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5Abstract: The effect of wave-induced streaming on the seabed boundary layer sediment
étransport (i.e. bedload and suspended sediment transport) has been investigated for following and
7opposing waves and current where the wave propagation forms a nonzero angle with the current.
8The mean sediment transport results from an interaction between Longuet-Higgins streaming,
9streaming due to wave skewness and wave-current interaction. For collinear waves the mean
10sediment transport is directed along the wave propagation direction with the largest transport
11taking place beneath following waves and current. he mean sediment transport
12decreases as the angle between the waves and the current increases. For a given angle, the
13sediment transport is largest for second order Stokes waves, followed by linear propagating
14waves, horizontally uniform Stokes forcing and horizontally uniform linear forcing. The mean
15sediment transport direction is rotated from the wave propagation direction towards the current
16and this rotation is largest for horizontally uniform linear forcing, followed by horizontally
17uniform Stokes forcing, linear propagating waves and second order Stokes waves.
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23INTRODUCTION

24In seabed boundary layers beneath propagating waves, a small vertical wave-induced near-bed
25velocity exists that gives rise to a weak mass transport. This happens because of the bottom
26friction leading to the horizontal and vertical velocity components not being 90° out of phase (as
27they are for potential flow), which again leads to the wave-averaged convective term (which
28contains the product of these velocity components) acting as a depth-varying force pushing the
29flow in the wave propagation direction. This is commonly referred to as Longuet-Higgins sea
30bed boundary layer streaming Longuet-Higgins (1953), which has been investigated in previous
31works

32 . Another kind of streaming, caused by turbulence
33asymmetry in successive wave half-cycles beneath skewed waves, is here referred to as
34streaming due to wave skewness. This streaming mechanism forces the flow against the wave
35direction and is thus representing a competing mechanism to the Longuet-Higgins streaming for
36second order Stokes waves as investigated in detail in Holmedal and Myrhaug (2009).
37Measurements of streaming due to wave skewness in oscillatory water tunnels were first reported
38by Ribberink and Al-Salem (1995) for waves alone, and by Yuan and Madsen (2015) for
39following and opposing waves and current. The rough bed measurements by Ribberink and Al-

40Salem (1995) were well predicted by Davies and Li (1997) and Holmedal and Myrhaug (2006)

41(using k-1 and k- € turbulence closure models, respectively), while Scandura (2007)
42investigated streaming due to wave skewness over a smooth bed resolving the turbulent flow by
43direct numerical simulations. The predictions by Afzal et al. (2015) of streaming due to wave
44skewness in combined wave-current flows were in excellent agreement with the measurements
45by Yuan and Madsen (2015), showing that the effect of streaming due to wave skewness is to
46enhance and reduce the wave-averaged velocity when the waves are opposing and following the
47current, respectively. Similar qualitative results were predicted earlier by Holmedal et al. (2013)
48where the effect of streaming on the wave-current sea bed boundary layer for following and

49o0pposing waves plus current was investigated using numerical simulations.

50 Nielsen and Callaghan (2003) predicted the streaming-induced sediment transport for sheet
51flow conditions under waves alone using empirical formulas. These predictions were in good

52agreement with observations of Ribberink et al. (2000). More recently, the sediment transport



53beneath a group of skewed waves was investigated by Yu et al. (2010) using a two-phase model
54(originally developed by Hsu et al. (2004)) that takes both the Longuet-Higgins and streaming
55due to wave skewness into account. Yu et al. (2010) found that the non-linearity of the waves
56accounted for most of the sediment transport for skewed waves, whereas the sediment
57transport beneath less skewed waves is mainly due to Longuet-Higgins streaming. Furthermore,
58the sediment transport is always in the wave propagation direction, which is similar to the
59findings by Holmedal and Myrhaug (2009). Fuhrman et al. (2009) investigated the sediment
60transport beneath horizontally uniform second order Stokes boundary layer forcing over a flat
61bed and found that the sediment transport increased with increasing wave skewness which is
62consistent with the findings of Holmedal and Myrhaug (2006). Ruessink et al. (2009, 2011) and
63van der A et al. (2011) have presented further results on predicted and measured sediment
é4transport beneath horizontally uniform second order Stokes forcing including the effect of wave
65skewness. Fuhrman et al. (2013) found that the Longuet-Higgins streaming and other convective
66effect promotes onshore sediment transport even for fine sand and highly skewed waves.
67Schretlen et al. (2011) found a larger onshore sediment transport for measurements conducted in
68a large wave flume (using second order Stokes waves) than for measurements conducted in
69oscillating water tunnels (using horizontally uniform Stokes forcing) where Longuet-Higgins
70streaming is absent. Similar results were also found by both Fuhrman et al. (2013) and
71Kranenburg et al. (2013) using numerical simulations. Some other important works on seabed
72boundary layers include, but not limited to are from Lee and Cheung (1999), Bose and Dey
73(2014) and Ali and Dey (2016).

74 Holmedal and Myrhaug (2009) found that the Longuet-Higgins streaming is the dominating
75mechanism providing wave-averaged (mean) sediment transport beneath waves alone over a flat
76bed. It appears that for median and coarse sand, the mean suspended sediment transport is of the
77same magnitude as the mean bedload transport whereas the total sediment transport for fine
78sediments is dominated by suspension. More recently, Afzal et al. (2015) investigated the effect

790f streaming on the wave-current sea bed boundary layer for waves with an angle of attack on

80the current using numerical simulations (k' € turbulence model). They studied the interaction
81between the classical wave-current interaction mechanism and the two competing streaming
82mechanisms which also affect the direction and veering of the resulting current; these effects

83cannot be measured neither in closed channels nor in large wave flumes.
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84
85
86 The aim of the present
87work is to investigate how wave-induced streaming, non-linear wave-forcing, wave-current
88interaction and sediment particle size affect the near-bed sediment dynamics and transport using
89numerical simulations. These numerical simulations are conducted for situations where the flow
90is considered to be wave-dominated including the situation where the waves propagate with a
91non-zero angle relative to the current. First the present sediment transport model is validated
92against laboratory measurements (bedload and suspended load) conducted in both an oscillating
93water tunnel (Dohmen-Janssen et al. 2001) and beneath propagating waves in a large scale flume
94(Dohmen-Janssen and Hanes 2002). Then numerical simulations are applied to investigate the
95sediment dynamics and transport beneath waves alone and beneath combined waves and current,
96for those sediments that the model has been validated against. This includes the sediment
97transport beneath combined waves and current, where wave propagation is in a different
98direction than the current direction, including following and opposing waves and current.
99
100 Despite the present lack of
101experimental data for these situations, the present work aim to yield new insight into the detailed

102bottom boundary layer sediment dynamics and transport.

103NUMERICAL MODEL
104 Boundary layer flow near the is considered over an infinitely long flat

2y =ky /30 , where Ky is the equivalent Nikuradse roughness. The

105bottom fixed at % ~
106horizontal coordinate X is taken in the free stream current direction, the horizontal direction

107perpendicular to the free stream current is represented by the coordinateY , and Z denotes the
108vertical coordinate. Waves propagate at an angle 0 relative to the current in the horizontal plane
109as given in Fig. 1. The hydrodynamic part of the model used in the study is

110the same as that presented in Afzal et al. (2015) and thus a brief description of the hydrodynamic

111model is given below along with sediment transport formulation.

112Governing equations



113  The Reynolds-averaged boundary layer equations are given by
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118 where Y>Vand W are the velocity components in ¥ and Z direction respectively. Here, P is

119the density of water, P is the pressure, and VT s the kinematic eddy viscosity.

120 The turbulence closure is given by a k-€ model which, subjected to boundary layer
121approximation (Rodi 1993), including near-bed damping of turbulence due to sediment

122concentration (Ruessink et al. 2009), yields ;
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127 where K is the turbulent kinetic energy, € is the turbulent dissipation rate, and B=N VT/ Zp

P
~9/p
128is the buoyancy flux. The Brunt-Vaisala frequency N s / e , where g is the

4P =spc+p(1- c)

129acceleration due to gravity an is the fluid-sediment density (S is the

130specific gravity of the sediment and € is the sediment concentration) adopted from Fuhrman et

131al. (2013). Usually, P approaches P as the distance from the bed increases and sediment

132concentration decreases (also stated as turbulence damping). Inclusion of the buoyancy flux B in



133the k- € equations, while not standard practice, can be important for flows with high suspended
134sediment concentrations near the bed, especially for sheet flow of fine sands. The current
135approach to include the damping of turbulence by sediments is taken from Ruessink et al. (2009).
136The purpose of buoyancy term in the TKE equations is to dampen the turbulence in the close

137vicinity of the seabed due to the high sediment concentration. In the present case the velocity is

138only affected in the close vicinity of the seabed where the velocity is approaching zero at Z=14

139and thus this approach yields the necessary damping of the near-bed velocity, as previously
140applied by Ruessink et al. (2009), and later by Fuhrman et al. (2013). This has also been
141demonstrated by Conley et al. (2008) and Kranenburg et al. (2013), who showed pictures on the

142effect of the turbulence damping on the current profiles.

143  The turbulent viscosity is given by

k2
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146 The standard values of the model constants have been adopted, i.e.

(c)vcuc0,00,0.,0,) =(0.09, 1.44, 1.92, 1.00, 1.30, 0.7)

147 Rodi (1993). Here, e =L for N* <0

148and e =0 for N*>0 (Burchard 2002).

149 The instantaneous dimensionless bedload transport P is given by Nielsen (1992) as a

150function of the Shields parameter ©.
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156 Here the instantaneous dimensional bedload transport is represented by %, the dimensional

T

157instantaneous sea bed shear stress by "¢ | the density ratio between the bottom sediments and the

158water by S =2.65 taken as for quartz sand, and the median grain size diameter by d50.

159
160 Bedload transport takes place when the critical
161Shields parameter 6. =0.05 is exceeded.
162 The sediment concentration € is given by:
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166 Eq. (10) has been obtained using the boundary layer approximation. Here, Ws is the settling

167velocity of sediments, S is the diffusivity of the sediment, and V' is the kinematic viscosity of

168water. The sediment settling velocity is specified as in van Rijn (1993) with the correction for

16%hindered sediment settling given by Richardson and Zaki (1954), i.e. given as w, =w, (- c) .

*

170Here, "s is the settling velocity of sediments in clear water, € is the volumetric concentration

1710f the sediments and " is an empirical parameter depending upon the median grain diameter. For

172median grain diameters considered in this work " =4 (van Rijn 1993) is applied.

173Simplification of equations

174 The permanent wave form approximation is applied to simplify Egs. (1-5) and Eq. (10). For a

175flow quantity ¢ beneath linear and a second order Stokes wave, the permanent wave form

176simplification is given as
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179 here =a)/ K is the wave celerity, where k, =27/A

178

is the wave number in the direction of
180wave propagation, 0 is the angle between the waves and the free stream current (see Fig. 1), @

181is the wave frequency and A is wave length. This simplification reduces the three-dimensional
182boundary layer equations to spatially one-dimensional equations. By using the continuity
183equation (Eq. 3) and applying the permanent wave form simplification, the vertical velocity

184component is given as
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187 Here W=0 4t Z =%

188Boundary conditions

189 A no-slip condition is applied at the bed under the assumption of hydraulically rough sea bed.
190 u=0,v=0,w=0, 5 2% 1515+ MERGEFORMAT ()

191 The boundary conditions for K and € are given in a standard manner (Rodi 1993) using a

*

192logarithmic velocity profile as shown in Egs. (18 and 19), where is friction velocity which is

193calculated using the rough wall log-law following (Dey 2014).

N =

2

ou ov ]2
|| a | Y| A
oz 0z
k =
194 Ve 1616\ MERGEFORMAT ()
3
5 k2
(= :( Cl ) 4 —
195 kz, 1717\* MERGEFORMAT ()



196 1818\* MERGEFORMAT ()
(k«/uf +v] )
u,=———
In le
197 0 1919\* MERGEFORMAT ()

Vi

04 . u ) .
198 Here K =0.4 s the von Karman constant, and ( 1717 are the horizontal velocity components

199at the grid point 1 pearest the bed.

200 The reference sediment concentration e is obtained using the Zyserman and Fredsge (1994)

201formula:
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203 At the upper boundary, located at 2 =Znax | the velocity is given as:

u=U,_cosO+U,

204 2121\* MERGEFORMAT ()
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206 Where U is the horizontal near-bed wave velocity component as defined in Eq. (23-24) (see
207Afzal et al. (2015; Fig. 1), U is the mean current velocity and 0 is the angle of attack of the

208waves on the current at “mx which is equivalent to driving the current with an upper lid. This
209hydrodynamic model was validated (see Afzal et al. (2015; Fig. 7)) against measurements by

210Yuan and Madsen (2015) conducted in an oscillating water tunnel with combined horizontally

211uniform second order Stokes forcing and current. The sensitivity of the location of Zmax was also

212investigated by Afzal et al. (2015; Fig. 6).



(U_,w.)

213 The velocities are obtained from second order Stokes theory (Dean and Dalrymple

2141991).
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217 where the upper sign is used for waves following the current whereas the lower sign is used

218for waves opposing the current. The near-bottom velocities are obtained from evaluating these

219free stream velocities at” ~ “max, Here @ is the free surface linear wave amplitude.

220 Since the velocity at Z =Zmax is taken as the free stream velocity, zero flux conditions for the

221turbulent quantities k and € are imposed as

ok _
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222 Oz (24)
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223 0z (25)

224 The sediment concentration at * ~ “max is obtained using a zero flux condition (Eq. 26)

oc
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225 0z (26)
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226Following Fredsge et al. (1985), Eq. (26) can be approximated by wvanishing sediment

227concentration at “ ~ “mx | due to the rapid decay of the suspended sediment concentration with

228the distance from the bed.

229 €= 0 whep 2— @ (27)

230 Forcing function

231Due to the boundary layer approximation the horizontal pressure gradient is constant through the

232boundary layer and is obtained from the near-bottom free stream (potential flow) velocity field

233U W)
i la_p :an LU, ou, LV, ou, i l@pc
234 0 Ox ot 194 oy p ox (28)
- l@_p :aVO +U0 8VO +VO aVO - lapc
235 poy ot OX oy p oy (29)
236 where
237 U, =U, cost9’ V, =U, sin@) W, =W, (30)

238 where U°°is the velocity component in the wave propagation direction and W is the

239corresponding vertical velocity component, and where op. /0 and op. /%y represent the
240constant pressure gradient in x- and y-direction, respectively, due to the current. Previous

241calculations by e.g. Davies and Li (1997) and Holmedal and Myrhaug (2009) show that the term

ou, w e

22 | 0z (and thus "0z atthe upper boundary is about three order of magnitudes smaller than

W oy, w %
243the other convective terms, and hence "0 and ' @ have been neglected in Egs. (28 and

24429).
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245 Numerical method and initial conditions

246Egs. (1), (2), (4), (5) and (10) are solved using a finite difference method (second order central

247differences) in space with geometric stretching near the bed. A staggered vertical grid

248arrangement is used to store the turbulent quantities k and € at the boundaries of the velocity U
249cells. Here 100 grid points with a geometric stretching factor of 1.09 is applied; previous
250experience show that this grid resolution is sufficient to obtain grid independent results, and to
251predict the seabed shear stress correctly (see e.g. Holmedal et al. (2003; Fig 5)). By using a
252second order central finite difference discretization in the wvertical direction and using the
253permanent wave form approximation given in Egs. (12-14), the governing Egs. (1-5) and Eq.
254(10) are reduced to a set of nonlinear, coupled ordinary differential equations which are
255integrated in time with the appropriate boundary conditions given in Egs. (15-27). This

256discretization is given by Afzal et al. (2015; Appendix A) for the hydrodynamic equations. Here

(u,v)

257a staggered grid was employed such that k and € are evaluated at the boundaries of cells.
258Furthermore, the grid for the sediment concentration is a subset of the grid for the velocities,
259since the near-bed boundary condition for € is given at a fixed elevation above the rough
260bottom. The integration in time is obtained using the integrator VODE (Brown et al. 1989).
261Small positive values of the mean turbulence and flow quantities were initially seeded, and the
262equations were integrated in time until the flow was fully developed. In order to establish a fully
263developed flow (in the sense that wave-averaged quantities remain the same after successive
264wave periods), a spin-up time of 800 wave periods was applied. An extra simulation of 6400
265wave periods was done for all the cases to make sure that the spin-up time of 800 wave period is

266sufficient. Here 100 vertical grid cells were found to be sufficient for resolving the boundary

267layer.

268 Comparison with experiments

269The model has been validated against both oscillatory water tunnel experiments (Dohmen-
270Janssen et al. 2001) and wave flume experiments (Dohmen-Janssen and Hanes 2002). Here, the
271oscillatory water tunnel experiments were conducted with symmetric forcing plus a mean current

272(and thus no streaming effects are present) while the wave flume measurements (second-order

12



273Stokes progressive waves) contain both Longuet-Higgins streaming and streaming due to wave

274skewness.

275 Dohmen-Janssen et al. (2001) published measurements of the sediment concentration profiles
276for sheet flow conditions over a sand bed. Experiments were carried out in the Large Oscillating
277Water Tunnel (LOWT) of Delft Hydraulics (now Deltares) where oscillatory flow plus a net
278current were simulated at large scale. The test section was 12 m long, 0.3 m wide and the water
279depth was 0.8 m in these measurements. A re-circulation system allowed generation of a net

280current in addition to the oscillatory flow (excursion amplitude 1.47 m). An oscillation period of

281T = 7.2 s was chosen. These experiments were carried out with three median grain sand size

=0.13, 0.21

282diameter (d50 and 0.32 mm) and with mean currents of 0.24, 0.23 and 0.26 m/s

283respectively.

284 - shows the predicted and measured wave-averaged suspended sediment concentration
285profile () for the experimental data from Dohmen-Janssen et al. (2001; Fig. 10). Here different

286settling velocities Ws have been applied to investigate the behaviour of the present model. The

287predicted mean suspended sediment concentration (2 obtained by applying the measured
288settling velocities given by Dohmen-Janssen et al. (2001) and the settling velocities obtained by

289the Soulsby (1997) formula are in good agreement with the measurements obtained for medium

290sand (d50 = 0.21 mm) and for fine sand (d50 = 0.13 mm) while for coarse sand (d50 =0.32 mm)

291(2) is under predicted . These predictions are in qualitative agreement with those obtained by

292Dohmen-Janssen et al. (2001) from their 1-D sediment-diffusion model using the still water

d

293settling velocity Ws =0.0119 m/s for dso - 0.13 mm, s =0.0260 m/s for %50=0.21 mm, and "

294= 0.0429 m/s for dso - 0.32 mm. Also, Malarkey et al. (2003) and Holmedal et al. (2004)

2950btained similar predictions using 1-D sediment-diffusion models. _



307 Dohmen-Janssen and Hanes (2002) published measurements of sediment concentration and

308wave-averaged sediment transport under surface gravity waves in a large-scale wave flume using

309natural sand with a median grain diameter A5y - 0.24 mm. The flume is 300 m long, 5 m wide
310and the water depth was 3.5 m in these measurements. Here the wave-averaged sediment

311transport was measured from four different combinations of wave heights and wave periods. For

o}

312test case Mi (Hdes: 1.35m, T =6.5s, 9 =338 m%s, % =16.4 m%s), 9 was calculated to

313be 28.9 m*s. Here Hges is the design wave height at the wave maker, 95 and I are the

: : . o, .
314measured and predicted wave-averaged sediment transport, respectively, and ~ % is the standard

315deviation of % . Corresponding values of Dp for other tests Mh (Hdes: 1.6m, T =655, 9=
31642.9 m%s, @ =156 m¥s), M (Haes=13m, T =9.15, % = 76.7 m¥s, “# = 6.4 m¥/s) and MC

317( Hege, - 1.5m, T =9.1s, 9 =107.3 m¥s, Yo = 17.7 m?*/s) was found to be 49.5, 62.6 and 117.1
318m?%s, respectively. Similar to Gonzalez-Rodriguez and Madsen (2011) and Kranenburg et al.

319(2012), the wave-averaged sediment transport from Dohmen-Janssen and Hanes (2002) is

320predicted by the mean bedload transport C_Ibf. Here, the predictions have been obtained using

321second order Stokes waves to drive the sea bed boundary layer. Overall, it appears that the

q, 20,

322predictions are in excellent agreement with the measurements; 9 lies well within s for

14



323three of the measurements, while for the other measurement (mf) it lies slightly outside this

324interval.

325 |Figure 3 shows the predicted and measured wave-averaged suspended sediment concentration

326profile c(2) for the test condition M ie. T =6.5s and Hees = 1.6 m where He is the design

327wave height at the wave maker. The settling velocities Ws = 0.027 m/s and s = 0.028 my/s,

328obtained from Dohmen-Janssen et al. (2001) and Soulsby (1997), respectively, have been applied

WS

329in the present model; here the settling velocity = 0.027 m/s is obtained by interpolating the

dso— 0.21 mm which

330settling velocities Ws = 0.030 m/s for dso — 0.32 mm and s = 0.026 for
331gave the best predictions of the oscillating water tunnel measurements by Dohmen-Janssen et al.
332(2001) as shown in Fig. 2. The present model yields slightly better predictions when using these
333settling velocities than when using the settling velocity taken from Soulsby (1997). In both

334simulations, the predicted mean suspended sediment concentration is in fair agreement with the
335measurements near the bed (for Z < 30 mm) while the predictions are poorer farther up in the

336water column (for Z > 30 mm). However, Dohmen-Janssen and Hanes (2002) themselves stated
337that the relatively small vertical gradient in the measured suspended sediment concentrations
338above 3 cm is ‘perplexing’; they suggested that this might be caused by a build-up of background
339turbulent kinetic energy and/or an accumulation of fine sediments above the boundary layer. The
340results obtained from the present one-phase sediment diffusion model is also compared with
341those obtained by Hsu and Liu (2004) and Ma et al. (2014) (both using two-phase models) who
342also compared their numerical simulations against the experimental data from Dohmen-Janssen
343and Hanes (2002, Fig. 6). As clearly shown in Fig. 3, the two-phase models yield similar
344predictions of the measurements as the present one-phase model for this data set, thus supporting

345Dohmen-Janssen and Hanes (2002) own assumption of non-ideal conditions in the experiments

346leading to surprisingly high values of (@) for z>30 mm,

347RESULTS AND DISCUSSION

348 The sediment transport due to streaming and wave-current interaction in the turbulent bottom

349boundary layer is investigated for realistic wave and current conditions. Here the amplitude of

15



3500cean surface waves is 4=1.22 m and the wave period is 6 s. These waves propagate over a flat

351rough bottom. Here, the current U, =01 m/s is specified at Znax =025

m above the bottom (UC
352is fixed in the X -direction). The angle 0 representing the direction of waves propagation relative

353to current varies from 0 to 180 ; the water depth is 8 m and the wave length is 45 m.

354Furthermore, the median sand grain diameter is dso — 0.21 mm corresponding to Alky - 1800

d

355where A is the near-bottom wave excursion amplitude and Ky =2.5, 750, The corresponding

356settling velocity is Ws = 0.026 m/s, taken from Dohmen-Janssen et al. (2001). These wave

357conditions represent intermediate water depth (kph :1'11) with wave steepness ak, :0’17.

3580verall, it is expected that the obtained results will be qualitatively similar to other wave-
359dominated wave-current flows. The dispersion relation for waves alone has been applied
360neglecting the effect of the current. This is a reasonable approximation since the current here is

361weak compared to the waves as discussed in detail by Holmedal et al. (2013).

362Eulerian wave-averaged suspended sediment transport

363 It is recalled that wave-induced seabed boundary layer streaming over a flat bed with
364homogeneous roughness is caused by two different mechanisms. The first mechanism can be

365explained by that, because of friction, the horizontal and vertical velocity components Y and W

366are not 90" out of phase within the seabed boundary layer (as they are outside where there is no

367friction and potential flow applies). Thus, UW (where the bar denotes wave-averaging) is non-

duw
368zero and varying vertically such that 0z acts as a depth-varying pressure gradient leading to a
369near-bed wave-induced current (or drift) in the wave propagation direction. This was first
370explained by Longuet-Higgins (1953) and is denoted Longuet-Higgins streaming in the
371forthcoming. It should be noted that Longuet-Higgins streaming only occurs beneath propagating
372waves where the vertical velocity is non-zero; it is absent for horizontally uniform flow. The
373other mechanism is caused by wave skewness, which exists both for horizontally uniform second

374order Stokes forcing and for the near-bed forcing induced by second order propagating Stokes

16



375waves. As first demonstrated experimentally by Ribberink and Al-Salem (1995), this streaming
376mechanism (due to wave skewness) counteracts the Longuet-Higgins streaming. The interaction
377between the Longuet-Higgins streaming and the wave skewness induced streaming was
378discussed in detail by Holmedal and Myrhaug (2009) showing that the streaming induced seabed
379boundary layer velocity is slightly larger beneath linear propagating waves than beneath second
380order Stokes propagating waves. However, second order Stokes forcing implies a slightly larger
381crest value and a slightly smaller trough value of the near-bed velocity that drives the seabed
382boundary layer; corresponding impact on shear stress crest and trough values will be discussed in

383detail in the section below.
384

385Waves alone

T

0

386Figure 4 (a) shows the bed shear stress magnitude over a wave period for horizontally
387uniform (HU) linear forcing, horizontally uniform (HU) Stokes forcing, linear propagating
388waves, and second order Stokes waves. It is observed that the crest value is largest for second
389order Stokes waves and smallest for horizontally uniform linear forcing; while the trough is
390deepest for horizontally uniform linear forcing and most shallow for second order Stokes waves.
391The difference in the crest and trough values between horizontally uniform Stokes forcing and

392linear propagating waves, however, is less obvious.

393 Although this boundary layer flow is a highly non-linear process where superposition of
394quantities does not apply, it is useful to look at the separate effects of streaming and forcing to
395explain the different crest and trough values in Fig. 4 (a). For linear propagating waves streaming
396due to wave skewness is absent, while for second order Stokes waves, the Longuet-Higgins
397streaming dominates the streaming caused by wave skewness, leading to a positive near-bed
398current which is slightly smaller than for linear propagating waves (Holmedal and Myrhaug
3992009). The streaming also affects the bottom shear stress; integration of the momentum equation

4000ver a control box within the boundary layer (as described in detail by Fredsge and Deigaard

. 1, = pluw) -
401(1992; Ch. 2, Eq. 2.96)) yields the relation = where "b is the mean bottom shear
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402stress (the bar denotes wave-averaging) and the subscript ®© denotes the edge of the boundary

403layer where UW is non-zero due to the presence of the friction. For linear propagating waves this
404leads to an increase of the shear stress crest value; thus the bottom shear stress crest value is
405larger for linear propagating waves than for horizontally uniform linear forcing where streaming
406is absent. The second order Stokes forcing implies a slightly larger crest value and a slightly
407smaller trough value of the near-bed velocity than for linear wave forcing. This results in a larger
408bottom shear stress crest and a smaller bottom shear stress trough for second order Stokes
409forcing than for linear wave forcing. It appears that this effect dominates the effect of wave
410skewness which counteracts the effect of the Longuet-Higgins streaming as discussed in detail in
411Holmedal and Myrhaug (2009). For the same reasons, the crest value of the bottom shear stress
412beneath horizontally uniform Stokes forcing is larger and the trough value is smaller than for

413horizontally uniform linear forcing.

414  Overall, the bottom shear stress beneath second order propagating Stokes waves exhibit an
415enhanced crest value both due to the non-linear forcing and due to streaming (where the
416Longuet-Higgins streaming is dominating the streaming caused by the wave skewness), and thus
417the crest value of the bottom shear stress is largest for this forcing. It appears that the effect of
418the second order Stokes forcing and the Longuet-Higgins streaming on the bottom shear stress
419crest value is of the same magnitude; this is observed from Fig. 4(a) by the crest value beneath
420propagating linear waves (where Longuet-Higgins streaming occur) being approximately equal

421to that observed for horizontally uniform second order Stokes forcing.

Uc(2) profiles beneath waves alone for

422 Figure 4 (b) shows the mean suspended sediment flux
423HU linear forcing, HU Stokes forcing, beneath linear propagating waves, and beneath second
424order propagating Stokes waves. The largest mean suspended sediment flux occurs beneath
425second order Stokes waves followed by linear propagating waves and HU Stokes forcing; the
426mean flux beneath HU linear forcing is zero due to the symmetric forcing and absence of
427streaming. Although the temporal variation of the bed shear stress is almost the same for HU
428Stokes forcing and linear propagating waves over the wave cycle, the mean suspended sediment

429flux beneath linear propagating waves is much larger than beneath HU Stokes forcing. This is

430caused by the non-linear interaction between the instantaneous velocity and the suspended
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431sediment concentration. The quantity X can be decomposed as X =X +X where X denotes

432the time averaged component and X denotes the periodic component. By applying this
433decomposition on U and €, the sediment flux can be decomposed as Uc =Uc +UC | where Uc

434represents the suspended sediment flux associated with the time averaged flow, while Uc

435represents the suspended sediment flux associated with the periodic part of the flow. Figure 4 (c)

436shows that UC is negative for HU Stokes forcing while it is positive for linear propagating

437waves and second order Stokes waves; for HU linear forcing it is zero. Moreover, Uc is larger
438beneath linear propagating waves than beneath second order Stokes waves. This is because linear
439propagating waves yields a streaming-induced velocity in the direction of wave propagation
440(Longuet-Higgins streaming), while second order Stokes waves are also subjected to streaming
441due to wave skewness which is opposing the wave propagation direction; yielding a smaller

442streaming-induced current than for linear propagating waves as previously discussed by

443Holmedal and Myrhaug (2009). Figure 4 (d) shows that the contribution from UC (o the

444suspended sediment flux is larger than the contribution from UC€ . The reason is that Uc depends

4450n the instantaneous phase and magnitude of both U and C; the suspended sediment flux cannot

446be understood by only discussing U and € separately as discussed previously by Davies and Li

447(1997), Holmedal and Myrhaug (2006) and Fuhrman et al. (2013). Here Ue is largest for second

448order Stokes waves, followed by linear propagating waves and HU Stokes forcing; for HU linear

449forcing UC s zero. Overall, Figs. 4 (c) and (d) yield a better understanding of the process

450underpinning the mean suspended sediment profiles shown in Fig. 4 (b).

451Combined waves and current

T
0

452 [Figures 5 (a) - (d) show the bed shear stress magnitude over a wave period for

0 =0,45,90",135

453 and 180" for HU linear forcing, HU Stokes forcing, linear propagating
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454waves, and second order Stokes waves, respectively. The result follows the same trend as those
455shown in Fig. 4 ()i the largest crest value is found beneath second order Stokes waves while the
456smallest crest value is found beneath HU Linear forcing. However, due to the current the bed

457shear stress magnitude is larger beneath the wave crest than beneath the wave trough for

0" <6 <90
458following waves and current( ), while the opposite occurs for opposing waves and

90" <A <180
459current( ) . Fig. 5 also shows that the bed shear stress crest amplitude decreases and

460the bed shear stress trough amplitude increases as the angle between the waves and the current

461increases.

462 [Figures 6 (a) = (d) show the Eulerian wave-averaged suspended sediment flux profiles (Uc(2))

0 =0",45,90,135

463for and 180" for waves and current with HU linear forcing, HU Stokes

464forcing, linear propagating waves, and second order Stokes waves, respectively. Here,

— 2 2
465U(Z’t) —\/u(z,t) *v(z,0) is the magnitude of the velocity vector. As for waves alone
466(discussed in Section 3.1.1), the wave-averaged flux is obtained by integrating the product of the

467instantaneous sediment concentration and velocity over a wave period. Fig. 6 shows that the

468suspended sediment flux decreases as 0 increases. This is related to the decrease of both the bed
469shear stress amplitude (stirring up less sediments, Figs. 5 a- d) and the velocity with increasing
470angles between the waves and the current. It appears that the largest mean suspended sediment
471flux is found beneath second order Stokes waves followed by linear waves, HU Stokes forcing,
472and HU linear forcing. It should be noted that due to a calculation error, Holmedal et al. (2013)
473reported a larger mean suspended sediment and bedload transport for linear propagating waves

474than for second order Stokes waves.

475 |[Figure 7 (@) shows the magnitude and direction of the wave-averaged suspended sediment

fmax lTCdZ
476transport . Here, the directions are represented by vectors (solid lines). For comparison,
477the wave propagation direction is also represented by vectors (dashed lines). Two major
478conclusions can be drawn regarding the magnitude of the mean suspended sediment transport: i)

479The mean suspended sediment transport decreases as the angle between the waves and the

20



480current increases (except for @ >90" for HU linear forcing due to symmetry around 90°), and ii)

[ ™ Ucdz
481For a given angle between the waves and the current, ** is largest for second order

482Stokes waves, followed by linear propagating waves, HU Stokes forcing, and (for ¢ <90")

483smallest for HU linear forcing. For 45,90 ang 135 the transport direction is to the right of the
484wave propagation direction due to the current. The two different streaming mechanisms

485(Longuet-Higgins and streaming due to wave skewness) lead to an enhanced mean suspended

486sediment transport in the wave propagation direction (by changing the phase between U and c,

487as discussed previously for waves alone; see section 3), thus counteracting the rotation of the

[max adz
488mean suspended sediment transport vector towards the current direction. Hence < is

489least rotated for second order Stokes waves, more rotated for linear propagating waves, even
490more rotated for HU Stokes forcing, and most rotated for HU linear forcing where streaming is

491absent.

492Eulerian wave-averaged bedload transport

493 Figure 7 (b) shows the magnitude and direction of the wave-averaged (mean) total bedload

494transp0rtth. The direction is represented by vectors (solid lines). For comparison, the wave
495propagation direction is also represented by vectors (dashed lines). It appears that: i) The mean

496bedload transport decreases as the angle between the waves and the current increases (except for

49760 >90" for HU linear forcing due to symmetry around 90° ), and ii) For a given angle between

498the waves and the current, b is largest for second order Stokes waves, followed by linear
499propagating waves, HU Stokes forcing, and (for & <90") smallest for HU linear forcing. Similar

500to the suspended sediment transport, the bedload transport direction is to the right of the wave

501propagation direction due to the current for 45,90 3pq 135 ,and Tu is least rotated for second
502order Stokes waves, more rotated for linear propagating waves, even more rotated for HU Stokes

503forcing, and most rotated for HU linear forcing where streaming is absent. This similar behaviour
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max adz _
5040f and T is not surprising since both depend strongly on the bottom shear stress

505through Egs. (7-9) and Eq. (20).

506 Some further insights into the bedload transport dynamics can be obtained by visualizing the

507bedload transport over a wave period. Fig. 8 (a) shows the near-bed particle trajectories of linear

508propagating waves plus current for 45 and 135 taken at the grid point nearest the bottom. Here

509the colour depicts the magnitude of the bedload o along the particle trajectory. During one

510wave period the trajectory starts at the origin, marked by A, then proceeds through B and C and

511ends at D. Figure 8 (a) reveals that both for 45 and 135 the bedload transport is larger in the
512wave half-cycle where the particle travels in the wave propagation direction (segment B-C) than
513in the wave half-cycle where the particle travels against the wave propagation direction
514(segments A-B and C-D). This leads to a net bedload transport in the wave propagation direction.

515Furthermore, the bedload transport in the wave half-cycle where the particle travels in the wave
516propagation direction (segment B-C) is larger for 45 (represented by darker red colour) than for
517135 while the bedload transport in the wave half-cycle where the particle travels against the
518wave propagation direction (segments A-B and C-D) is smaller for 45 (slightly lighter red

519colour) than for 135", Thus the wave-averaged sediment transport is larger for 45 than for 135,

520 Figure 8 (b) shows the near-bed trajectories (at the grid point nearest the bottom) beneath

521waves plus current for & =45 for horizontally uniform linear forcing, horizontally uniform
522Stokes forcing, linear propagating waves and second order Stokes waves. For all these cases the
523bedload transport is larger in the wave half-cycle where the particle travels in the wave
524propagation direction (segment B-C) than in the wave half-cycle where the particle travels
525against the wave propagation direction (segments A-B and C-D), leading to a net bedload
526transport in the wave propagation direction. It appears that the bedload transport in the wave
527half-cycle where the particle travels in the wave propagation direction (segment B-C) is largest
528for second order Stokes waves (darkest colour) and smallest for HU linear forcing (lightest
529colour). Furthermore, the bedload transport in the wave half-cycle where the particle travels

530against the wave propagation direction (segments A-B and C-D) is smallest for second order

22



531Stokes waves (lightest colour) and largest for HU linear forcing (darkest colour). The difference
532in bedload transport beneath linear propagating waves and HU Stokes forcing is less obvious;
533this difference cannot be seen directly from Fig. 8 (b). It is observed, though, that the near-bed
534particle trajectories beneath linear propagating and HU Stokes forcing are different, i.e. the
535particle excursion is smaller for HU Stokes forcing than for linear propagating waves, and it
536appears that the bedload transport under linear propagating waves is larger than for HU Stokes
537forcing. Overall, Fig. 8 (b) visualizes some of the bedload transport dynamics leading to the

538largest bedload transport for second order Stokes waves, followed by linear propagating waves,

539HU Stokes forcing and HU linear forcing for ¢ =45O_ Similar results and arguments can be given

540for the other angles between the waves and the current but this is not elaborated further here.
541CONCLUSIONS

542In the present work numerical simulations have been applied to investigate how wave-induced
543streaming, non-linear wave forcing, wave-current interaction and sediment grain size affect the
544seabed boundary layer sediment dynamics and transport over a flat rough bed for wave
545dominated flows. Here the sediment transport and dynamics beneath both opposing and
546following waves and current is investigated; this includes flows where the wave propagation
547form a non-zero angle with the current, thus extending the present knowledge within this field.
548These simulations have been conducted for fine, medium and coarse sand

549

550

551 For those situations investigated in this work, the mean sediment flux and the mean bedload
552are both directed along the wave propagation for collinear waves and current; this applies both
553for following (largest net sediment transport) and opposing (smallest net sediment transport)
554waves and current. Furthermore, for colinear waves and current, the largest mean
555sediment flux and bedload are found beneath second order Stokes waves, despite the mean
556streaming-induced velocity being slightly smaller beneath second order propagating Stokes
557waves than beneath linear propagating waves (as previously shown by Holmedal and Myrhaug
558(2009)). For the mean sediment flux this is due to the non-linear interaction between the

559%instantaneous boundary layer velocity and sediment concentration as previously explained by
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560e.g. Davies and Li (1997) and Fuhrman et al. (2013); for the mean bedload this is due to the non-
561linear dependency of the bottom shear stress combined with the effect of the critical value of the
562bottom shear stress that must be exceeded for bedload to take place. For the more general case
563where the waves and the current are not colinear, the mean sediment transport (i.e. both the
564suspended sediment and bedload transport) decreases as the angle between the waves and the
565current increases. For a given angle between the waves and the current, the sediment transport is
566largest for second order Stokes waves, followed by linear propagating waves, horizontally
567uniform Stokes forcing, and smallest for horizontally uniform linear forcing. Furthermore, the
568mean sediment transport direction (for both the suspended sediments and the bedload) is rotated
569to the right of the wave propagation direction due to the current (which is directed towards the
570right). This rotation is largest for horizontally uniform linear forcing, followed by horizontally
571uniform Stokes forcing, linear propagating waves and second order Stokes waves. One of the

572limitations of the present study is that the numerical model is sensitive to the selection of settling

573velocity values since the settling velocity is introduced to model the effect of the gravity on the

574sediment particles; it is not obvious that this is always well modelled by using the still water

575value of the settling velocity.

576 The present work vields new insight into the detailed bottom boundary laver sediment

577dynamics and transport under combined action of non-collinear waves and current which is a

578realistic situation in oceans and coastal areas. The studv done here is relevant to the areas of

579transport of sediments/mineral at seabed, transport of fishes, larvae and plankton and also

580chemical compound spilled in the ocean.
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593Notation

594The following symbols are used in this paper:

595d
596 A
597B

598¢
599 Ca
600
601€
602¢(2)
603d
604dsy

605¢g

606 Hdes

607K

608kN

609kP

610N

611 N

612P
613D

614 %

free surface linear wave amplitude (L);
near-bottom wave excursion amplitude (L);
buoyancy flux (-);

sediment concentration (ML);
reference sediment concentration (ML™);

wave celerity (LT™);

volumetric concentration of the sediments (-);

wave-averaged suspended sediment concentration profile (-);
particle average diameter (L);
median sediment size (L);

gravitational acceleration (LT?);

design wave height at the wave maker (L);

Turbulent kinetic energy (-);
Nikuradse equivalent sand roughness (L);

= wave number in the direction of wave propagation (-);

empirical parameter depending upon the median grain diameter (-);

Brunt-Vaisala frequency (T™);

pressure intensity (ML™'T);
instantaneous dimensional bedload transport (-);

mean bedload transport (-);
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615 9s

616 I
617R
618s

619t
620 P
621" ¢
622
623"~
624 we

6257wt

626UC

627a(z) =

s28Uc
s29U¢
630U~

631 %s
632"

633 '~

634 X

635 X

measured wave-averaged sediment transport (-);

predicted wave-averaged sediment transport (-);
wave skewness (-);
specific gravity of the sediment (-);

time (T);

wave period (T);

mean current velocity (LT™);

friction velocity (LT™);

horizontal near-bed wave velocity component (LT™);

crest velocity (LT™);

trough velocity (LT™);

sediment flux (MT™);

mean suspended sediment flux (MT™);

suspended sediment flux associated with the time averaged flow (MT™);

suspended sediment flux associated with the periodic part of the flow (MT™);

shear velocity (LT™);
settling velocity of sediments(LT™);

settling velocity of sediments in clear water (LT™);

= vertical wave velocity component (LT™);

quantity term (-);
time averaged component (-);
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636 X
637z

638Z()

6397
640Z
641¢
642K

643V
644"

645 P

6460
647 %
648 b
649€

6500

6510
652/
653

654D

655 ©

656 ¢

657 ©

periodic component (-);
vertical distance (L);

zero-velocity level (L);

standard deviation of s -);

Rouse number (-);
average friction angle (-);
von Karman constant (-);

kinematic viscosity of water (L*T™);
kinematic eddy viscosity (L*T™);

= fluid-sediment density (ML™>);

mass density of fluid (ML>);

instantaneous sea bed shear stress (MLT?);
mean bottom shear stress (MLT?);
Turbulent dissipation rate (-);

angle between the waves and the free stream current (—);

wave frequency (T7);

wave length (L);

diffusivity of the sediment (L°T™);
instantaneous bedload transport (-);

Shields parameter (-);

critical Shields number (-);

edge of the boundary layer (-);
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Definition sketch

Magnitudes of the wave-averaged sediment concentration profiles for (a) dso = 0.32 mm,

(b) dso 0.21 mm, (c) dsy 0.13 mm. The plus signs represent experimental data from

Dohmen-Janssen et al. (2001) which have been digitized, whereas lines represent

WS

simulations. Here, solid line represents numerical simulation with "s as given by Dohmen-

Janssen et al. (2001), dashed line represents numerical simulation with Ws as given by

Soulsby (1997), and dotted line represents numerical simulation of a calibrated numerical

WS

model with s as a calibration parameter.

The wave-averaged sediment concentration profile for test mh (T =6.55 and Hy,, =1.6

m)
in the lower 5 cm above the bed. The plus signs represent experimental data from Dohmen-
Janssen and Hanes (2002; Fig. 6) which have been digitized, whereas the first two lines
(solid line and dashed line) show numerical simulations using settling velocities of 0.031
m/s and 0.028 m/s obtained from Dohmen-Janssen et al. (2001) and Soulsby (1997),
respectively. The dotted line and the dashed dotted line represents digitized data from Ma

et al. (2014) and Hsu and Liu (2004), respectively.

T
0

Magnitude of the bed shear stress over a wave period with crest values to the left and

trough values to the right; (b) Eulerian wave-averaged suspended sediment flux for waves
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alone beneath different type of wave forcing; (c) average component UC of wave-averaged

suspended sediment flux in (b); (d) Fluctuating component Uc of wave-averaged
suspended sediment flux in (b). Here HUL refers to horizontally uniform linear waves

whereas HUS refers to horizontally uniform Stokes waves.

Mean Eulerian velocity profile for (a) waves following the current and (b) waves opposing
the current, sediment concentration profiles for (c) waves following the current and (d)

waves opposing the current, suspended sediment flux profiles for (e) waves following the

A/kN :1800, Ue - 0.1 m/s and

current and (f) waves opposing the current. Here,

d., =0.21 =0.25

mm for the Dirichlet condition applied at Zmax cm and 50 cm.

Eulerian wave-averaged suspended sediment flux for different angles between the waves

=0.1

and current (UC ~ 7 m/s) beneath (a) horizontally uniform linear forcing; (b) horizontally

uniform Stokes forcing; (c) linear propagating waves; (d) second order Stokes waves.
max [%dz
The (a) wave-averaged suspended sediment transport ; (b) wave-averaged

bedload transport 9 beneath different forcing for five different angles 0 between the

waves and the current.

Near-bed particle trajectories colored on the basis of the magnitude of the bedload transport

Do mm?/s (a) beneath linear propagating waves and current for & =45 and 135'; (b) with

0 =45 for different wave forcing.
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823Fig. 2. Magnitudes of the wave-averaged sediment concentration profiles for (a)

< (z) (g/1)

(e)

ds, - 0.32 mm,

824(b) dso 0.21 mm, (c) dso = 0.13 mm. The plus signs represent experimental data from Dohmen-

825Janssen et al. (2001) which have been digitized, whereas lines represent simulations. Here, solid

826line represents numerical simulation with Ws as given by Dohmen-Janssen et al. (2001), dashed

827line represents numerical simulation with

36

W5 as given by Soulsby (1997), and dotted line



828represents numerical simulation of a calibrated numerical model with Ws as a calibration

829parameter.
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831Fig. 3. The wave-averaged sediment concentration profile for test Mmh (T =6.55 and Hy,, =1.6

832m) in the lower 5 cm above the bed. The plus signs represent experimental data from Dohmen-
833Janssen and Hanes (2002; Fig. 6) which have been digitized, whereas the first two lines (solid
834line and dashed line) show numerical simulations using settling velocities of 0.031 m/s and 0.028

835m/s obtained from Dohmen-Janssen et al. (2001) and Soulsby (1997), respectively. The dotted
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836line and the dashed dotted line represents digitized data from Ma et al. (2014) and Hsu and Liu
837(2004), respectively.
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839Fig. 4. Magnitude of the bed shear stress | © | over a wave period with crest values to the left and

840trough values to the right; (b) Eulerian wave-averaged suspended sediment flux for waves alone
841beneath different type of wave forcing; (c) average component UC of wave-averaged suspended
842sediment flux in (b); (d) Fluctuating component Uc of wave-averaged suspended sediment flux
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843in (b). Here HUL refers to horizontally uniform linear waves whereas HUS refers to horizontally

844uniform Stokes waves.
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847Fig. 5. Magnitude of the bed shear stress over a wave period for different angles between
848the waves and the current beneath (a) horizontally uniform linear forcing; (b) horizontally
849uniform Stokes forcing; (c) linear propagating waves; (d) second order Stokes waves. Crest

850values are to the left and trough values are to the right.
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41



10 T T T T T

HUL +
HUS
8 [~ Linear x -
Stokes B

-

iy

T+ Gz X2 ¥—=
"

“
o T

cdz (mm?/s)
X
5t )
*\\\ N \ 3\

0 ' ,
0 90 135 180
855 #(Degrees)
856 (a)
857
18 T T T T T
HUL +
16 7 HUS ' 7
14 |~ = Linear X _
;(” Stokes x
12 ]
> az
10 |- / |
= 8 oo i]‘ .
= 6 > —
= -3
| a | +— A '?/1 :: +— _]
+ & S
— } 5 A —
0 1 1 1 1 1
(0] 45 a0 135 180
858 0(Degrees)
859 (b)
" Ucdz

dSO

860Fig. 7. The (a) wave-averaged suspended sediment transport ; (b) wave-averaged

861bedload transport 9o beneath different forcing for five different angles 0 between the waves and

862the current.

42



0.015
0.01
% 0.005
0
—0.005
—-0.01 /
B
-0.015 o4 6 0.01 0.02 0.63
x {m)
863
864 (@
865
0.04
0.02—
0.02 s
0.01- :AD/
T, /
= B/ | ./
A D
oo B/ /
A
—0. p D
0.02 B/ o
—0.03- B/ :
0802 -0.01 tIJ 0.01
x (m)
866
867 (b)
868

869Fig. 8. Near-bed particle trajectories colored on the basis of the magnitude of the bedload

870transport B mm?/s (a) beneath linear propagating waves and current for ¢ =45 and 135, (b)

871with € =45 for different wave forcing.

43

]
/ HU Linear

(o4
HU Stokes

/ c
/ Linear

(]

/

Stokes

0.02 0.03

x 1077

15

10

x 10"

1.6

1.4

1.2

r9.8

r10.6

0.4

0.2



872

44



	The following symbols are used in this paper:
	Dey, S. (1999). Sediment threshold. Applied Mathematical Modelling, 23, 399–417


