm, grain

density of 2.60 g/cm3, bulk density of 1.69 g/cm3 and measured

mean fall velocity in water of 0.07796 m/s, sediment non-

uniformity coefficient s ¼ (d84/d16)1/2 ¼ 1.48; SAND2, a

commercial sand, with grain size of d50 ¼ 1.40 mm, grain

density of 2.53 g/cm3, bulk density of 1.60 g/cm3, measured

mean fall velocity in water of 0.22472 m/s and s ¼ 1.50.

These sands are considered representative for sea bed conditions.

Note that their gradations are similar, although the mean grain

sizes differ.

2.5 Quantitative measurement of scour patterns on sand bed

Once the different flow configurations were characterized, the

scour patterns were generated. The sand was inserted at the

tank bottom, at a distance H from the nozzle exit, illuminated

by a vertical laser sheet passing through the nozzle axis and

the jet. The contour of the scour thus illuminated by the laser

sheet was photographed with the video-camera set perpendicu-

larly to the laser sheet, similar to Andreotti et al. (2006) to

characterize aeolian sand ripples in the laboratory.

To reduce the deformation due to refraction and misalignment

between the camera and the laser sheet, a preliminary image

transformation was attempted. A calibration target with a

matrix of white concave “dots” was employed. The actual dis-

tance between the centres of the “dots” was 2.5 mm. This

target was positioned inside the tank, with the water at rest

before running the jet, on the sand bed and in the same cross-

section plane of the laser sheet where the subsequent images

were captured. The image of the target was transformed into a

square with its actual size by means of a bilinear transformation

of a number of points. Since this transformation contained 12

unknown coefficients, at least 6 points of the target were selected

and transformed into the calibrated points. The resulting trans-

formation was then applied to all images of the sand bed and

the swirling jet.

The sequence of a test was as follows: a picture of the target

inside the water tank at rest was first taken resulting in the cali-

bration coefficients and the ground level of the sand bed; then

the target was removed, the swirling jet with a selected discharge

was run until the scour hole remained steady; the jet was turned

off, a picture of the scour illuminated by the laser sheet was taken

once the sand bed had stabilized, and finally, this image was

transformed using the calibration coefficients. Figure 5 shows

an example, with (a) as the distorted image of the scour

pattern, as captured by the camera, and (b) as the transformed

image, corresponding to its actual shape on the normal plane

to the bed. To digitalize the scour contours, a threshold segmen-

tation technique to the images was applied (Young et al. 1996).

Figure 6 shows an example of a scour pattern thus processed,

after transforming pixels to actual distances, and using the

non-dimensional coordinates (r, z), scaled with the nozzle

radius D/2, and the origin set at the intersection of the jet axis

with the undisturbed sand bed.

To characterize the different scour contours, three non-dimen-

sional parameters were used (Fig. 6), namely radius rmax where

the scour reaches its maximum elevation, measured from the

maximum depth, elevation Hmax over the original sand bed

level, and the maximum scour depth |Hmin| measured from the

original sand bed level. All were extracted from digitalized

images, after using the threshold segmentation technique.

3 Results

3.1 Velocity profiles at nozzle exit

Figures 7–9 show the radial profiles of the non-dimensional

axial W and tangential V velocity components at nozzle exits

for various R. The radial coordinate r is scaled with the nozzle

exit radius D/2 and the velocity components with the mean

nozzle exit velocity Wc = 4Q/pD2.

To fit these velocity profiles, a q-vortex, or Gaussian vortex,

model was used as a simplification of Batchelor’s trailing-line

vortex (Batchelor 1964, Ash and Khorrami 1995), resulting in a

good fit to velocity profiles for vane-guide-generated vortices (e.g.

Leibovich 1978, Garg and Leibovich 1979). This model was cor-

rected by “tanh”-like mixing layers that adjust the flow to the exter-

nal fluid at rest, as is commonly used to approximate the mixing

Figure 5 Images of scour illuminated with laser sheet (a) before, (b)
after transformation resulting from calibration (Case S2, H/D ¼ 5,
Q ¼ 330 l/h or R ¼ 20,000)

Figure 6 Digitized contour of scour in non-dimensional coordinates (r,
z) and definitions of non-dimensional parameters rmax, Hmax, Hmin (Case
S2, H/D ¼ 5, R ¼ 20,000). Only a portion of right is shown. Data
gaps due to occlusion of laser light by levee and scour imperfections
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layers of a jet discharging into a fluid at rest near the jet exit (e.g.

Michalkxe 1984). The following expressions fit the velocity profiles

W = a 1 + be− r/dw( )2
( ) 1

2
1 − tanh

r − rw

dw1

( )
, (4)

V = qv

r
1 − e− r/dv( )2

( ) 1

2
1 − tanh

r − rv

dv1

( )
, (5)

where a, b, dw, rw, dw1, qv, dv, rv and dv1 are non-dimensional par-

ameters (Figs 10 and 11). Note that qv is a swirl number based on

the axis vorticity and the nozzle exit radius D/2. Although the

mixing layers are centred at r ¼ 1 (i.e. rw ¼ rv ¼ 1), an

optimum fit of these parameters was attempted. Also included

in Fig. 11 is the data comparison of the tangential velocity com-

ponent with the corresponding q-vortex, i.e. with Eq. (5) without

the “tanh”-like term that multiplies the q-vortex, indicating that

this term is necessary to fit the data well.

All measured axial velocity profiles fit Eq. (4) well, whereas

V(r) fits Eq. (5) well except for Case S2 if R . 12,000. As

observed in Fig. 9, V near the axis drops abruptly in these cases,

and the swirl velocity profile adopts a ring-like shape. These pro-

files may be fit by combining two Gaussian vortices, yet requiring

a number of parameters, so that this was not made herein.

Figure 8 (a) Non-dimensional axial velocity W, (b) tangential velocity
V components at exit of swirl nozzle for Case S1 and different R

Figure 7 (a) Non-dimensional axial velocity W, (b) tangential velocity
V components at exit of swirl nozzle for Case R and different R

Figure 9 (a) Non-dimensional axial velocity W, (b) tangential velocity
V components at exit of swirl nozzle for Case S2 and different R

Figure 10 Comparison of (+) mean axial velocity profiles for Case S2
and Q ¼ 160 l/h (R ¼ 11,079) with Eq. (4) using (22 ) a ¼
0.91950, b ¼ 0.50179, dw ¼ 0.21497, dw1 ¼ 0.07304, rw ¼

1.03658. (—) Fit to Eq. (4) with rw ¼ 1
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The vortex core thickness dv is almost independent from R for

a given vane configuration, slightly decreasing with R (Fig. 12a),

except for the tangential velocity in Case S2 for high R. Note that

dw , dv, yet their values are quite similar. The shear layer thick-

nesses (Fig. 12b) are practically independent from both R and the

swirl configuration (again except for dv1 for the tangential vel-

ocity in Case S2 for large R). Note that the shear layer for the

axial velocity is slightly thinner than that for the tangential

velocity.

To measure the swirl intensity, it is appropriate to define a

swirl number q based on the vortex thickness d ¼ (D/2)dv,

rather than on the nozzle radius D/2 used in qv, i.e. (Ash and

Khorrami 1995)

q = qv

dv
. (6)

Figure 13 shows q (R) for Cases S1 and S2. In Case S1, the swirl

number is relatively small and practically independent of R. In

Case S2, q first increases with R to a maximum and then

decreases abruptly due to the tangential velocity drop at the

axis above R ¼ 12,000, so that Eq. (5) ceases to be valid,

and q may no longer represent the jet swirl intensity. Note that

this feature has nothing to do with vortex breakdown, because

the corresponding axial velocity does not diminish. In fact,

Fig. 11 shows that the axial velocity has a pronounced

maximum at the axis for Case S2, which is almost identical for

all R considered. This axial velocity overshoot is due to the

swirl, i.e. the Gaussian in Eq. (4); note that dw � dv. It is

almost imperceptible for Case S1 with a low swirl, but pro-

nounced for Case S2 with a large swirl. This combination of

intense axial velocity at the axis generated by the swirl, together

with the annular radial profile of the circumferential velocity

(low swirl near but high swirl off the axis) is most appropriate

for excavation purposes.

To avoid problems with the swirl number q (or qv) for high R

with Case S2, when the maximum swirl is away from the jet axis,

a third swirl number qi based on integrals of the velocity

Figure 11 Comparison of measured V(r) for (+) Case S2 and R ¼

11,098 (Q ¼ 160 l/h) with Eq. (5) using (22 ) qv ¼ 0.2951, dv

¼ 0.34844, dv1 ¼ 0.1338 and rv ¼ 1.004. (—) fit to Eq. (5) with
rv ¼ 1, and with Eq. (5) without “tanh”-term and same values of qv

and dv (q-vortex)

Figure 12 (a) Vortex thicknesses, (b) shear layer thicknesses versus R
for various swirl vane configurations

Figure 13 q and qi versus R for various swirl vane configurations

Figure 14 Non-dimensional contours of SAND1 bed scours for Case
R, H/D ¼ 30 and various R
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distributions is defined as (Chigier and Chervinsky 1967)

qi =
�1

0
r2WV dr

(D/2)
�1

0
r W 2 − (1/2)V 2
( )

dr
. (7)

This swirl number is appropriate for any tangential velocity dis-

tribution. As shown in Fig. 13, the qualitative behaviour of this

integral swirl number with R is surprisingly similar to q, even

for Case S2, only their numerical values are smaller. Thus, one

may use q, qi, or even qv, which is also proportional to q, to

characterize the relative swirl intensity of various swirling jets.

3.2 Scour patterns on sand beds

Figures 14–17 show non-dimensional contours of the scour pat-

terns on SAND1 bed generated by Cases S1 and S2 for various

distances H/D as R is varied. Figures 14–16 relate to the largest

nozzle-to-bed distance H/D ¼ 30 for Cases R, S1 and S2,

respectively. Note that the scour patterns for Case R and Case

S1 are similar, whereas the scour patterns generated by Case

S2 are much deeper and wider. As the distance to the bed

decreases (Figs 16 and 17), both the depth and the crater

radius on the sand bed generated by Case S2 decrease

substantially, without a significant difference between

H/D ¼ 10 and H/D ¼ 5 (not shown because it is similar to

H/D ¼ 10).

All this is better seen from Figs 18–20, showing the evolution

of Hmin, Hmax and rmax with R for Cases R, S1 and S2 impinging

on the SAND1 bed for three distances H/D. Note that the best

excavation performance results from Case S2, that imparts the

maximum swirl to the jet, for H/D ¼ 30. In this case, the

scour hole is wider and deeper than for Cases R and S1, and

Case S2 for H/D ¼ 5 or H/D ¼ 10, and the scour size

depends less on R than for the other distances to the bed. Also,

once a nozzle is selected, the scour patterns are almost identical

for H/D ¼ 5 and H/D ¼ 10. The crater for H/D ¼ 30 is also

deeper for all R. For the two smallest distances, H/D ¼ 5 and

10, the scour size rmax grows linearly with R, almost indepen-

dently of the swirl vane configuration. For H/D ¼ 5, the

radial nozzle (R) generates deeper and wider scour holes for all

R, i.e. for small distances, an axial jet produces a deeper and

wider scour. For H/D ¼ 10 and low R, Case S2 gives a

deeper and wider scour, while for high R, Case R makes a

deeper and wider scour, so that for medium distances, the final

scour size depends on the nozzle.

Case S2 therefore represents the optimum for seabed exca-

vation, especially for the largest distances considered and for

Figure 15 As Fig. 14, but for Case S1

Figure 16 Non-dimensional contours of SAND1 bed scour for Case
S2, H/D ¼ 30 and various R

Figure 17 As Fig. 16, but for H/D ¼ 10

Figure 18 Hmin, Hmax and rmax versus R for Cases (A) R, (∗) S1 and (o)
S2, H/D ¼ 5. SAND1
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the highest Reynolds numbers. This can be explained by the

special features of the swirling jet generated by the S2

nozzle above a certain threshold Reynolds number (Fig. 9):

the axial velocity has a marked “overshoot” at the axis that

increases the eroding jet power; additionally, for

R . 12,000, the swirling jet develops towards an annular

region of high swirl, and almost swirl-free core inside, favour-

ing the radial sediment dispersion uplifted by the more intense

axial jet.

All experiments reported above for SAND1 were repeated

using SAND2. The main results are summarized in Figs 21

and 22, where the evolution of the scour size parameters

with R and H/D are stated for Cases R, S1 and S2. Note

that the smallest value of R used with SAND1 bed has not

been considered with SAND2. With the coarser sand, the exca-

vation efficiency of all nozzles is poorer, with |Hmin| and rmax

almost half of the values obtained with SAND1. Yet the overall

behaviour in terms of H/D and the swirl intensity are almost

identical, except for H/D ¼ 30 and Case S2 (Figs 20 and

22): the high excavation efficiency of SAND1 obtained with

Case S2 for large H/D is not attained if the swirling jet

impinges on coarse sand. A swirling jet is thus more efficient

for sand bed excavation, especially for large R, if the nozzle-

to-bed distance is sufficiently large, and the mean grain diam-

eter d50 , 1 mm. The swirl effect is “lost” for sand beds with

roughly d50 . 1 mm.

To our knowledge, no previous quantitative results on the

scour patterns generated by a swirling jet impinging against a

sand bed exist. Aderibigbe and Rajaratnam (1996) reported the

maximum scour depth produced by a submerged, non-swirling

jet for impinging distances ranging from H/D ¼ 5 to H/D
¼ 125. Their sand grains used were different to the mean sand

sizes of SAND1 and SAND2 used herein, but the jet Reynolds

number of one of their experiments is close to R ¼ 11,000 as

used herein. Figure 23 compares the corresponding results for

the scour depth |Hmin| versus H/D with the present results for

SAND1 (note that their mean grain diameter was 0.88 mm).

Our measured value of |Hmin| for Case R and H/D ¼ 30 is com-

parable to theirs, while the scour depth generated by the swirling

jet S2 is larger, and the scour depth for Case S1 is in between.

Note that R ¼ 11,000 is just below the threshold Reynolds

number above which our Case S2 has the best excavation per-

formance for H/D ¼ 30. Marked in the figure is also the

present maximum scour depth for H/D ¼ 30 and S2, which

is substantially larger.

Another interesting feature observed by Aderibigbe and Rajar-

atnam (1996) is that the scour depth increases with the impinging

distance up to a maximum (at H/D � 65 for the case in Fig. 23),

and then reduces. Such high values of H/D were not reached with

our current experimental facility, but a similar trend is expected

since the best results apply for H/D ¼ 30.

Figure 19 As Fig. 18, but for H/D ¼ 10

Figure 20 As Fig. 18, but for H/D ¼ 30

Figure 21 Hmin, Hmax and rmax versus R for Cases (A) R, (∗) S1 and (o)
S2, SAND2 with H/D ¼ 5

Figure 22 As Fig. 21, but for H/D ¼ 30
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4 Conclusions

The excavation performance of several swirling jets impinging

normally against a sediment bed has been investigated exper-

imentally for various distances from the nozzle to the bed,

nozzle Reynolds numbers ranging between 1400 and 20,000,

and two different sand grain diameters. Quantitative measure-

ments of the scour patterns show that submerged swirling jets

generated by nozzles with adjustable vanes are more efficient

for sediment bed excavation than non-swirling jets if the

nozzle Reynolds number is high enough for the jet to adopt an

annular swirl structure combined with an intense axial velocity

overshoot at the axis, which is achieved in this study only with

the most tangential vane set (Case S2). A threshold Reynolds

number of about 12,000 for Case S2 marks the transition to

this jet flow structure, as characterized by LDA measurements

at the nozzle exit. This jet structure generates a scour pattern

whose diameter and depth are about twice of the scour hole gen-

erated by a non-swirling jet for the same Reynolds number, pro-

vided that the nozzle-to-bed distance is at least dozens of nozzle

exit diameters and the grains have mean diameter of less than

1 mm. The range of Reynolds numbers considered is too

narrow to study this jet transition in a nozzle with less swirl gen-

eration (Case S1).
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Notation

a, b ¼ non-dimensional fitting parameters (–)

d50 ¼ mean grain diameter (mm)

D ¼ nozzle exit diameter (mm)

H ¼ distance between sand and nozzle (mm)

Hmax ¼ non-dimensional maximum scour height (–)

Hmin ¼ non-dimensional scour depth (–)

qi ¼ integral swirl number (–)

qv ¼ swirl number (–)

q ¼ swirl number used in q-vortex (–)

Q ¼ discharge (m3/s)

r ¼ non-dimensional radial coordinate (–)

rmax ¼ non-dimensional scour hole radius (–)

rv, rw ¼ non-dimensional fitting parameters (–)

R ¼ Reynolds number (–)

T ¼ Temperature (K)

V ¼ non-dimensional tangential velocity (–)

W ¼ non-dimensional axial velocity (–)

Wc ¼ mean axial velocity (m/s)

z ¼ non-dimensional axial coordinate (–)

dv, dw ¼ velocity core thicknesses (–)

dv1, dw1 ¼ velocity shear layer thicknesses (–)

r ¼ fluid density (kg/m3)

s ¼ sediment non-uniformity coefficient (–)

m ¼ fluid viscosity (kg/m s)

m0 ¼ reference viscosity (kg/m s)
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