

  jmse-11-01297




jmse-11-01297







J. Mar. Sci. Eng. 2023, 11(7), 1297; doi:10.3390/jmse11071297




Article



Flow Characteristics of the Rip Current System near a Shore-Normal Structure with Regular Waves



Jie Xu 1, Sheng Yan 2,3,*[image: Orcid], Zhili Zou 1,*, Chengshu Chang 1, Kezhao Fang 1 and Yan Wang 1,2





1



State Key Laboratory of Coastal and Offshore Engineering, Dalian University of Technology, Dalian 116024, China






2



College of Transportation Engineering, Dalian Maritime University, Dalian 116026, China






3



Centre for Ports and Maritime Safety, Dalian Maritime University, Dalian 116026, China









*



Correspondence: yansheng20210039@dlmu.edu.cn (S.Y.); zlzou@dlut.edu.cn (Z.Z.)







Academic Editor: Matteo Postacchini



Received: 13 May 2023 / Revised: 18 June 2023 / Accepted: 22 June 2023 / Published: 26 June 2023



Abstract

:

Rip currents are the strong narrow seaward current produced by waves breaking on the coast. Of the many types of rip currents, the present study investigates, experimentally and numerically, the rip current system produced by the wave reflection on a finite-length shore-normal structure (corresponding to groin, jetty and headland in a real-word environment) with strong wave reflection strength. The incident wave condition of an obliquely propagating monochromatic surface gravity wave is considered for the bottom topographies of planar and barred beaches without or with a rip channel. The corresponding laboratory experiment was conducted and used to validate the numerical model. A set of higher order Boussinesq equations is used to reproduce the experimental observation and produce the results for the related prototype cases, with the latter considering more factors which may influence the formation and evolution of rip current flow patterns. The resulting rip current system contains two parts: the node rips formed due to the presence of the longshore standing wave in the wave reflection field and the deflection rip formed due to the interaction between the incoming longshore current and the reflection wave field mentioned above. A new formation mechanism of the deflection rip has been proposed, i.e., the deflection rip is formed by the meeting and then deflection of the longshore current and lateral flow. The effects of different wave reflection strengths of the structure, wave incident angles and bathymetric conditions on the pattern and flow volume of the deflection rip are also studied.
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1. Introduction


Rip currents are narrow, strong, seaward flows frequently occurring in coastal regions, which extend from close to the shoreline, through the surf zone, and exit offshore or form closed flow circulations. This type of current is critical for transporting and cross-shore mixing of heat, sediments, pollutants, nutrients and biota, and also has social importance for beach safety and lifeguarding. On the base of dominant control factors involved in the currents, three rip currents have been classified in the previous studies [1,2]: (i) Hydrodynamic-control, which is described by Peregrine [3] theoretically and may be observed in wave breaking of crossing wave field or shore crest wave filed; (ii) Bathymetrical-control, which appears over an almost permanent location near the topography anomalies; and (iii) Boundary-control, which occurs in the region adjacent to natural structures (headlands, rock outcrops, etc.) or the anthropogenic structures (groins, jetties, piers, etc.). The present study examines the characteristics of the rip flow associated with presence of a finite-length shore-normal structure (groin, jetty and headland), for which the mixed influence of above control factors is involved.



Over recent decades, the related research has greatly enhanced the understanding on the formation and dynamics of rip currents. For the hydrodynamically-controlled rip currents, Peregrine [3] developed the generation mechanism which states that the macro vortex is produced where the large alongshore gradients in wave height exist (such as those at the two ends of a breaking crest segment of short-crested wave). Due to the continuous injection of vorticity companying wave breaking, the resulting macro vortex is able to persist for much longer time (more than 25 min) and lead to rip currents exiting offshore or forming a rip cell [4]. Even for alongshore uniform bathymetry, such a flow pattern can also exist, if the incident wave spectrum includes a range of wave frequencies and directions. A typical example of such a short-crested wave condition is the steady crossing wave field, produced by superimposing two incident wave trains with the same phase but different directions. Dalrymple [5] conducted an experiment to study the rip current system in the crossing wave field, which is formed by the superposition of an obliquely incident wave train and its reflection wave on a vertical wall (the similar wave field studied by the present study). Postacchini et al. [6] presented the vortex motions produced due to wave breaking of crossing waves, which are a result of mutual advection between oppositely signed vortices and also have the onshore and longshore vortex movements except the offshore movement. Clark et al. [7] presented a field measurement on the rip flows by deploying a circular array of current meters in surf zone at Duck, North Carolina, and measured the generated vortices at the individual crest ends formed by normally incident and directionally spread waves. They found that the vortices persisted for 40 s to 60 s. Choi and Roh [8] used the particle tracking method to observe the vortices generated around the ends of breaking wave crests in intersecting wave trains. Wei and Dalrymple [9] presented the related numerical study by applying the Smoothed Particle Hydrodynamics (SPH) model to examine the rip current filed produced by the intersecting wave field and found that there are multiple secondary circulation cells for the case of smaller angle of incident waves. Johnson and Pattiaratchi [10] investigated the transient state of rip current by computing the flow field for a random, directionally spread wave field over a planar beach and found that the duration and intensity of the transient rip associated with vortex pairs generated within the surf zone are dependent on both the beach slope and incident wave spectra. Another type of transient rip current flows is that produced by the shear instability of longshore current [11], the initially-longshore array of vortices companying the longshore current eventually evolves into offshore drifting macro vortices and induces the rip current of transient type [12].



For the bathymetrically-controlled rip currents, the flows can be observed at variant topographies, rip channel (channel rip), rhythmic shoreline (multiple shoreline rips) and the region near shoreline (the vortices with self-advection). Haller et al. [13,14] performed a comprehensive laboratory experiments to study the channel rip current with normally incident regular waves. The corresponding numerical simulations were performed by Chen et al. [12] with using a second-order fully nonlinear extended Boussinesq model. The field measurement of rip currents through two rip channels on the barred beach of Egmond ann Zee, Netherlands, was presented by Winter et al. [15]. The multiple rips on transverse barred beach of Sand City, Monterey Bay, Carolina, were observed by MacMahan et al. [16,17].The similar field examinations on the mophynogic beach at Truc Vert Beach, France, were conducted by Castelle and Bonneton [18] and Castelle et al. [19]. The rip currents on crescent bathymetry at Perranporth beach, Cornwall, UK, were observed by Austin et al. [20] and Pitman et al. [21]. The 3-D rip currents on double-barred beach at Duck, North Carolina were studied numerically by Uchiyama et al. [22]. For the above rip currents, apart from the driving of local longshore reduction in mean water level and longshore gradient of radiation stress (   S  y y    ) (leading to the longshore currents converging into the depth-decreasing region), the large scale vortices due to the rapid depth change in topography form another driving; for example, two oppositely signed vortices (such as those appearing at two edges of rip channel) will produce the mutual advection of the vortices. The low frequency oscillations of rip current were commonly found in the above studies, which may have multiple unstable modes with frequency range of 0.005–0.01 Hz and can be predicted by analyzing the linear stability of shear flow in rip current [23].



For the boundary controlled rip currents, previous studies have presented two types of rip current which appear at the upstream (the deflection rip) and downstream (the shadow rip) sides of a shore-normal structure (groin, headland) [24,25,26,27,28,29]. Both rips have the common formation mechanism: the flow direction deflection of longshore current. The former corresponds to the offshore deflection and the latter to the onshore deflection. A similar deflection rip was examined by Wind and Vreugdenhil [24] experimentally and numerically, which was produced along a vertical wall with angle 20° to the shore-normal on a 1:50 planar beach due to action of the incident wave propagating parallel to the structure. A shadow rip in the lee side of a groin was studied by Pattiaratchi et al. [25] in the field survey. They found that the geometric shadow of the groin causes alongshore variations in wave height and mean water level and creates the alongshore flow towards the groin. Castelle and Coco [26,27] numerically studied the rip current near a headland in pocket beach using the spectral wave model SWAN and the XBeach and showed that with increasing coast length, the ratio of the deflection rip to the shadow rip increases for a given wave incident angle; the larger the angle (but less than 45°), the larger both the deflection rip and the shadow rip. Scott et al. [29] showed that when the groin extends beyond the surf zone, the seaward extent of the offshore-directed rip current increases with increasing    L g  /  x b    (   L g    and    x b    are the groin length and the surf zone width). Van Rijn [30] pointed out that the groin with permeability < 10% largely acts as an impermeable groin.



In a general rip flow field, multiple types or mixed types of rip current may appear, which involves a more complex flow pattern. One simple example is the case of short groin with the small ratio    L g  /  x b  < 1  . In this case, the deflection rip in the upstream side of the groin can pass through the groin tip and turn back to the coast in the downstream side, meeting with the shadow rip there and forming a complex circulation pattern. On the contrary, if the groin is long enough to reflect totally or partially the incoming wave, a longshore standing wave field will form in the region near the structure. Then, the rip currents will also appear at the node points of the standing wave due to wave breaking. In this case, the resulting rip current system will consist of two parts: the deflected longshore current appearing near the reflection wave field and the circulation cells containing the rips at node points in the reflection wave region. The latter type of rip has only been examined for the longshore uniformed standing wave field, such as that by Wei and Dalrymple [9], and not yet investigated for the longshore ununiformed standing wave field present with a shore-normal structure. For such a mixed rip current system, the interaction of different currents may exist. This is the phenomenon that inspires the present study.



The present study examines the mixed type of rip current system near a shore-normal structure, but the focus is on the interaction between the incoming longshore current and the reflection wave field close to a shore-normal structure (with strong reflection). The study is performed experimentally and numerically with the numerical simulations conducted by applying a set of higher order Boussinesq equations. The actions of obliquely propagating monochromatic surface gravity waves are considered for different wave reflection strengths of the structure, different wave incidences and different topographies (planar beach and barred beach without and with a rip channel) in order to illustrate the characteristics of the examined rip current system. The paper is organized as follows. Following the Introduction, the experimental layout and measurements are presented in Section 2. Section 3 introduces the numerical model. Section 4 presents the experimental results and the validation of numerical model. In Section 5, the numerical simulations are applied to extend the experimental study to the corresponding prototype to display the detailed flow features of rip current system for different wave and bathymetry cases. Finally, in Section 6, the major conclusions are drawn.




2. Experimental Methods


The experiment was designed to reveal the rip current flow features near a shore-normal structure under the action of obliquely propagating waves and validate the numerical model with the following research goals:




	(1)

	
Observing the features of the rip current system on a planar beach;




	(2)

	
Studying the effect of a sand bar without channel;




	(3)

	
Studying the effect of a rip channel on the barred beach.









2.1. Experiment Layouts


Figure 1 presents the experiment layout on the planar and barred beach. The adopted experiment conditions are listed in Table 1. The experiment was performed in the wave basin of the State Key Laboratory of Coastal and Offshore Engineering, Dalian University of Technology. The basin is 55 m long, 34 m width and 0.7 m deep. A piston-type multi-paddle wave generator is located at the one end of the basin and at the other end is an absorbing beach. Three concrete-covered straight beach models with slope 1:40 were adopted, one being a planar beach named as Test P and the others being barred beaches with and without a rip channel, named Test B and Test C, with the bar of Gaussian section profile being superimposed on the planar beach at the central location of 5 m from the shoreline. The rip channel, with the width 1.36 m and the central line located also 1.36 m away from the structure (at the 1st node), is formed by cutting off a segment of the bar. As shown in Figure 1, the beach was rotated 30° relative to the wave maker with the smallest distance between the beach and the wave maker being 8 m and the wave maker only produced the normal propagation wave, so that the produced wave has the propagation angle of 30° relative to the shore-normal. For the planar beach (Figure 1a), the water depth at the horizontal bottom is 0.275 m and for the barred beaches (Figure 1b), it is 0.45 m. The former water depth is formed by reducing the water depth for the barred beach from 0.45 m to 0.275 m with the bar being out of water.



The shore-normal structure is made of a straight concrete-covered smooth solid wall with 0.6 m height, 0.1 m width and 18 m length. Its finite cross-shore extension from shore to horizontal bottom allows the area covered by the reflection wave (reflection wave area) to be limited within a triangle area. A coordinate system (x, y) with the origin at the cross point of still water shoreline and the structure was adopted; its x-axis and y-axis point offshore and away from the structure, respectively.




2.2. Wave Field Pattern


As mentioned above, the oblique incident regular waves with the propagation angle 30° relative to the shore-normal are produced in the experiment and the wave reflection on the structure leads to a longshore standing wave field, which has the free surface elevation of the following form,


  η ( x , y , t ) = 2 A cos ( k y sin α ) cos ( k x cos α + ω t ) ,  



(1)




where   ω   ( = 2 π / T )   and   k   ( = 2 π / L )   are the frequency and wave number (calculated by the dispersion relation    ω 2  = g k tanh ( k h )   with h the still water depth) with T and L being the period and the wave length, A and  α  are the incident wave amplitude and propagation angle. For the case of sloping bottom considered here, the wave number k will change with different locations due to shoaling effect, but the above pattern of the longshore standing wave still remains unchanged as indicated by the Snell’s law   k sin α =  k 0  sin  α 0    (the subscript zero indicates the value at offshore boundary, the horizontal bottom). Therefore, the node points and anti-node points will be located along fixed straight lines, the node lines and the anti-node lines, and the theoretical wave length of longshore standing wave (the distance between two nodes) determined by   λ =  L 0  / ( 2 sin  α 0  )   will be constant. Figure 2 shows such wave fields for regular wave with period   T = 1.5    s    on the planar beach. Due to the finite length of the structure, the reflection wave area has a limited extent and the number of node points (or node lines) of the longshore standing waves are thus finite, depending on water depth, wave period and incident angle. The effect of wave period is not considered here by presenting only the experimental result for a fixed wave period,   T = 1.5    s   . The wave height corresponding to the wave period was chosen to be different for different experimental cases, as shown in Table 1.




2.3. Measurements of Wave and Velocity Field


The cross-shore distributions of wave height H and mean water level   < η >   (  < ⋅ >   indicates the time averaged value) along the theoretical node lines and anti-node lines were obtained with using 46 capacitance wave gauges. The gauges were mounted on three measuring beams (Beam I, II and III). Beam I has 18 gauges covering 19 m, and Beam II and III each have 14 gauges covering 10 m. They were used in different ways for the planar beach and the barred beach, as shown in Figure 3. For the barred beach, only Beam I was used for all the measurements by moving it to a node line or an anti-node line. The alongshore extent of the measurement was set to be 15 m, which is outside the reflection wave area, in order to measure the incident wave. For the planar beach, since the reflection wave area is smaller, the measurement was simplified by using Beam II and III at the same time for the waves along node and anti-node lines, with Beam I being only used for the measurement at a fixed location (y = 9 m) to give the incident wave information. The data collection interval was 50 Hz and the total number of samples was 8192 (164 s). The time series of 30–150 s was used to calculate the wave height H and mean water level   < η >  . Data collection began several seconds before the wave generating in order to record the still water level, which is needed for determination of mean water level.



Twelve acoustic-doppler velocity meters (ADVs) were used to measure the flow velocity. For the barred beach, the measurements include: (1) The longshore distribution of velocities along the bar crest (x = 5 m) with the interval 0.15 m of ADVs and the longshore extent y = 0–14 m, for measuring onshore and offshore velocities over the bar crest. (2) The velocity distribution at longshore sections x = 4, 4.5, 5, 5.5 and 6 m with the interval 0.15 m of ADVs and the longshore extent x = 0–4.6 m, for measuring the large-scale vortex at two edges of the channel. (3) The longshore flow between the bar and shoreline at 10 cross-shore sections, including 5 anti-node lines, with the interval 0.4 m of ADVs and the cross-shore extent x = 0–4.6 m, for measuring the longshore time-mean velocity to examine the interaction between incoming longshore current and reflection wave field. Figure 3b shows the distribution of ADVs for these measurements. The details of these measurements can refer to Yan [31]. For the planar beach, the measurements were simplified, considering that the detailed measurements had already been performed for the barred beach. The measurements include: (1) The longshore distribution of velocity along wave breaking line (x = 3 m) with the interval 0.15 m of ADVs and the longshore extent y = 0–9 m, to obtain onshore and offshore mean velocities cross this line; (2) the velocity distribution at longshore sections x = 2, 4, 5 and 6 m with the interval 0.15 m of ADVs and the longshore shore extent y = 0–2 m, to obtain the vortex distribution over the rectangular area near the structure. All the ADVs were placed at 1/3 local water depth from the bottom to obtain the depth-averaged velocity below wave trough level. The velocity measurements were sampled at 20 Hz, the range of total sample duration was 720 s and the time series of 120–720 s was used to obtain the time-averaged values.





3. Numerical Model


3.1. Governing Equations


The higher-order Boussinesq equations, the model of N2D4, developed by Zou and Fang [32] are applied for the numerical simulations, which read


   η t  + ∇ ⋅ [ ( h + η )  u ¯  ] = 0 ,  



(2)






    u ¯  t  + (  u ¯  ⋅ ∇ )  u ¯  + g ∇ η =  P  ( 2 )   +  P  ( 4 )   + R ,  



(3)




where


   P  ( 2 )   =   P ′   ( 2 )   +  L 1  ( Γ − C ) ,  



(4)






   P  ( 4 )   =   P ′   ( 4 )   −  L 2   C ˜  ,  



(5)






    P ′   ( 2 )   =  1  2 d   ∇ {  d 2  D [  2 3  d ∇ ⋅  u ¯  + ∇ h ⋅  u ¯  ] } − ∇ h D (  1 2  d ∇ ⋅  u ¯  + ∇ h ⋅  u ¯  ) ,  



(6)






     P ′   ( 4 )   = −  1  24    h 3  ∇ ∇ ⋅ ∇ ∇ ⋅ ( h   u ¯  t  ) +  1  12    h 2  ∇ ∇ ⋅ [ h ∇ ∇ ⋅ ( h   u ¯  t  ) ] +  1  120    h 4  ∇ ∇ ⋅ ∇ ∇ ⋅   u ¯  t     −  1  36    h 2  ∇ ∇ ⋅ [  h 2  ∇ ∇ ⋅   u ¯  t  ] ,   



(7)






   L 1  ≡ (  α 2  −  α 1  )  h 2  ∇ ∇ ⋅ −  α 2  h ∇ ∇ ⋅ h ,  



(8)






   L 2  ≡ (  β 1  −  β 2  )  h 4  ∇  ∇ 2  ∇ ⋅ +  β 2   h 3  ∇  ∇ 2  ∇ ⋅ h ,  



(9)






  Γ =  1 2  h ∇ [ ∇ ⋅ ( h   u ¯  t  ) ] −  1 6   h 2  ∇ ( ∇ ⋅   u ¯  t  ) ,  



(10)






  D =  ∂  ∂ t   +  u ¯  ⋅ ∇ ,  



(11)






   C ˜  =   u ¯  t  + g ∇ η ,  



(12)






  C =   u ¯  t  + (  u ¯  ⋅ ∇ )  u ¯  + g ∇ η ,  



(13)




in which   d = h + η   is the total water depth,  η  is the surface elevation,    u ¯  = (  u ¯  ,    v ¯  )   is the depth averaged velocity vector (   u ¯  =    ∫  − h  η   u d z / ( h + η )     ), with   u ¯   and   v ¯   being velocity components in x- (offshore) and y- (longshore) direction, respectively, the subscript t denotes the partial differentiation with respect to time,   ∇ = ( ∂ / ∂ x ,   ∂ / ∂ y )   is the horizontal gradient operator. The coefficients    α 1   ,    β 1   ,    α 2    and    β 2    are set to be 1/9, 1/945, 0.146488 and 0.001996, respectively, for optimizing the dispersion and shoaling properties.  R  is the sum of the terms to account for bottom friction (   R f   ), subgrid lateral turbulent mixing (   R e   ) and energy dissipation due to wave breaking (   R b   ). The bottom friction    R f    has the expression


   R f  =    f w   d   u ¯    u ¯   ,               



(14)




where bottom friction coefficient    f w    is set to be constant,    f w  = 0.008  . The subgrid lateral turbulent mixing    R e    can be calculated by


   R e x  =  1 d  {  ν s    [   ( d <  u ¯  > )  x  ]  x  +  1 2    [  ν s  (   ( d <  u ¯  > )  y  +   ( d <  v ¯  > )  x  ) ]  y  }  



(15)






   R e y  =  1 d  {  ν s    [   ( d <  v ¯  > )  y  ]  y  +  1 2    [  ν s  (   ( d <  u ¯  > )  y  +   ( d <  v ¯  > )  x  ) ]  x  }  



(16)




where superscripts x and y represent the directions in the horizontal plane, subscript x and y denote spatial differentials, and    ν s    is the eddy viscosity due to the subgrid turbulence.


   ν s  = −  C m  Δ x Δ y   [   (   ∂ <  u ¯  >   ∂ x   )  2  +   (   ∂ <  v ¯  >   ∂ y   )  2  +  1 2    (   ∂ <  u ¯  >   ∂ y   +   ∂ <  v ¯  >   ∂ x   )  2  ]   1 / 2    



(17)




in which   Δ x   and   Δ y   are the grid spacing in the x- and y- directions, respectively, and    C m    is the mixing coefficient    C m    with a    R e    default value of 2.0. The energy dissipation due to wave breaking    R b    has the same form of    R e   , which read


   R b x  =  1 d  { ν   [   ( d <  u ¯  > )  x  ]  x  +  1 2    [ ν (   ( d <  u ¯  > )  y  +   ( d <  v ¯  > )  x  ) ]  y  } ,  



(18)






   R b y  =  1 d  { ν   [   ( d <  v ¯  > )  y  ]  y  +  1 2    [ ν (   ( d <  u ¯  > )  y  +   ( d <  v ¯  > )  x  ) ]  x  } ,  



(19)




in which  ν  is the eddy viscosity localized on the front face of the breaking wave, and is defined as


  ν = B  σ 2  d    η t    ,  



(20)




in which   σ = 2.0   here is a mixing length coefficient. The quantity B that controls the occurrence of energy dissipation with a smooth transition from 0 to 1 is given by


  B =     0      η t  <  η t *           η t     η t *    − 1       η t *  ≤  η t  < 2  η t *       1     η t  ≥ 2  η t *      ,  



(21)







   η t *    in the above expression is defined as


   η t *  =        η t F  ,     t −  t 0  ≥  T *         η t I  +   t −  t 0     T *    (  η t F  −  η t I  ) ,     0 ≤ t −  t 0  <  T *         



(22)




where    T *    is the transition time,    t 0    is the time when wave breaking occurs and   t −  t 0    is the age of the breaking event. The values of them are    R b    set to be    T *  = 5   h / g    , and    η t  ( I )   = 0.45   g h     (the wave breaking initiation parameter),    η t  ( F )   = 0.05   g h     (the wave breaking cease parameter) for planar beach,    η t  ( I )   = 0.35   g h     and    η t  ( F )   = 0.15   g h     for barred beach,    T *  = 5   h / g     σ . These coefficients were determined by comparing the simulated results with the experiment data (see Section 4). Note that, these expressions for all the terms contained in R are similar to those in FUNWAVE [33,34,35,36].



As the numerical model has the higher order dispersion and fully nonlinear properties, the model is appropriate for the application to the present numerical simulations: the former property allows the model to consider the wave motions from offshore region to nearshore region (shallow water region), and the latter property allows the model to simulate the wave motions close to breaking point where the waves show strong nonlinearity.



To improve the computational efficiency, the GPU (Graphic Processing Unit) parallel version (called the N2D4-GPU model hereafter) of the N2D4 model presented above was developed based on the CUDA (Compute Unified Device Architecture) and C language. The present configurations of the hardware for the present simulations are as following:



CPU: Intel i3-9100f, with 4 cores, 4 threads and a main frequency of 3.6 GHz.



GPU: NVIDIA GeForce RTX 2060 graphics card, with Turing 104 architecture, 1920 CUDA cores and 1755 MHz of core frequency.



By applying the above N2D4-GPU model, the computational efficiency was found improved by about 20 times compared to the original N2D4 model (i.e., CPU serial model) mentioned above. This acceleration ratio is consistent with previous researchers who developed the GPU parallel model of Boussinseq equations based on the CUDA and FORTRAN language [37]. Due to the paper space limitations, a further detailed introduction and validation of the N2D4-GPU model will not be given here.




3.2. Numerical Scheme and Boundary Conditions


Equations (2) and (3) are solved numerically by the finite difference scheme on non-staggered rectangular grids with   (  u ¯  ,  v ¯  )   and  η  defined at grid nodes. A composite fifth-order Adams–Bashforth predictor and sixth-order Adams–Moulton corrector scheme (ABM technique) is used to step the model forward in time, with   (  u ¯  ,  v ¯  )   being obtained by solving pentadiagonal linear equations [38] and  η  by solving an algebraic expression. All these treatments are similar to those of Gobbi and Kirby [39].



A rectangle computation domain is adopted with its size and four boundaries set according to the computation task. Figure 4 illustrates the computation domain used for the present study. The coordinate system (x, y) is set with the origin at the downstream end of still water shoreline, the x-axis directing offshore and y-axis away from the structure (the same as in the experiment). The slot technique is applied for the moving shoreline boundary and the internal wave making technique is used for the incident wave boundary [39]. The parameters for slot shape controlling are chosen to be    δ s  = 0.01   and    λ s  = 60   [12].The offshore boundary behind the wave making line is taken to be the sponge layer of one wave length width to absorb the wave, with its damping coefficient    D s    taken in the following form [40]:


   D s  = tan  h 6  (  k s     d s   S  ) .  



(23)




where S is the width of sponge layer,    d s    (=0–S) is the distance from the sponger layer starting edge (at the domain boundary) to a point in the sponger layer,    k s  ( > 0 )   is an adjustable parameter. It can be found that the value of    D s    has the range zero (at the sponger layer starting edge) to   tan  h 6   k s    (at the sponger layer end edge). Therefore, the damping of the waves, the surface elevation and the velocities, can be realized by multiplying them by    D s    at each time step. For this boundary condition, it has been validated that the chosen of    k s  = 6   and   S =  L 0    can make the sponger layer absorb the wave efficiently. The other boundaries are the two lateral boundaries. As the longshore current is needed in the present simulation, produced by the obliquely propagating long crest wave, the upstream lateral boundary is set to be a continuous flow boundary. The downstream lateral boundary is formed by the shore-normal structure with some permeability. The permeability is modeled by adding two grid width of sponge layer within the structure, and the damping coefficient    D s    of the sponge layers is taken in the similar form of (23), which read


   D s  = tan  h 6   k s  ( 1 +    d s   S  ) .  



(24)







The damping mechanism is the same as above, but the value of    k s    and  S (= 2  Δ y  ) is different.    k s  = 1000  , 4.4 and 3.6 are taken here to simulate the total, stronger and weaker wave reflection strength of the structure. The value    k s  = 1000   has the same function of    k s  = + ∞   with leading to    D s  = 1  ; therefore, this choice corresponds to the non-damping of the waves (total boundary reflection). The other two partial reflection cases with ks = 4.4 and 3.6 have been validated by giving the standing wave heights at the anti-nodes, as can be seen in Section 5.1.





4. Features of the Rip Current System


In this section, the main features of the present rip current system are given, including both the observation in the experiment and the simulated results. The former can also be used to validate the numerical model.



4.1. Observation in the Experiment


Figure 5 presents the measured wave height, mean water level and velocity vectors in the experiment for Test P, B and C. Some features about the wave and the flow field can be observed in the figure. Firstly, the formation of longshore standing wave is found for all the tests in the wave reflection area, and the wave heights at anti-node lines decrease away from the structure instead of uniformed ones appearing for the crossing waves in open sea. Secondly, the decrease in the wave set up near the shoreline is also found in the figure. Thirdly, the alternating offshore flow and onshore flow can be observed at the nodes and the anti-nodes, with the former known as the node rips which are driven by the longshore gradients of water level. Note that, the node rips are not always located at the theoretical nodes. For example, the node rips appear on the left side of the nodes for Test P (Figure 5a).



Apart from the above three common features for the three Tests, there are also some different characteristics among them. Firstly, the larger offshore flows are also found near the wave reflection boundary (called the deflection rip hereafter) for Test P (see Figure 5a), which are not found for Test B and C. The reason is the larger longshore current for Test P induced by the longer development space for this case as stated in Section 2. Secondly, the strong upstream longshore current between the sandbar and the shoreline (called the lateral flow hereafter) can be found for Test B. Thirdly, the effect of the channel that strengthen the first node rip and weaken the lateral flow can be found for Test B and C (Figure 5b,c). Due to the limitation of the measurements, the flow features of the node rips and the deflection rip will be illustrated by applying the numerical model in the following.




4.2. Illustration of the Flow Features with Using Numerical Model


Numerical simulations corresponding to the experimental cases are performed with the same wave conditions and beach topography. The computation domain and computation parameters are set as the same as those given in the previous section. To ensure the shoreline length facing the incoming wave in the computation being similar to that in the experiment (16 m for barred beach and 20 m for planar beach), the location of the upstream boundary is chosen to be y = 40 m (to ensure the influence area of the upstream shadow wave is outside this shoreline length) and is confirmed by the nearly same wave height distribution and the nearly same cross-shore and longshore velocities outside reflection wave region (measured at y = 14 m) between the computation and the measurements (presented in the following). The downstream boundary (at y = 0) is formed by the shore-normal structure of the same length as in the experiment and the total wave reflection condition is set by taking    k s  = 1000   (leading to the same wave reflection effect as taking    k s  = + ∞  ). The incident wave with 30° angle is produced by the internal wave making at line x = 25.4 m for barred beach and x = 18 m for planar beach, which is taken to let the wave making line have enough distance (one wavelength) from the structure down end. As a result, the computation domain is 31 m long at the offshore direction and 40 m width at the longshore direction.



It is generally recognized that the wave pattern can be accurately predicted when there are more than 30 grid points within a wavelength [41,42]. Therefore, the grid sizes in the x-direction and y-direction should not be larger than 0.1 m for the present tests, with the wavelength in these two directions being both 2.73 m. Considering both the computational efficiency and accuracy, the grid sizes in the x- and y- directions are set to be   Δ x = 0.05    m    and   Δ y = 0.1   m, respectively. The selection of the time step is   Δ t = 0.01    s   , and this satisfies the relation   Δ t ≤ 0.5 * min (   Δ  x 2  + Δ  y 2    ) /   g h   ) = 0.025    s    (courant stability condition), which makes the computation model stable for longtime simulation as pointed out in [36]. These data are crucial to obtain the accurate and reasonable numerical results. It is also noteworthy that these choices are consistent with those using by the other researchers [12,43] who simulated the rip current system on the barred beach with rip channels. With these grid sizes chosen, there are 621 grid points in the x-direction, 401 grid points in the y-direction and a total of about 250,000 grid points in the computation domain.



For the present tests, the simulation duration was taken as 720 s and the time series of 120–720 s was used to calculate the time-averaged values, which are the same as those in the experiment. It was found that the terminal times required for the present N2D4-GPU model were about 2.2 h to complete the simulation duration 720 s in the computation domain mentioned above.



Presented for the validation against the experimental measurements, the numerical results can also be used to illustrate the features of wave field and rip current flow patterns in the experiment. For these purposes, the numerical results presented here include: (1) Wave height and time-mean surface elevation. This validation demonstrates the accuracy of wave quantities which produces the driving forces for the mean flow. (2) Time-mean Eulerian velocity field. The results can be compared directly to the time-mean values of ADVs’ record in the experiment, as the velocity output in the numerical model is the Eulerian depth-averaged velocity.



Figure 6 presents the measured and computed cross-shore variations of wave heights and mean water levels at anti-nodes and nodes for Tests P, B and C. The wave field features found in the experiment are well reproduced by the numerical results. The good agreements can be found in the figure which demonstrate the breaking parameters chosen in Section 3.1 are suitable for simulating the breaking waves.



Figure 7 presents the calculated vorticity field, mean water level and velocity field for Tests P, B and C. For comparison with the measurements, the velocity vectors obtained by the ADVs are also given. The good agreements between them can be seen in the figure. Therefore, the features of the velocity fields stated above (in Section 4.2) can be analyzed more clearly with the help of numerical results. Firstly, the rip current system is composed of deflection rip current and node rip current for all the three tests. However, the deflection rip currents for Test B and C were not measured by the ADVs because it is located far away from the structure (Figure 7b,c). The difference between them can be seen from the mean flow circulation formed by them in Figure 7a. The deflection rip current flows out of the surf zone and does not turn back to the shore region (for the limited computation area here, it flows into the wave making region and then leaves the computation domain through the offshore boundary); it is an “exit flow”. However, the node rip current does not flow out of the surf zone: it turns back at the anti-node and forms a pair or a group of the circulation cells (large-scale vortices); the node rip is not “exit flow” but a “circulatory flow”.



Secondly, the new formation mechanism of the deflection rip can be found on the planar beach for Test P: it is formed by the meeting and then deflection of the longshore current and lateral flow. The lateral flow, as the resistance of the longshore current penetration into the reflection wave area, now can be seen clearly from the numerical results in Figure 7a. This flow can also be seen for Test B and Test C, which has been validated from the good agreements to the results of ADVs. The formation of the lateral flow is due to the longshore decrease in the mean water level. This type of deflection rip is different from that studied in previous research [24,25,26,27,28,29], which was found just close to the structure due to the weak reflection of the structure. The effect of the wave reflection strength of the structure will be discussed in detail in the next Section.



Thirdly, the deviation of the node rips for Test P can be explained by the asymmetric vortex pairs on the two sides of the nodes. It is found that the magnitude and extent of the clockwise vortex (negative value) is much larger than that of the anticlockwise vortex (positive value). Moreover, the strength of the first node rip due to the presence of the channel for Test C can also be explained by the larger vorticity on the two sides of the first node. This larger vorticity is due to the superposition of the node rip and channel rip with the latter driven by the reduction in wave height in the channel and thus the longshore gradients toward channel region of radiation stress and mean water level [14].



Due to the limitation of the experiment conditions, some other effect factors on the flow features of the mixed type of rip current system, especially the deflection rip stated above, will be discussed in the next Section by applying the numerical model.




4.3. The Accuracy of Numerical Results


In order to further validate the numerical results, Figure 8 presents the corresponding time-averaged cross-shore and longshore velocity components (  <  u ¯  >  ,   <  v ¯  >  ) along the wave breaking line x = 3 m for the planar beach and bar crest line x = 5 m for the barred beach. It is seen that the velocity distribution of the numerical results, both the velocity amplitudes and the locations of the node rips, agree very well with the measured data. These agreements demonstrate the bottom friction coefficient    f w    and mixing coefficient    C m    given in Section 3.1 are suitable in the present model.



For the above comparisons between numerical results and measurements, the quantitative description of agreements can be made by introducing the following error index WIA [44],


  W I A = 1 −     ∑  i = 1  n   [  z c  ( i ) −  z t  ( i )    ] 2      ∑  i = 1  n   [    z c  ( i ) −   z ¯  t      +    z t  ( i ) −   z ¯  t     ] 2    ,  



(25)




where    z c  ( i )   and    z t  ( i )   are the simulated and measured results, respectively, overbar indicates the corresponding mean value, and n is the number of datapoints. A perfect agreement between model and data corresponds to WIA = 1. It is generally confirmed that the model has practical prediction function only when WIA is greater than 0.6. Table 2 lists the values of the index WIA for wave height H, mean water level   < η >  , and cross-shore currents   <  u ¯  >   and longshore currents   <  v ¯  >   for the planar and barred beach. The average value of index WIA is larger than 0.8 for all the Tests, which indicates the good agreements between the simulated and measured results.





5. Further Analysis of the Deflection Rip


The results presented above are limited by the experimental conditions, such as the limited length of wave basin; as the numerical model has been validated above, the corresponding numerical simulations are employed to extend the experimental results in order to obtain a comprehensive picture of the rip current system near a shore-normal vertical structure. This allows the effect of longshore current (for the barred beaches) and other factors to be examined for more general cases. As seen for the planar beach case mentioned above, a direct result of the inclusion of longshore current is the formation of a strong offshore “exit flow”, which is the deflection rip as mentioned earlier. Here, the formation process of this rip is examined in more details and the focus is on the influence of different factors involved, including the wave reflection strength of the structure, wave incident angles and bottom topographies (with or without sandbar and different rip channels). In order to be closer to the real world condition, the simulations are conducted for a prototype case, and are performed by mapping the water depth and wave conditions in the present experiment to the prototype with the scale 1:16. Therefore, the prototype case considered has the water depth    h 0  = 7.2    m   , the wave height    H 0  = 0.8    m    and the period   T = 6    s   , the normal case present in the field. This wave condition corresponds to only one set of experimental wave height and period,    H 0  = 5    cm    and   T = 1.5    s   . The effects of different wave heights and periods are not considered due to the limited paper scope.



In the computation, the downstream boundary still corresponds to the experiment, the shore-normal structure with the length    L s    = 363 m of the prototype. The upstream boundary is the continuous flow boundary, located at y = 1200 m far enough from the structure in order to form a fully-developed longshore-uniformed longshore current outside the reflection wave area. The wave making line is set at x = 406.4 m, according to Figure 4. The other settings and considerations for the simulations include: the grid sizes in x- and y- directions are 0.8 m and 1.6 m, respectively, and the time step is 0.04 s. Therefore, there are 621 grid points in the x-direction, 751 grid points in the y-direction and a total of about 500,000 grid points in the computation domain. The simulation duration is taken as 1200 s and the time series of 240–1200 s (160 wave periods) was used to obtain the time-averaged values (for wave height, surface elevation and flow velocity). The results obtained over such a time period correspond to the first development stage of the rip current system, which can generally represent the features of the present rip current system. With these computation costs considered, the terminal times required for the present N2D4-GPU model were found about 1.8 h to complete the simulation duration 1200 s.



5.1. Effects of Wave Reflection


In the present experiment, the wave reflection strength of the shore-normal structure is the total reflection corresponding to    k s  = + ∞   in (23) (   k s  = 1000   in the numerical simulation). In the simulations here, this boundary condition is extended to the other two wave reflection strengths,    k s  = 4.4   and    k s  = 3.6  ; the resulting differences in the computed wave height distribution are shown in Figure 9, in which the cross-shore distributions of wave heights along the 2nd and 3rd anti-node lines for these three wave reflection strengths are presented. It is seen in the figure that the differences are remarkable: with    k s    reduced from 1000 to 4.4, the wave heights are reduced by about 30% in average and from 1000 to 3.6 by about 50%. Here, these three wave reflection strengths,    k s  = 1000  , 4.4 and 3.6, are used to represent the three different wave reflection cases: the total reflection (   k s  = 1000  ), the stronger reflection (   k s  = 4.4  ) and the weaker reflection (   k s  = 3.6  ).



Figure 10 shows the simulated results, wave heights, mean water levels and corresponding mean velocity fields, for the above three wave reflection strengths on the planar beach. The results are given for a fixed incident angle 30°, with the other angles considered in the following subsection. It is seen that for the three wave reflection strengths two different rip current flow patterns appear. With    k s  = 3.6  , the flow pattern forms with only the deflection rip current, the concentrated offshore flow appears through the deflection of incoming longshore current. The incoming longshore current can penetrate into the total wave reflection area. This type of deflection rip is just similar to that studied in the previous researches [24,25,26,27,28,29]. With    k s    increasing to 4.4 and 1000, the rip flows at the node points in the reflection wave area begin to appear and the incoming longshore current is now deflected at the location far away from the structure with the penetration extent into the reflection wave area dependent on the strength of the wave reflection. For the stronger reflection    k s  = 4.4  , the deflection appears in the central region of reflection wave area, with two node points being overlapped by the penetration current; for the total reflection    k s  = 1000  , it appears near the boundary of reflection wave area, with only one node point being overlapped by the penetration current.



To describe the above deflection rip quantitatively, the offshore flow volume rate of it is examined here, as it is an effective measure of the flow strength of the “exit flow” of the rip current system. One important thing for this examination is that it is not equal to the flow volume rate of incoming longshore current, although this rip flow is formed by the offshore deflection of this longshore current. This means that there are other contributions to the flow volume rate and the sources of these contribution are the concern here, from which the formation mechanism of deflection rip flow can be found. For this examination, the longshore extension of the deflected longshore current needs to be defined first and this is illustrated in Figure 11, which presents the longshore profiles of the cross-shore velocity along wave breaking line   x =  x b    (determined according to the beginning of wave breaking outside the wave reflection area). The node rip can be identified in the figure by the alternative appearing of offshore (positive value) and onshore (negative value) velocities: the extent and value of offshore velocity indicate the width and magnitude of the node rip, and the deflection rip can be identified as the flow with only a single sign, the positive sign (flowing offshore). According to this, a cross-shore dividing line which going through the point of last zero velocity,   y =  y  b 1    , can be drawn as the boundary between the node rip and the deflection rip, which is called the deflection rip down boundary hereafter. The area between it and the structure is called the inner domain hereafter, as it contains only the node rips. Apart from this boundary, another boundary, the deflection rip upper boundary, also needs to be defined, and this is demonstrated by the line   y =  y  b 2    , which is defined as the position beyond which the reducing of uniform cross-shore volume flux of longshore current is less than 5%. The area between the above two lines is the area of deflection rip and is called the outer domain hereafter (the area beyond   y =  y  b 2     is the domain of uniform incoming longshore current). Based on the above definitions, the amount of offshore flow volume rate of deflection rip can be calculated by the depth integration of offshore (positive) velocity on the segment of line   x =  x b    between above two vertical lines, i.e.,


    Q  d e f    =    ∫   y  b 1      y  b 2      <   u ¯  +  > ( h + < η > )    d y     at   x =  x b    



(26)




where   <   u ¯  +  >   is the offshore flow velocity components (the positive parts of Eulerian velocity   <  u ¯  >  ).



Apart from the incoming longshore current, one of the other contributions to the deflection rip flow volume is the Stokes drift. For shore-normal wave incidence, the Stokes drift is balanced by the offshore mean flow (the undertow), but for the obliquely incident wave considered here, it merges into the deflection rip current, forming the horizontal two-dimensional circulation flow in outer domain. Its flow volume along the offshore boundary of outer domain can be calculated by


    Q  S t o    =    ∫   y  b 1      y  b 2      < (  u ¯  − <  u ¯  > ) ( η − < η > ) >       d  y     at   x =  x b    



(27)







Another feeding flow to the deflection rip is the flow volume through the lateral boundary   y =  y  b 1     (see Figure 11 for the strong wave reflection cases    k s  = 1000   and 4.4), the mean longshore current flowing from the inner domain into the outer domain, called the lateral flow as mentioned in Section 4. This flow volume rate can be calculated by


    Q  l a t    =    ∫ 0   x b     <  v ¯  > ( h + < η > )    d y     at   y =  y  b 1     



(28)







With this flow included, the flow volume balance in the outer domain can be realized, that is,


     Q  d e f      =    Q l     +    Q  S t o      +    Q  l a t      ,  



(29)




where    Q l     (  =    ∫ 0   x b     < ( h + η )  v ¯   > d  x      at   y =  y  b 2    ) is the volume rate through the lateral boundary   y =  y  b 2     of the incoming longshore current.



Table 3 presents the values of flow volume rate components contained in (29) for different wave conditions. The values are given non-dimensionally, divided by the incoming longshore current volume rate      Q l     , in order to see their magnitudes relative to the incoming longshore current. The corresponding relative net rate    Q  n e t   /    Q l      =  (    Q  d e f      −    Q l     −    Q  S t o      −    Q  l a t      ) /    Q l      is also listed in the table for checking the error with using (29). Its absolute value is less than 5%, meaning this error is negligible. The table shows that the relative value of    Q  d e f   /    Q l      is 2.88, meaning that the deflection rip has the volume rate which is more than two times than that of incoming longshore current. Subtracting the longshore current contribution 1.0 gives the contributions of Stokes drift and lateral flow, 1.88, with the former possessing 1.23 and the latter 0.68. This demonstrates that the lateral is as important as the Stokes drift for the formation of deflection rip for the strong wave reflection on the structure. For the stronger reflection    k s  = 4.4  , these two contributions reduce to 1.03 and 0.03, respectively, leading to    Q  d e f     reducing to 2.03. For the weaker reflection    k s  = 3.6  , the Stokes drift contribution reduces to 0.51 and the lateral flow contribution is absent (because the inner domain is absent), leading to    Q  d e f     equal to 1.16. That is, the deflection rip is almost totally from the longshore current. The above results show that the contribution of Stokes drift and the lateral flow increase with increasing structure wave reflection. The former can be explained by the theoretical formula of this flow flux through unit width,    Q  s t o   = E / ( ρ c )   with   E = ρ g  H 2  / 8   ( ρ  is the fluid density and c the wave celerity). This means that this flow volume increases linearly with squared wave height, so the stronger the wave reflection strength, the larger the wave height and the larger the contribution of Stokes drift. The latter can be explained by the more rapid decrease in longshore direction of wave height of the longshore standing wave for the stronger structure wave reflection. Moreover, more words need to be added about this contribution. As mentioned before, for the case of normal wave incidence (  α = 0  ) the Stokes drift also has the contribution to the offshore flow, the undertow (the flow going offshore just beneath the Stokes drift flow), and leads to a vertical circulation. However, for the oblique wave incidence (  α ≠ 0  ) considered here, the undertow does not form and the Stokes drift flow merges into the longshore current and goes offshore finally as a part of the deflection rip.



Apart from making a contribution to the flow volume balance in outer domain, the lateral flow also has the dynamic effect on the outer domain: it exerts the resistance to the longshore current, preventing it from penetrating further into the wave reflection area. The description of this is given by the values of penetration rate for different wave reflections, defined as the ratio of penetration distance (   L  p e n    ) to shoreline side length (   L  r e f    ) of reflection wave triangle (the area covered by the reflection wave), with    L  p e n     (  =  L  r e f   −  y  b 1    ) measured from the end of shoreline side of reflection wave triangle to the meeting point of downstream longshore flow and upstream longshore flow. It is seen that for the total reflection    k s  = 1000  , the penetration rate is 0.33, and for the stronger reflection    k s  = 4.4  , the rate increases to 0.56, meaning that the penetration is very sensitive to the wave reflection strength of the structure. Actually, this rate is dependent on the magnitude of the lateral flow volume    Q  l a t    . The smaller this magnitude, the smaller the resistance to the longshore current and the larger the penetration. For the weaker reflection    k s  = 3.3  ,    Q  l a t     is smaller than zero, and this corresponds to the near nonresistance produced by the lateral flow, so the longshore current can go directly to the region very close to the structure and is deflected offshore there (   L  p e n   /  L  r e f     = 1). For the strong reflections    k s  = 4.4   and 1000,    Q  l a t     becomes 0.03 and 0.68, so the lateral flow can produce larger resistance to the longshore current, and the longshore current cannot reach to the structure, being deflected half way to the structure, with    L  p e n   /  L  r e f     = 0.33 and 0.56, respectively.




5.2. Effects of Wave Incident Angle


To examine the effects of wave incident angle, the other two incident angles,   α = 15 °   and 45°, are considered with the same wave height and period as before. The comparison is made with the above   α = 30 °   case but only for the total wave reflection case, as the interaction between the incoming longshore current and the reflection wave field is strongest for this case. It is known theoretically that with the increasing or decreasing in wave incident angle, the incoming longshore current will be increased or decreased accordingly (being proportional to   sin α   [45]). The reflection wave area will also be increased or decreased accordingly (the wave reflection angle is equal to the wave incident angle).



Figure 12 presents the flow patterns for these two wave angles. Comparing to the case of   α = 30 °  , the reflection wave area becomes smaller and the standing wave length becomes larger for the smaller angle   α = 15 °  , so there is only one theoretical node and one node rip appearing in the inner domain. More important is that there is a stem wave appearing (see Yoon et al. [46] for the stem wave), which has the width about half the longshore extent of the reflection wave area. This leads to the 1st node deviating away largely from the theoretical node line by about half the standing wavelength and the flow pattern of inner domain mainly characterized by a single large-scale vortex, with the larger offshore directed velocity of the vortex serving as the node rip current. The deflection rip current is also affected largely by such a flow feature of inner domain, that is, the longshore current is deflected at the location outside the wave reflection area, with no overlapping of deflection rip current with the node rip. The lateral flow (indicated visually by the large upstream directed velocity vectors in Figure 12a) plays significant role for this phenomenon, as seen from its merging into the deflection rip after leaving the inner domain.



On the contrary, for the larger angle   α = 45 °  , the reflection wave area is much larger and contains a larger number of nodes (ten), the incoming longshore current penetrates into the reflection wave area a large distance and leads to three node rips being covered by the deflection rip current, with only seven node rips remained in the inner domain. Another special flow feature is the extra offshore current appearing near the structure, called structure rip hereafter. This flow is apparently not a node rip, as the location of it being near the 1st anti-node along the structure wall (the onshore flow over this anti-node disappears). This flow also leads to the 1st node rip becoming an offshore “exit flow” due to the two flows being very close to each other. As such a flow is not found for the mid large wave angle   α = 30 °   (see Figure 11), its appearance is apparently due to the large wave incident angle. To give the detailed description of this flow, the other larger wave incident angles up to   60 °   are considered, the corresponding longshore distributions of cross-shore velocities   <  u ¯  >   at x = 120 m together with the result of   α = 45 °   are given in Figure 13. The results show that the condition for appearing of structure rip is   α = 40 ° − 50 °  , indicated by   <  u ¯  >   being offshore directed for these cases but being directed onshore for   α = 35 °   and   α ≥ 55 °   (the normal onshore flow at an anti-node). The reason for the appearance of this type of offshore flow is the shifting of 1st node rip towards the structure. The similar shifting also appears for the case    k s  = 3.6   in Figure 11. This shifting can attribute to the reduced wave reflection on the structure, as for the strong wave reflection    k s  = 1000   there is not such a shifting (as seen in the same figure). However, the shifting here is due to the stronger longshore current in the outer domain and the weaker lateral flow in the inner domain which appears companying the increasing in wave angle. This can be confirmed in Table 3 for   α = 45 °  : with increasing wave angle, the former increases to 27.1 m3/s in magnitude and the latter reduces to 0.53.



Table 3 presents the corresponding flow volume rate of deflection rip current for the three wave incident angles and the total wave reflection    k s  = 1000  , including the flow volume rate of deflection rip    Q  d e f   /    Q l      and its constitute components,    Q  S t o   /    Q l      and    Q  l a t   /    Q l     . The results show that    Q  d e f   /    Q l     ,    Q  S t o   /    Q l      and    Q  l a t   /    Q l      all decrease with increasing wave incident angles. For  α  increasing from   α = 15 °   to   30 °  , the decrease in    Q  S t o   /    Q l      can be explained by the larger wave height caused by the appearance of stem wave at smaller wave angle   α = 15 °   and the increase in    Q  l a t   /    Q l      by the larger longshore gradient of mean water level caused mainly by the stem wave. However, for  α  increasing from   α = 30 °   to   45 °  , the decreasing in    Q  S t o   /    Q l      is due to the cross-shore wave orbital velocity    u m    decreasing with increasing wave angle for both the propagation wave and the reflection wave and the resulting longshore standing wave (from the wave theory,    u m    is the projection on cross-shore direction of the total velocity vector and contains the factor   cos α   in amplitude). The decreasing in    Q  l a t   /    Q l      is due to the smaller longshore gradient of mean water level for larger wave angle caused by the slow longshore decreasing in longshore standing wave height. The different widths of outer domain,    y  b 2   −  y  b 1    , for different wave angles may also be a reason. However, this is not a determinant because the difference is not sufficiently large to change the above conclusion. All these decreases in constitute components leads to the decrease in    Q  d e f   /    Q l     , as the former is the feeding flow to the latter (see (29)).




5.3. Effects of Sand Bar


The discussions above are only for a simplest bottom topography, the planar beach; here, it is extended to the case of barred beach in order to examine the sensitivity of the deflection rip flow to the bottom topography. Here, the discussion is only for the barred beach without rip channel, leaving the more complex topography case, the barred beach with a rip channel, discussed in the next subsection. The barred beach has the similar form to that in the experiment: a bar of Gaussian type section with width 32 m and height 1.28 m which is superimposed on the planar beach. The merit for the discussion without rip channel involved is that the flow pattern does not contain the rip current caused by the rip channel, leaving the flow system consisting of only the deflection rip and the node rip as discussed before for the planar beach. Therefore, the effect of sand bar can be examined in a direct way and this simplifies the problem investigated.



Different from the case of planar beach, the wave motion on the barred beach is sensitive to the water level: the location of breaking point measured from shoreline will be different for different wave levels (this is not the case for planar beach, for which the breaking point is the same for different wave levels observed from shoreline). Therefore, three water levels are chosen here in order to illustrate the effect of water level on rip current flow pattern, which are 7.2 m, 8.0 m and 8.8 m, representing low tide, mid tide and high tide, respectively. The corresponding locations of sandbar crests from the still water shoreline are at x = 80 m, 112 m and 144 m, respectively. The corresponding breaking points (at the 2nd anti-node) are at the offshore side of the bar (at x = 90 m), the bar crest (at x = 112 m) and the planar slope beyond the bar (at x = 70 m) for the above three water levels, respectively. Figure 14 presents the mean flow velocity vectors together with corresponding wave height field and mean water level for the three water levels. As the different water levels lead to different extents of surf zone and, thus, the different longshore currents, Figure 15 shows the cross-shore profiles of the incoming longshore currents corresponding to the three water levels. It is seen in Figure 15 that, different from the low water level, the longshore currents for the mid and high water levels do not appear over the bar region but appear over the planar beach region close to shoreline. This is because the breaking points shift shoreward beyond the bar region for the latter two levels, as mentioned above. This means that the effect of sand bar on the incoming longshore current is weaker for the two higher water levels, which will be further discussed in the following section. With the above differences in wave breaking points, the offshore boundary of the outer and inner domains is defined a little bit differently for different water levels: the offshore boundary is selected at the bar crest for the low and mid water levels, whereas it is at the wave breaking point (x = 70 m) for the high water level.



It is seen in Figure 14 that for different water levels the flow patterns of rip currents have large differences. The obvious difference is that for the low water level, the offshore flowing mean current over the bar region outside the wave reflection region is continuously distributed along the bar crest, but for the mid and high water levels, the flows become concentrated distribution, forming the deflection rips, as in the case without the bar (planar beach). For the latter two rips, the difference also exists, the major one is in the rip flow locations. For the mid water level, the longshore current is deflected outside wave reflection area (a distance from wave reflection area), being unable to penetrate into wave reflection area, whereas for the high water level it is deflected within reflection wave area, being able to penetrate into wave reflection area, similarly to the case for planar beach shown in the upper panel in Figure 10. This failure of the penetration for the mid water level is because the sand bar effect is stronger than the high water level and this leads to the strength of upstream longshore lateral flow increasing from the high water level to the mid water level. This increase can be seen visually from the longshore extent of lateral flow: the lateral flow extends upstream to x = 310 m for the high water level but increases to x = 448 m for the mid water level. This increase is a reflection of the bar effect: For the mid water level, the bar effect is stronger, as the wave breaking is over the bar. For the high water level, the bar effect is weaker, as the wave breaking is not over the bar (beyond the bar), at a topography that is similar to the plane slope, the bottom without the bar. Therefore, the bar strengthened the lateral flow. In fact, the appearance of the continuous offshore flow instead of a concentrated offshore flow for low water levels is also a bar effect. The bar effect is stronger than the mid water level (for the latter, the concentrated offshore flow appears, as mentioned previously). This strong bar effect leads to the longshore extent of lateral flow increasing to x = 563.2 m, and leads to the offshore deflection of longshore current occurring over large distance over the bar, which forms the continuous deflection flow.



Table 4 lists the relative offshore volume flux of deflection rip    Q  d e f   /    Q l      and its components,    Q  S t o   /    Q l     ,    Q  l a t   /    Q l      and    Q  E u l  −  /    Q l      for the three water levels. It is seen that    Q l    for the low water level has a smaller value comparing to that of planar beach (about 20 m3/s), but for the mid water level, this value increases to near 35 m3/s, whereas for the high water level, it decreases to near 26 m3/s, which is still larger than that for the planar beach. This variation trend is related to the difference in velocity profile of longshore current for different water levels, as shown in Figure 15.



Table 4 also demonstrates that although the value of    Q  d e f     does not keep increasing with decreasing water level, its relative value and its components    Q  d e f   /    Q l     ,    Q  S t o   /    Q l      and    Q  l a t   /    Q l      do so. The reason for this is because the width of deflected current increases with decreasing water level, as indicated by the value of    y  b 2     in the table.




5.4. Effects of Rip Channel


To investigate the channel effect on the rip current flow pattern, the above analysis is extended by cutting a channel through the bar to allow the mean flow pattern to be influenced by the channel. The existence of the channel reduces the mean water level and wave height over the channel area, thus producing the time-mean offshore flow (the channel rip) converging towards the channel. Four channel widths are chosen to examine the channel rip, which are   0.5 λ  ,  λ ,   1.5 λ   and   2 λ   ( λ  is the wavelength of the longshore standing wave), respectively. The central lines of all the channels are located at the 3rd theoretical anti-node point (87.2 m away from the structure). As the anti-node is the location where the onshore flow will occur, the location of the rip channel chosen above will invert the flow by inducing a channel rip. This is because the decrease in the mean water level and wave height induced by the channel was larger than that owing to the location being an anti-node. Only the low water level is considered because the effect of the bar in this case is the strongest among the three water levels, as seen in the previous section.



Figure 16 shows the simulated velocity field, vorticity field, and mean water level for different channel widths. The presence of a rip channel will lead to an incoming longshore current deflecting offshore directly along the channel. Therefore, the boundaries between the inner and outer domains (  y =  y  b 1    ) must be selected at the channel edge near the structure.



Compared to the rip currents on the barred beach without a rip channel, an obvious flow feature is the appearance of the channel rip. The volume flow rate through the channel was calculated using the following formula:


   Q  c h a    =    ∫   y  c 1      y  c 2      <   u ¯  +  > ( h + < η > )    d y ,  



(30)




where    y  c 1     and    y  c 2     are the locations of the channel’s two lateral boundaries. Now the corresponding deflection rip should include the channel rip, as this “exit flow” now contains two parts, the part flowing through the channel and the part flowing over the bar crest, which is present for the case without the channel. Therefore, the definition of a deflection rip (20) needs to be changed by setting the inner domain boundary to be    y  b 1   =  y  c 1    (as mentioned above). To see the effect of channel width on the deflection current, Table 4 presents the flow volume rates of deflection rip    Q  d e f   /    Q l      and its components,    Q  S t o   /    Q l     ,    Q  l a t   /    Q l      and    Q  c h a   /    Q l      for different channel widths. It is seen that    Q  c h a   /    Q l      and    Q  d e f   /    Q l      do not increase significantly with increasing the channel width. Especially for the channel rip, its flow volume rate does not increase when the channel width is larger than  λ . This is because the two main components of the feeding flow for the deflection rip, the incoming longshore current and the Stokes drift, nearly do not vary for different channel widths (the former does not depend on the presence of the channel, and the latter is nearly fixed with the small increase in the length of deflection current area caused by increasing channel width). This means that the appearance of channel rip nearly does not lead to the increase in the total amount of offshore flow volume of the whole flow system (the deflection rip).



The corresponding physical process can be found in Figure 16. For all these channel widths, only the 1st node rip is remained, with the others disappearing. This disappearance is due to the overlap of the node rips with the channel rip. For    W  c h a   = 0.5 λ  , the channel width is smaller than the wavelength of the standing wave, and the 2nd and 3rd node rips merge into the channel rip because they are close to the edges of the channel. The 4th node rip is directly overlapped by the longshore current that penetrated the inner domain. The large offshore flow volume discharged by the channel deflects the incoming longshore current along the channel. This also drives the formation of a new large-scale vortex centered at the channel edge near the structure, with its offshore flow serving as the rip flow in the channel. For    W  c h a   = λ  , the channel width is equal to the wavelength of the standing wave, similar to    W  c h a   = 0.5 λ  , all the node rips except for the 1st one disappear owing to the penetration of the longshore current, and a new large-scale vortex centered at the channel edge near the structure forms, accompanied by the longshore current flowing into the channel. The difference from    W  c h a   = 0.5 λ   is that the flow volume rate of deflection rip    Q  d e f     increases from 136.8 to 140.2 m3/s due to the increase in channel width. For these cases of channel width larger than the standing wavelength    W  c h a   = 1.5 λ   and   2 λ  , the channel rip is concentrated over a narrow region, which is much smaller than the channel width; thus, the increase in channel width does not lead to an increase in the channel rip width. This is particularly evident for    W  c h a   = 2 λ  : the channel rip only has a width similar to that of    W  c h a   = 0.5 λ  . For this largest width, the absolute and relative volumes (   Q  d e f     and    Q  d e f   /    Q l     ) are even smaller than those of the width   0.5 λ   (6.58 vs. 6.77), owing to the decrease in the component    Q  l a t   /    Q l      (1.20 vs. 0.91). This is because a larger channel width causes the onshore flow of the new large-scale vortex to be within the channel and cancels the offshore flow of the new large-scale vortex during the calculation of the flow volume rate through the offshore boundary; this is particularly true for    W  c h a   = 2 λ  .





6. Conclusions


The characteristics of the rip current system near a shore-normal vertical structure are experimentally and numerically studied. The mixed type of rip current system consisting of the deflection rip and node rips is found due to the total wave reflection strength of the structure. The former is due to the longshore standing wave field formed by the superposition of the incident and reflected waves, and the latter is due to the meeting and then deflection of the longshore current and lateral flow induced by the nonuniform standing wave in the wave reflection area. The flow patterns of the deflection rip induced by the new formation mechanism stated above is just the focus of the present research. With the effects of different wave reflection strengths, wave incoming incidences and topographies (planar and barred beaches with and without a rip channel) on the patterns and flow volume rates of the deflection rip examined, the following conclusions are drawn.



(1) The wave reflection strength of the structure is the essential factor that determines the flow patterns of the deflection rip. For the weaker wave reflection, the rip current system is only composed of deflection rip which is formed by the longshore current deflected offshore after meeting the structure; however, for the total or stronger wave reflection, the deflection rip is formed by the co-deflection of the longshore current and the lateral flow.



(2) Due to the special composition of the deflection rip, the feeding flow for the deflection rip includes the incoming longshore current (the major contributor), the Stokes drift and the lateral flow. The Stokes drift induces undertow flow for normal incident waves but now accompanies the longshore current for oblique incident waves. Depending on the wave conditions, the maximum contribution of Stokes drift flow is approximately 50%. The lateral flow is approximately 25%.



(3) Both the flow volume rate and the location of the deflection rip are determined by the nondimensional lateral flow volume (divided by the longshore current flow volume). The larger the latter, the larger the flow volume rate of the deflection rip and the further the deflection rip to the boundary of the reflection wave field. It is found that the stronger reflection strength and the smaller wave incident angle correspond to a larger nondimensional lateral flow volume.



(4) The effect of the sandbar on the deflection rip depends on the water level (tide level). At low tide, the deflection rip becomes a continuous offshore flow distributed along the bare crest, i.e., the deflection current; with increasing the water level to the mid and high tides, the deflection current recovers to the concentrated deflection rip as of that on the planar beach.



(5) The presence of a rip channel leads to the incoming longshore current deflecting offshore directly along the channel. Therefore, the corresponding deflection rip includes the channel rip. However, because the flow volume of the feeding flow (the sum of the flow volumes of the incoming longshore current and Stokes drift) for the rip current system is fixed, the channel rip can only share the total feeding flow volume with node rips. Consequently, when the channel width is sufficiently large (larger than the wavelength of the longshore standing wave), a further increase in the channel width does not lead to an increase in the flow volume of both the channel rip and deflection rip.



In the feature research the effect of irregular waves on the same rip current system will be studied. The flow volume balance in the inner domain will be analyzed. The effect of the present rip current system on the coastal erosion will also be checked with applying the present numerical model.
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Figure 1. Horizontal layout of the experiment on the planar beach (a) for Test P and barred beach (b) for Test B and Test C. Red lines planar beach; blue lines sandbar; green lines vertical structures; yellow lines sponge layers; pink lines the reflection wave area. 
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Figure 2. The photo of wave field for Test P in the experiment. The nodes of the standing wave are indicated by the black arrows in the photo. 
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Figure 3. Diagram of the layouts of wave gages (red circles) and ADVs (green crosses) for the measurements of free surface elevation and flow velocity. (a) Planar beach; (b) barred beach (Test B or C, without or with a channel). The sandbar is indicated by the blue lines. 
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Figure 4. The computation domain and its boundaries. The reflection wave area and the wave shadow area are indicated by the shadow area. 
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Figure 5. Wave height (filled color), mean water level (white curves), and velocity vectors (arrows) in the experiment for Test P (a), Test B (b), and Test C (c). Vertical dashed lines, nodes; vertical solid lines, anti-nodes; oblique red line, the boundary of reflection wave area; black dashed line, sandbar. 
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Figure 6. Comparison of wave height (a,c,e) and mean water level (b,d,f) between numerical results (curves) and measurements (scatters) for Tests P, B and C. 
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Figure 7. The simulated vorticity (filed color), mean water level (white curves) and velocity field (black arrows) for planar beach (a) and barred beach with (c) and without channel (b). Red arrows, measured velocity; white dashed lines, nodes; white solid lines, anti-nodes; oblique red line, the boundary of reflection wave area; black dashed line, sandbar. 
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Figure 8. Comparison of time-averaged cross-shore current   <  u ¯  >   (left) and longshore current   <  v ¯  >   (right) between numerical results (solid curve) and measurements (circles). Upper panels, Test P; middle panels, Test B; lower panels, Test C; vertical solid lines, anti-nodes; vertical dashed lines, nodes. 
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Figure 9. The wave height distribution at anti-nodes for three wave reflection strengths on the planar beach. The number i indicates the ith anti-node line. 
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Figure 10. The wave height field (filled color), mean water level contours (red curves) and time-averaged flow field (black arrows) for    k s  = 1000   (a),    k s  = 4.4   (b) and    k s  = 3.6   (c) on the planar beach. Green solid lines, anti-nodes; green dashed lines, nodes; BRWA, boundary of reflection wave area. The triangles with number in indicate the node rip currents. 
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Figure 11. The longshore distribution of the cross-shore current   <  u ¯  >   at the offshore section   x =  x b    for    k s  = 1000  . Vertical solid lines, anti-nodes; vertical dashed lines, nodes. 
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Figure 12. The wave height (filled color), mean water level (red contour curves) and time-averaged velocity (black arrows) for   α =   15  °    (a) and   α =   45  °    (b) on the planar beach (see Figure 10 for   α =   30  °   ) with    k s  = 1000  . Green solid lines, anti-nodes; green dashed lines, nodes; Oblique red line, boundary of wave reflection area. The triangles with number in indicate the node rip currents. 
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Figure 13. Longshore distributions of cross-shore velocities at x = 120 m on the planar beach for different wave incident angles. 






Figure 13. Longshore distributions of cross-shore velocities at x = 120 m on the planar beach for different wave incident angles.
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Figure 14. The wave height (filled color), mean water level (red contour curves) and time-averaged flow velocity (black arrows) for low (a), mid (b), and high (c) tide on barred beach without channel. Green solid lines, nodes; green dashed lines, anti-nodes; oblique red line, boundary of wave reflection area. The triangles with number in indicate the node rip currents. 






Figure 14. The wave height (filled color), mean water level (red contour curves) and time-averaged flow velocity (black arrows) for low (a), mid (b), and high (c) tide on barred beach without channel. Green solid lines, nodes; green dashed lines, anti-nodes; oblique red line, boundary of wave reflection area. The triangles with number in indicate the node rip currents.
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Figure 15. The cross-shore profiles of incoming longshore currents (red lines) for different water levels. The bar crests are at x = 80 m, x = 112 m and x = 144 m for the three water levels, respectively. 
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Figure 16. The vorticity field (filled color), mean water level (red contour curves) and time-averaged flow velocity (black arrows) for the barred beach with different channel widths,   0.5 λ   (a),  λ  (b),   1.5 λ   (c) and   2 λ   (d). White solid lines, anti-nodes; white dashed lines, nodes; Oblique red line, boundary of reflection wave area; black dashed line, sandbar. The triangles with number in indicate the node rip currents. 
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Table 1. Experimental conditions and theoretical locations of node and anti-node points of longshore standing wave.






Table 1. Experimental conditions and theoretical locations of node and anti-node points of longshore standing wave.





	Test
	h0 (m)
	    H 0     (cm)
	  T   (s)
	λ (m)
	the ith Node (m)
	the ith Anti-Node (m)





	P
	0.275
	4.82
	1.5
	2.26
	y = (i − 0.5) × 2.26
	y = (i − 1) × 2.26



	B
	0.45
	4.16
	1.5
	2.73
	y = (i − 0.5) × 2.73
	y = (i − 1) × 2.73



	C
	0.45
	3.98
	1.5
	2.73
	y = (i − 0.5) × 2.73
	y = (i − 1) × 2.73







Note: h0 is the water depth at horizontal bottom, H0 is the incident wave height, T is the wave period, and  λ  is the wave length of longshore standing wave.
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Table 2. The values of WIA for Tests P, B, and C.






Table 2. The values of WIA for Tests P, B, and C.





	Test
	   H   
	    < η >    
	    <  u ¯  >    
	    <  v ¯  >    
	Average





	P
	0.91
	0.93
	0.95
	0.78
	0.89



	B
	0.87
	0.94
	0.82
	0.86
	0.87



	C
	0.90
	0.91
	0.84
	0.88
	0.88
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Table 3. The boundary flow volumes of outer domain on the planar beach (H = 0.8 m, T = 6.0 s, Low tide).






Table 3. The boundary flow volumes of outer domain on the planar beach (H = 0.8 m, T = 6.0 s, Low tide).





	Reflection

ks
	Angle  α 

(Deg)
	   Q l    (×10−3)

(m3/s)
	   Q  d e f     (×10−3)

(m3/s)
	    Q  d e f   /    Q l      
	    Q  S t o   /    Q l      
	     Q  l a t   /    Q l       
	     L  p e n   /  L  r e f      
	     Q  n e t   /    Q l       





	1000
	30
	−23.22
	66.92
	2.88
	−1.23
	0.68
	0.33
	−0.03



	4.4
	30
	−24.03
	48.80
	2.03
	−1.03
	0.03
	0.56
	−0.02



	3.6
	30
	−24.81
	30.75
	1.16
	−0.51
	−0.31
	1.0
	−0.04



	1000
	15
	−14.95
	72.71
	4.86
	−2.19
	1.74
	0.22
	−0.05



	1000
	45
	−27.07
	68.85
	2.54
	−1.04
	0.53
	0.41
	−0.03
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Table 4. The flow volume rates of deflection rip and its components on the barred beach without or with rip channel.






Table 4. The flow volume rates of deflection rip and its components on the barred beach without or with rip channel.





	Water Level
	Channel Width
	    y  b 2     
	   Q l    (×10−3)

(m3/s)
	   Q  d e f     (×10−3)

(m3/s)
	     Q  d e f   /    Q l       
	     Q  S t o   /    Q l       
	     Q  l a t   /    Q l       
	     Q  c h a   /    Q l       
	     Q  E u l  −  /    Q l       
	     Q  n e t   /    Q l       





	Low
	0
	563.2
	−19.75
	114.17
	6.22
	−4.17
	1.04
	\
	0
	−0.01



	Mid
	0
	448.0
	−35.67
	121.92
	3.42
	−1.84
	0.48
	\
	0
	0.1



	High
	0
	310.4
	−26.62
	61.64
	2.31
	−0.97
	0.36
	\
	0
	−0.02



	Low
	   0.5 λ   
	547.2
	−20.21
	136.81
	6.77
	−4.55
	1.20
	0.79
	−0.12
	−0.02



	Low
	  λ  
	499.2
	−20.50
	140.20
	6.84
	−4.06
	1.73
	2.10
	−0.13
	−0.05



	Low
	   1.5 λ   
	496.0
	−20.49
	138.56
	6.76
	−4.08
	1.49
	2.12
	−0.23
	−0.04



	Low
	   2 λ   
	496.0
	−20.61
	135.57
	6.58
	−4.22
	0.91
	2.15
	−0.49
	−0.04







High (water level) corresponds to 8.8 m water depth, Mid (water level) to 8.0 m, and Low (water level) to 7.2 m.
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