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Abstrat

On the basis of Wilox transitional k�! turbulene model (1992, [37℄), we propose

a new k�! turbulene model for 1DV osillating bottom boundary layer in whih a

separation ondition under a strong adverse pressure gradient has been introdued

and the di�usion and transition onstants have been modi�ed. This new turbulene

model agrees better than Wilox original one with both a diret numerial simulation

(DNS) of a pure osillatory ow over a smooth bottom in the intermittently turbulent

regime and with experimental data from Jensen et al. (1989, [14℄) who attained the

fully turbulent regime for pure osillatory ows. The new turbulene model is also

found to agree better than the original one with experimental data of an osillatory

ow with urrent over a rough bottom by Dohmen-Janssen (1999, [5℄). In partiular,

the proposed model reprodues the seondary humps in the Reynolds stresses during

the deelerating part of the wave yle and the vertial phase lagging of the Reynolds

stresses, two shortomings of all previous modeling attempts. In addition, the model
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predit suspension ejetion events in the deelerating part of the wave yle when it

is oupled with a sediment onentration equation. Conentration measurements in

the sheet ow layer give indiation that these suspension ejetion events do our

in pratie.

1 Introdution

In oastal zones, the suspension assoiated to waves and urrents in the bottom

boundary layer an have an impat on both human ativities and eologial equi-

librium. Indeed, it is well known that suspension plays a major role in sediment

transport and a�ets human works and biologial speies through morphodynamial

hanges whih may a�et the stability of the former and destroy the habitats of the

latter. Moreover suspension an also a�et diretly the life yle of some speies

and hene play a role in their population dynamis. This is the ase for instane

for benthi invertebrates with planktoni larvae. Indeed, the larvae settlement on

the bed may be limited by strong suspension events and lead to dramati ut in the

population. Studying the suspension dynamis under waves and urrents is hene

of great interest, espeially over at bed sine this orresponds to the more severe

hydrodynamial onditions.

As a onlusion of the MAST II G8-M Coastal Morphodynamis European

projet, some shortomings in modeling sand transport by ombined waves and

urrents have been identi�ed whih are reported in Davies et al. (1997, [4℄). In

their paper, an inter-omparison of experimental data with four researh sediment

transport models under ombined waves and urrents was presented. The four

models mainly di�ered in the omplexity of the turbulene losure shemes (from

zero to two-equations) used to ompute the eddy-visosity in the bottom turbulent

boundary layer. In Freds�e's model (1984, [8℄), a time-dependent eddy visosity is

derived from integration of the momentum equation over the wave boundary layer,

assuming a logarithmi veloity pro�le (zero-equation model). Ribberink and Al

Salem (1995, [22℄) used a time- and height-dependent eddy visosity by extending

Prandtl's mixing length theory to an unsteady ow (zero-equation model). Li and

Davies (1996, [19℄) used a k-equation model with a similarity l-saling (one-equation

model) and Huynh Than et al. (1994, [12℄) used a k-L model (two-equations model)
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to ompute a time-varying eddy visosity. The onentration is omputed from a

onvetion-di�usion equation in whih vertial sediment di�usivity is assumed to

be equal to the time-dependent eddy visosity, exept in Huynh Than et al. model

where turbulene damping is taken into aount so that eddy visosity and sediment

di�usivity are related through some oupling terms. Despite the di�erene in the

omplexity of the turbulene losure, all the models show similar shortomings when

preditions are ompared to at bed experiments whih orrespond to strong wave

plus urrent onditions (\sheet ow" regime).

All the models lead to underestimation of the phase lag between onentration

and veloity in the upper part of an osillatory boundary layer and to unreliable

estimates of sediment load preditions. Reent experiments in lear water (without

sediment) by Dohmen-Janssen (1999, [5℄) show a relevant phase lag over depth in

Reynolds stress time series thus showing that the phase lag between onentration

and veloity is partially inherent to the osillatory boundary layer dynamis and

not totally due to the sediment feedbak on the turbulene struture. Therefore

e�orts should be done to improve turbulene modeling for osillatory boundary

layers before working on ow and sediment oupling.

In partiular none of the aforementioned models reprodue orretly the phase

lag between Reynolds stress and veloity. This phase lag is related to the Reynolds

stress vertial deay in the region far from the wall: the quiker it deays, the larger

the phase lag is. In a reent paper, Sana and Tanaka (2000, [26℄) present a om-

parison between �ve low-Reynolds-number k � � models and the Diret Numerial

Simulation (DNS) by Spalart and Baldwin (1989, [30℄) for sinusoidal osillatory ows

over smooth beds. They show that the Jones and Launder's (1972, [15℄) model pro-

vides better preditions of transition initiation and of the Reynolds stress vertial

deay in the region far from the wall. These results suggest that the introdution

of low-Reynolds-number modi�ations ould improve the modeling of phase lag be-

tween Reynolds stress and veloity. However it should also be pointed out that Jones

and Launder's model underestimates the peak value of the turbulent kineti energy

and overestimates the bottom shear stress enhanement after transition. It an be

onluded that none of the low-Reynolds-number modi�ations proposed in these

�ve k � � models enable to predit orretly the whole dynamis of the osillating

boundary layer.

3



A seond shortoming of the models onsidered by Davies et al. (1997, [4℄),

onerns onentration seondary peaks whih are sometimes observed near ow

reversal in experimental measurements lose to the bottom (Katapodi et al., 1994,

[17℄ and Dohmen-Janssen, 1999, [5℄) and are not reprodued by models. Although

the very sharp onentration peaks that show in the measurements lose to the

bottom may be partly aused by the measuring tehnique, there are indiations that

suspension ejetion events really our before ow reversal (see setion 4). These

may be attributed to shear instabilities in the wave boundary layer (Foster et al.,

1994, [7℄).

The ontribution of these seondary onentration peaks to the near-bed sed-

iment load is limited, sine they our at time when the veloity is nearly zero.

However, the huge amount of sediment piked up from the bed around ow rever-

sal, espeially for �ne sand, may a�et turbulene and at the same time may be

redistributed along time in the upper suspension layer. Hene, these onentration

seondary peaks an be of great importane with respet to total sediment load pre-

ditions. Besides, suh suspension ejetion events an play a ruial role in benthi

life.

In 1996, Savioli and Justesen (1996, [27℄) proposed a modi�ed ondition for the

referene onentration that enables to reprodue seondary peaks on the onen-

tration time series with a standard (without low-Reynolds-number e�ets) k � �

model (Rodi, 1980, [24℄) in a 1DV fully rough turbulent osillating boundary layer

model, taking advantage of a narrow di�usivity peak just before ow reversal. A

muh smaller narrow peak, is also present near ow reversal in the eddy visosity

time series omputed using a standard k�! turbulene model (Wilox, 1988, [36℄),

whereas a k�L turbulene model (Huynh Than et al., 1994, [12℄) does not produe

suh peaks. However, although showing disrepanies on the eddy visosity time

series, the three turbulene models produe similar time series of the bottom shear

stress, without any signi�ant inrease near ow reversal (Guizien et al., 2001 [9℄).

In fat, di�erenes in the eddy visosity time series are due to the losures of the

models, namely to the singularity in the behavior of the eddy visosity, that reads

�

T

= k=! in the k�! model and �

T

= 0:09k

2

=� in the k� � model. The singularity

arises when k and the other value ! or � approah zero, for instane when the outer

ow veloity dereases to zero during a wave yle. At that phase, the instantaneous
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loal Reynolds number dereases rapidly and the eddy visosity strongly inreases

if the fully turbulent value for the model onstants is applied. In steady boundary

layers, it is well known that the onstants used in k � � standard models should be

modi�ed using low-Reynolds-number damping funtion to avoid the singular behav-

ior of the eddy visosity near the wall when omputing the visous sub-layer. It is

worth notiing that, in standard k � ! models, the visous sub-layer an be easily

inluded for both smooth and rough bottom (Sa�man, 1970, [25℄), avoiding this lat-

ter near-wall singularity. In addition, under stationary onditions with an adverse

pressure gradient and for low-Reynolds-numbers, standard k � ! models perform

better than standard k � � models (Wilox, 1998 [38℄). This is onsistent with the

fat that the near-reversal eddy visosity peak is smaller in the standard k�! om-

putations than in the standard k � � omputations and that a muh smaller time

step (50 times smaller, strongly depending on the veloity amplitude) is required to

deal with the singularity in omputations with a standard k � � model ompared

to omputations performed with a standard k � ! model. However, introduing

low-Reynolds-number e�et in a k� � turbulene model (e.g. Chien model, 1982, [1℄

used by Thais et al., 1999, [31℄), the peak in the eddy visosity time series for an

osillating boundary layer vanishes (Thais, Pers. Comm.). Similarly, when using

Wilox (1992, [37℄) transitional k�! turbulene model, that inludes low-Reynolds-

number e�et, the eddy visosity time series for osillating boundary layers do not

present any peak.

Reently, lear water experiments by Dohmen-Janssen (1999, [5℄) shed a new

light on this question. During these experiments, stronger turbulent ativity was

deteted in the Reynolds stress time series lose to the wall in the deelerating part

of the wave yle. This turbulene enhanement ours at phases when the on-

entration seondary peaks are observed for the same hydrodynamial onditions.

It should be outlined that utuations similar to the ones measured by Dohmen-

Janssen, were observed by Sleath (1987, [29℄). He also measured a 180 degrees phase

shift of the phase of the Reynolds stress maximum at a ertain height from the bed

and explained it by assuming the existene of jets of uids assoiated with vortex

formation over the bottom roughness. He suggested that these jets of uid would

dominate the ow lose to the wall whereas turbulene would dominate far from

it. This explanation learly implies that a detailed modeling of rough osillating
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boundary layers should be three-dimensional and inlude a mehanism for vortex

generation by bottom roughness. Even though suh a sophistiated model is beyond

the sope of this paper, it is lear that the strong turbulene ativity whih takes

plae during the deelerating phases of the yle should be taken into aount sine

it ontributes to put more sediment in suspension. In this paper, starting from

the Wilox transitional k � ! model (1992, [37℄), a new transitional k � ! turbu-

lene model is proposed in order to improve the 1DV modeling of osillating bottom

boundary layers. A k � ! turbulene model is preferred to a k � � one for its sim-

pliity, its ability to inlude the visous sub-layer and for its good preditions under

adverse pressure gradients whih our during the deelerating phases of the wave

yle. The improvement brought to the Wilox transitional k � ! model onerns

vertial phase lagging and suspension ejetion events. The damping of turbulene

by the strati�ation is also introdued. The model is presented in setion 2. The

ability of the new model to predit laminar-turbulent transition is tested for a pure

osillatory ow over a smooth bottom by omparison with Diret Numerial Simu-

lations in setion 3.1 and with the experimental data from Jensen et al. (1989, [14℄)

in setion 3.2. The model is then ompared with experimental data in the rough

turbulent regime for an osillatory ow plus urrent in setion 4.1 (Dohmen-Janssen,

1999, [5℄). Finally onentration preditions orresponding to these latter hydrody-

namial onditions are desribed in setion 4.2.

2 The new k � ! model

2.1 Basi formulation

The basis of the Reynolds Averaged Navier-Stokes (R.A.N.S.) model we use to om-

pute the turbulent bottom boundary layer under an osillatory ow (with or without

urrent) is the transitional k � ! model devised by Wilox (1992, [37℄) in its 1DV

formulation. In addition, turbulene damping by strati�ation is introdued into

the original Wilox formulation through oupling terms between turbulene and the

density �eld �(z; t) = �

0

+C(z; t)(�

s

��

0

) resulting from the sediment suspension (�

0

is the uid density, �

s

is the sediment density and C(z; t) is the sediment onentra-

tion per volume). The oupling terms are similar to those introdued by Lewellen
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(1977, [18℄) in a k � L model. The hydrodynamial model (i.e. without sediment)

is easily retrieved taking

��

�z

= 0.

The horizontal veloity u inside the boundary layer, the turbulent kineti energy

k and the energy dissipation rate ! ful�ll the following set of equations (1)-(6), where

U is the horizontal veloity outside the boundary layer (outer ow) and

�

�

P

�x

is the

mean pressure gradient generating the urrent (note that for pure osillatory ow,

�

�

P

�x

= 0). In this 1DV formulation, we assume no x-dependene for all averaged

quantities (no horizontal onvetive or di�usive transport) and no vertial veloity

at the top of the boundary layer. These assumptions orrespond stritly to the

tunnel experiment onditions we will ompare with in the next setions.

�u

�t

= �

1

�

0

�

�

P

�x

+

�U

�t

+

�

�z

0

B

�

(� + �

t

)

�u

�z

1

C

A

(1)

�k

�t

= �

t

0

B

�

�u

�z

1

C

A

2

� �

�

k! +

�

�z

2

6

4

(� + �

�

�

t

)

�k

�z

3

7

5

+

g

�

0



t

��

�z

(2)

�!

�t

= ��

t

!

k

0

B

�

�u

�z

1

C

A

2

| {z }

prodution

� �!

2

|{z}

dissipation

+

�

�z

0

B

�

(� + ��

t

)

�!

�z

1

C

A

| {z }

diffusion

+ 

0

!

2k

g

�

0



t

��

�z

| {z }

buoyany

(3)

�

t

= �

�

k

!

1� C
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(1� C

1


)(1� C

2


)

(4)



t

= �

t

1� C

2




(1� C

3


)

(5)


 = 2

g

�

0

d�

dz

4

!

2

(6)

with

�

�

=

�

�

0

+Re

T

=R

K

1 +Re

T

=R

K

; � =

13

25

�

0

+Re

T

=R

!

1 +Re

T

=R

!

(�

�

)

�1

; �

�

=

9

100

4=15 + (Re

T

=R

�

)

4

1 + (Re

T

=R

�

)

4

where Re

T

=

k

�!

, � = �

0

=

9

125

, �

�

0

=

�

0

3

, �

0

=

1

9

, R

!

= 2:95, and 

0

= 0:8. It
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should be realled here that, unlike most of the above oeÆients, no simple argu-

ment an be found to estimate the values for �, �

�

, R

K

and R

�

. For given values for

R

K

and R

�

, there is a unique value of R

!

that yields the value measured by Niku-

radse of the onstant appearing in the law of the wall for smooth wall C

w

= 5:0.

Hene, Wilox (1992, [37℄) proposed values for R

K

= 6, R

�

= 8 and � = �

�

= 0:5

that give the best agreement both with experiments and Diret Numerial Simu-

lations of steady boundary layers with and without adverse or favorable pressure

gradient. However, he already outlined that taking a smaller value for �

�

should

improve the model's predition for boundary layers with variable pressure gradient.

Hene, on the basis of a preliminary analysis of the performanes of the model we

suggest to use the following values for osillatory boundary layers (osillatory pres-

sure gradient): � = 0:8, �

�

= 0:375, R

K

= 20 and R

�

= 27. The original value for

R

!

= 2:95 is kept and gives a onstant for the law of the wall C

w

= 7:6 for a steady

boundary layer in the smooth regime. These values provide better preditions than

the values suggested by Wilox when the results of the model are ompared with a

DNS omputation of a pure osillatory boundary layer in the smooth regime (see

setion 3.1). The equations (1)-(3) for u, k and ! are solved using the impliit �nite

ontrol volume method of Patankar (1980, [20℄) on an exponential mesh with the

following boundary onditions. At the bottom, we presribe the true value of k and

u (Sa�man, 1970 [25℄), meanwhile the value of ! is �xed depending on whether a

smooth or rough wall should be modeled (Wilox, 1998 [38℄, p 177). At the top of

the boundary layer we fore the outer ow and the vanishing of turbulene. These

onditions write :

� at z = 0: u = 0, k = 0 and !

wall

=

u

2

f

�

S

R

with S

R

= (50=k

+

N

)

2

if k

+

N

< 25 and

S

R

= 100=k

+

N

if k

+

N

� 25. The quantity k

+

N

is equal to k

N

u

f

=� where k

N

is the

Nikuradse roughness, u

f

=

q

�=�

0

is the frition veloity and � = �

0

(�+�

T

)

�u

�z

is the total bottom shear stress. Note that this boundary ondition for a

rough surfae desribes also a smooth surfae provided k

+

N

is small enough (in

pratie, k

+

N

< 5).

� at z = z

h

: u = U = U

0

sin(2�t=T ) + U



(where U

0

, T are the amplitude and

period of the veloity osillation and U



the urrent veloity) and �k=�z =
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�!=�z = 0. For pure osillatory ows z = z

h

is just outside the bottom

boundary layer. When a steady urrent in a free surfae ow is present, z = z

h

is the loation of the free surfae. Due to symmetries in tunnel experiments,

z = z

h

is the loation of the tunnel axis.

When sediment suspension is onsidered, the following sediment onentration

balane is solved together with the set of equations (1)-(6) :

�C

�t

=

�(w

s

C)

�z

+

�

�z

0

B

�



t

�C

�z

1

C

A

(7)

where w

s

is the sediment settling veloity and the following boundary onditions are

applied :

� at z = 2d

50

with d

50

the median grain diameter: C = max(C

a

;C

b

) where C

a

is a referene onentration obtained by applying instantaneously Engelund

and Freds�e's (1976, [6℄) formula (quasi-steady approximation) and C

b

results

from partiles settling from the upper layers.

� at z = z

h

, zero ux of sediment reads �C=�z = 0.

In this paper, we don't disuss the value of the oupling onstants C

1

, C

2

and C

3

. For

the sediment suspension appliation at the end of the paper, we onsider a simpli�ed

version of the oupled model after linearization, taking 
 = 0. Explanations on the

derivation of the oupling onstants an be found in Lewellen (1977, [18℄).

2.2 Modeling of turbulent separation under the e�et of an

adverse pressure gradient

We now disuss the modeling of turbulene separation near ow reversal. Starting

from experimental observations in an osillating tunnel, a stronger turbulent ativity

shows in Reynolds stress time series (seondary humps) when the pressure gradient

is adverse and nearly maximum, i.e. at the end of the deelerating parts of the

yle in the rough fully turbulent regime. Indeed large values of Reynolds stresses

are observed for positive veloity under strong positive pressure gradient and for

negative veloity under strong negative pressure gradient. In tunnel experiments,

the horizontal pressure gradient is equal to the opposite of the outer veloity time
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derivative and it is then 90 degrees out of phase with the veloity. The phase for both

the osillatory part of the outer veloity and the orresponding osillatory pressure

gradient are de�ned on �gure 1. Under the e�et of the adverse pressure gradient at

the end of the deelerating phases of the yle, the veloity pro�les beome more and

more S-shaped with a large inetion point and �nally a bak-ow hereafter alled

ow separation, is present lose to the wall. In the laminar regime, the presene of

an inetion point is assoiated to instability and to transition to turbulene (Foster

et al., 1994, [7℄ and Wu, 1992, [39℄). In the turbulent regime, separation under the

e�ets of an adverse pressure gradient ours as well, even though the turbulent

boundary layer an resist to separation longer than the laminar boundary layer, at

the expenses of an inreased wall frition. On the basis of the experimental results,

we think that this resistane to separation also depends on the wall roughness,

namely a rough wall is more resistant than a smooth wall. Hene, we suggest to

model this wall frition enhanement before ow separation under the e�et of the

adverse pressure gradient for fully developed turbulene and rough walls only, as

follows.

Firstly, it is neessary to establish when the enhanement in the wall frition

begins. A riterion for the wall shear stress enhanement before turbulent separation

under adverse pressure gradient an be found by extending to osillatory ows the

de�nition of the equilibrium parameter (8) �rst de�ned by Clauser for steady ows

(1954, [2℄ ):

�

T

(t) =

Æ

�

(t)

�(t)

dP

dx

(t) (8)

where Æ

�

(t) =

Z

Æ

0

0

B

�

1�

u

U

1

C

A

dz is the instantaneous displaement thikness, �(t)

is the instantaneous bottom shear stress and

dP

dx

(t) is the instantaneous pressure

gradient. This suggestion, like the use of a Reynolds averaged model, relies on a

quasi-steady assumption. Indeed, it is assumed that in suh osillatory ows (with

osillating frequeny smaller than turbulene frequenies) it is possible to �nd a

time step for whih the outer ow an be onsidered steady for applying Reynolds

averaging and hene de�ne Clauser parameter.
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Turbulent separation ours when �

T

tends to in�nity (in pratie when �

T

is larger

than 20), that is when � = 0. For steady ows, �

T

is positive for adverse pressure

gradient and negative for favorable pressure gradient. For osillatory ows, this

lassi�ation does no longer hold. Indeed, �

T

is positive under a favorable pres-

sure gradient when the near-wall veloity is negative. Hene, to de�ne the adverse

pressure gradient in osillatory ow, we should ompare the pressure gradient a-

tion to the near-wall veloity. However, Clauser parameter still tells the relative

strength of the pressure gradient ompared to the ow. For steady ows, Wilox

ranges the pressure gradient strength from low (�

T

< 2) to moderate (2 < �

T

< 4)

and strong (�

T

> 4). For osillating ows, we suggest to initiate the wall shear

stress enhanement resisting and preeding turbulent separation when the pressure

gradient is adverse and k�

T

(t)k is larger than a threshold value �

sep

(strong adverse

pressure gradient).

Seondly, we model the wall shear stress enhanement, when these onditions

are ful�lled, presribing a muh lower value for the energy dissipation rate at the

wall, !

wall

, than the one given by Wilox ondition ited above (1998 [38℄, p 177).

Indeed, a derease of !

wall

leads to an inrease of the eddy visosity and hene to

an inrease of the Reynolds stress, whih is onsistent with what is observed in the

experiments. In the light of Wilox' rough wall ondition i.e. !

wall

= 100u

f

=k

N

,

it an be understood that dereasing !

wall

is a way to take into aount, in a 1DV

model, the 3D vortex shedding mentioned by Sleath (1987, [29℄). Indeed, we suggest

that vortex shedding inreases the apparent bottom roughness in relation with the

vortex size, and onsequently dereases !

wall

. However and as long as it is not

possible to presribe the dynamis of suh an apparent bottom roughness aording

to the vortex shedding, we suggest a shortut by imposing a �xed onstant low

value !

vortex

for !

wall

. It is worth notiing that the resulting wall shear stress

enhanement tends to derease the value of k�

T

(t)k whih would ause a feedbak

on this ondition. This feedbak an lead to numerial instabilities in Reynolds stress

time series lose to the wall if !

vortex

is muh smaller than the usual value for !

wall

.

We think it is not relevant to allow for suh a feedbak as long as the apparent bottom

roughness dynamis in relation with the vortex shedding is not inluded. That is to

say that after k�

T

(t)k reahes for the �rst time �

sep

during the deelerating parts of

the wave yle, we apply !

wall

= !

vortex

until the pressure gradient beomes favorable
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again. However, a higher time resolution is required in omputations to deal with

this separation ondition under the e�et of a strong adverse pressure gradient.

Indeed, without the separation ondition, reliable omputations are obtained with

a 1 degree phase resolution. In ontrast, a 0.1 degree phase resolution is required to

obtain onverged omputations with the separation ondition.

Conerning spatial resolution, omputations are done on a vertial grid whose

step size inreases exponentially from bottom to top, thus giving a higher resolution

near the bed where veloity gradients are important. Computations with near bed

step size of 10

�6

m and 10

�7

m have been ompared and give the same results.

Thus, for all the omputations presented in this paper, a near bed step size of 10

�6

m was used, with 173 grid points exponentially distributed over the boundary layer

thikness.

We disuss now the model sensitivity to the values hosen for �

sep

and !

vortex

.

On �gures 2.a and b, we plot omputed Reynolds stress time series lose to the

wall orresponding to the ow ondition of Dohmen-Janssen experiment G4 (see

setion 4.1). For �

sep

ranging from 4 to 40, it is lear that the lower �

sep

is, the

earlier shear stress enhanement begins (as an be expeted) and the larger shear

stress enhanement is. We will see in setion 4.1 that a good agreement with tunnel

experiments is found for �

sep

= 20 whih is in line with the usual pratial value for

turbulent separation. On �gures 2.b, we show the omputations with �

sep

= 20 for

!

vortex

ranging from 30 to 3000 (usual values for !

wall

for this ow ondition is 10

4

).

As expeted, the larger !

vortex

is, the smaller the shear stress enhanement is. We

will see in setion 4.1 that a good agreement with tunnel experiments is found for

!

vortex

= 300.

3 Pure osillatory ow over a smooth bottom

3.1 The k � ! models versus DNS

Vittori and Verzio (1998, [34℄), by integrating numerially the Navier Stokes equa-

tions (DNS), observed wall shear stress enhanements during the deelerating phases

of the osillatory ow over a smooth bottom for moderate values of the Reynolds

number R

Æ

= U

0

Æ=� =

p

2R

e

(U

0

, T are the amplitude and period of the velo-
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ity osillations outside the boundary layer, Æ =

q

�T=� is the visous boundary

layer thikness, � is the kinemati visosity). Vittori and Verzio (1998, [34℄) also

observed the \disturbed-laminar" and \intermittently turbulent" regimes (Hino et

al., 1976, [10℄) and investigated the transition from these two regimes. The "inter-

mittently turbulent" regime, observed for values of R

Æ

larger than a ritial value

whih depends on the intensity of the external disturbanes but ranges around 600,

shows turbulene ativity during the deelerating phases of the yle, while in the

rest of the yle the ow tends to reover a laminar-like behavior. When turbulent

utuations start, at the beginning of the deelerating part of the yle, a sudden

strong inrease in the wall shear stress is observed whih might ause an inrease of

the sediment pik-up from the bed and an enhanement of the onentration.

Hene, in this subsetion, we disuss the ability of the originalWilox transitional

model to predit ow �eld transition from the laminar to the turbulent regime

under osillatory pressure gradient for smooth wall and moderate Reynolds number

onditions. In order to test its performane, a DNS has been performed for the

following hydrodynamial onditions: U

0

= 1:1 m/s, T = 4 s, R

Æ

= 1241 and

Æ = 1:128 10

�3

m. For details on the DNS, the reader should refer to Vittori

and Verzio (1998). For these onditions, we suggest that ow separation indues

the laminar-turbulent transition, the modeling of whih is already inluded in the

transitional model.

In the following the DNS results presented have been phase-averaged in order to

remove the stohasti behavior harateristi of a single realization of the proess.

For details on the averaging proedure the reader is referred to Vittori and Verz-

io (1998) and Costamagna et al. (2002, [3℄). In �gure 3.b, the wall shear stress

omputed with the DNS and the Wilox original transitional model are plotted.

Wilox model is indeed able to predit the wall shear stress enhanement at the

laminar-turbulent transition as shown in the DNS omputations. In partiular, the

maximum wall shear stress predited by the Wilox original model is lose to DNS

preditions. However, the initiation of the transition ours earlier in Wilox model

than in the DNS In the transitional k � ! model, the initiation of this transition

is ontrolled by the two parameters R

K

and R

!

, whereas the amplitude of the bot-

tom shear stress enhanement is linked to the R

K

=R

�

ratio. The hosen values of

R

K

= 20 ,R

�

= 27 and R

!

= 2:95 lead to muh better results (�gure 3.b).
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Veloity (�gure 3.a), Reynolds stress (�gure 4) and turbulent kineti energy

(�gure 5) vertial pro�les through the boundary layer at di�erent phases during

half osillation are also plotted. It is notieable that the original Wilox model

underestimate the vertial deay of all these variables. By hanging the value of the

di�usion onstants in the k and !-equations (taking �

�

= 0:8 and � = 0:375), we an

improve the k� ! model results for the vertial deay of the veloity, the Reynolds

stress and the turbulent kineti energy ompared to DNS results. The agreement

between the so-alled new k�! model and the DNS is indeed remarkable exept lose

to the wall (z � 5Æ) for the turbulent kineti energy. Indeed, the original Wilox

model give better estimation of the near-wall turbulent kineti energy. Meanwhile,

these near wall disrepanies, espeially in turbulent kineti energy preditions, have

redued e�ets on the wall shear stress predition (�gure 3.b).

3.2 The k�! models versus Jensen et al. experiments (1989,

[14℄)

In this setion, we ompare preditions of the two transitional models with the

experimental measurements of Jensen et al (1989) whih were made within the

boundary layer of a pure osillating ow over a smooth bottom. Details onerning

these experiments an be found in Jensen et al. (1989, [14℄).

Jensen et al. arried out experiments using a smooth wall for various Reynolds

number ranging from the laminar regime (R

e

= 3:3� 10

4

) up to the fully turbulent

regime (R

e

= 6:0 � 10

6

) and in partiular, they measured bottom shear stress.

On �gure 6, the non-dimensional bottom shear stress time series (bottom shear

stress time series divided by the maximum bottom shear stress) omputed using the

original Wilox model and the new one are plotted. For the sake of learness, we

do not show Jensen et al's measurements on this graph. To ompare the theoretial

preditions with the experimental data, this �gure should be ompared to �gure 9 of

Jensen et al. It is then lear that in the original Wilox model, the laminar-turbulent

transition develops muh quiker for R

e

larger than 3:3�10

4

, whereas the new model

with modi�ed value for R

K

and R

�

gives results loser to the measurements. This

is on�rmed by �gure 7 where the omputed dimensional bottom shear stresses are

plotted along with the measured values. However, it an be notied that in the
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measurements, for R

e

larger than 6:0� 10

6

, turbulene seems to have pervaded the

whole yle whereas in the new model results the boundary layer still reovers its

laminar behavior at the very beginning of the aelerating phases of the yle, even

though for these low value of the outer ow veloity, the di�erene between fully

turbulent and laminar value of the bottom shear stress are small.

Then we ompare measured and modeled harateristis of the boundary layer

for a spei� experiment, in partiular test 8 from Jensen et al. (R

e

= 1:6 � 10

6

,

R

Æ

= 1789) is onsidered. This test was also hosen by Thais et al. (1999, [31℄) to

test the Chien low-Reynolds-number k� � model. Hene this omparison enables a

ross disussion of the results of all the models. The omparison plots are presented

with the outer ow saling. Vertial pro�les through the boundary layer at di�erent

phases during half yle are plotted for the veloity (�gure 8), turbulent kineti

energy (�gure 9) and Reynolds stress (�gure 10). On these plots, we learly see that

the original Wilox model does not orretly reprodue the vertial dependeny on

these three quantities. The better ahievements of the new transitional k�! model

and in partiular the improved vertial deay desription of the veloity, turbulent

kineti energy and Reynolds stress are obtained by hanging the di�usion onstants.

However some disrepany is present when a detailed omparison of the model

results is made with the experimental data. Part of this disrepany might be

due to experimental errors. In partiular, turbulent quantities measured using the

Laser Doppler Anemometer (LDA) may be underestimated near the wall. Indeed,

aording to Prandtl mixing length theory the turbulent length sale is equal to �z,

with � the Von K�arm�an onstant (� = 0:4). Hene, part of the turbulene may be

averaged out over the sampling volume of the LDA when turbulent length sale is

smaller than the size of the sampling volume. In Jensen et al. experiments, the

sampling volume sizes are 0.15 mm x 0.15 mm x 2.5 mm. This means that up to

z = 3:5Æ = 6:25 mm, turbulent quantities might be underestimated. This might

explain why the measured turbulent kineti energy is smaller than even the Wilox

model preditions lose to the wall at phases around ow reversal (' = 2�t=T =

0; 15; 30; 150 and 165

o

). Another error soure might be due to the presription in

the models of an exat sinusoidal outer ow whereas in the measurements, the outer

ow is not perfetly sinusoidal. Finally, it should be reognized that the Chien low-

Reynolds-number model used by Thais et al. (1999, [31℄) performs also very well in
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omparison with this data set.

4 Osillatory ow plus urrent over a rough bot-

tom: the k�! model versus tunnel experiments

4.1 Dohmen-Janssen lear water experiments (1999, [5℄)

The experiments were arried out in the Large Osillating Water Tunnel (LOWT) of

WLkDelft Hydraulis. For a detailed desription of the LOWT, the reader an refer

to Ribberink and Al Salem (1994, [21℄). This faility enables a full-sale simulation

of the horizontal orbital motion near the bed assoiated to waves. The LOWT

is a U-shaped tube, with a piston in one of the ylindrial risers to generate a

horizontal osillatory ow in the test setion. Due to this on�guration, vertial

orbital veloities are not generated in the tunnel. A re-irulation system allows the

generation of a net urrent in addition to the osillatory ow. The test setion is

0.3 m x 0.8 m by 12 m long. For lear water experiments, a �xed rough bottom was

used, made of glued sand of diameter d

50

= 0:21 mm on a wooden bottom. Time-

dependent ow veloities, inluding turbulent omponents, were measured with a

two-omponents LDA in forward-satter mode. The LDA has a relatively small

sampling volume, with a height and width (in ow diretion) of only 0.215 mm.

The width in ross diretion is larger (6.47 mm). The experimental onditions of

the lear water experiments we �rst onsider in this setion are named G4 and G5

and given in table 1.

Figures 11 and 12 show the Reynolds stress time series measured by Dohmen-

Janssen (1999, [5℄) at various levels above the rough bed (experiments G4 and G5),

along with the omputations obtained by Wilox transitional k � ! model and our

new k � ! model taking �

sep

= 20 and !

wall

= 300. We learly observe on �g-

ures 11a, b and , seondary humps at the end of the deelerating phase in the

measured Reynolds stress time series. These humps are also present in our new

model omputations. Yet, the omputed values of Reynolds stress are larger than

those measured up to z = 10 mm. In fat, the experimental values might be un-

derestimated due to the size of the sampling volume of the LDA as explained in

setion 3.2. This means that up to z = 16 mm, part of the turbulene may be
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averaged out, resulting in smaller value of u

0

w

0

. Above z = 10 mm, the agreement

between the measured and the new model's results is notieable on both the am-

plitude and the phase preditions. In ontrast, Wilox model mainly fails on the

phase predition. The better performane of the new model in the phase predition

is related to the better desription of the vertial deay of Reynolds stress, veloity

and turbulent kineti energy as already notied when the model preditions were

ompared with the DNS This �nding is a further on�rmation of the better hoie

for the di�usion onstants � and �

�

in our new model.

4.2 Janssen et al. experiments with sediments (1997, [13℄)

Hereafter, we present an appliation of the new k � ! model desribed in setion 2

to predit sediment suspension. For this purpose, we ompare the results obtained

using the original Wilox transitional model and the new k � ! model. In both

models, turbulene damping by the strati�ation indued by suspended sediment

is inluded as desribed in setion 2. The onentration equation is thus solved

simultaneously with the hydrodynamis using Engelund and Freds�e's (1976, [6℄)

referene onentration ondition at the bottom. We apply the two models for the

test onditions H6 and E2 of Janssen et al. (1997, [13℄, see table 1). In �gure 13

the measured and modeled onentration time series taken at di�erent levels above

the bed are shown. Conentration measurements shows sharp inreases before ow

reversal near the bottom (�gures 13.b, , e ,f). Doubts an be ast on these sud-

den onentration peaks that ould be linked to the measuring tehnique. Indeed,

a sediment deposition between the eletrodes of the ondutivity probe (CCM) at

low veloity ould ause suh a signal. Nevertheless, onentration peaks are also

observed in time series measured using optial ondutivity probes (�gures 13.a

and d) further from the bottom. Hene, we feel that the peaks in the measured

onentration time series are the e�etive signature of suspension ejetion events,

although a possible bias in CCM probes measurements should be investigated. The

separation ondition introdued in the new transitional k � ! model enables to re-

produe the seondary peaks observed in measured onentration time series before

ow reversal. Moreover, by hanging the di�usion onstants, we have improved the

desription of the phase onentration in the upper part of the boundary layer. How-
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ever a signi�ant disrepany still remains between the predited and the measured

values. Indeed, the onentration is underestimated throughout the entire bound-

ary layer. It should be stressed that the overall onentration underestimation in

the new model ontrast with the traditional model preditions. Indeed, the tradi-

tional model, despite its underestimation of the onentration in the lower levels,

agrees better with the data at z = 20 mm. In our opinion, this better agreement of

the traditional model is oinidental. Indeed, disrepanies between the lower and

upper levels is in line with the fat that the Reynolds stress vertial deay is not

orretly predited by the traditional model (as shown in omparison with the DNS

on �gure 4). In ontrast, in the new model, the onentration is underestimated

at all levels (see �gures 13). The model preditions an be improved at all levels

by taking into aount the inter-granular fores in the \sheet ow" layer (highly

onentrated bottom layer). Indeed, following Guizien et al. (2001, [9℄) suggestion

of enhaning the hindering in the sheet ow layer i.e. taking a lower settling veloity

for volume onentration larger than 0.01, the agreement of the new model with the

data is improved at all levels as shown on �gures 14. In ontrast, in the traditional

model, although the agreement is improved at the lower levels, it turns worst in the

upper levels (see �gures 14.a and b). This is onsistent with the improvement in

the new model preditions of the turbulene vertial deay as already mentioned in

setion 3.1. However, disrepanies still remains between predited and measured

values. We suggest this ould be improved by looking into more details in the mod-

eling of the inter-granular fores in the \sheet ow" layer and also in the sediment

feedbak on turbulene, but this is beyond the sope of this paper.

5 Conlusions

A new transitional k � ! model has been devised introduing a turbulent sep-

aration ondition under adverse pressure gradient and modifying the di�usion and

transition onstants of the Wilox original k�! transitional model (1992, [37℄). The

onstants modi�ation is suggested by a omparison with a D.N.S omputation of

a pure osillatory ow over a smooth bottom in the laminar-turbulent transitional

regime (R

e

= 7:7 � 10

5

). The new model is then validated by omparing its pre-

ditions with experimental data by Jensen et al. (1989, [14℄) for Reynolds number
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R

e

ranging from 3:3 � 10

4

to 6 � 10

6

. In this regime, ow separation indues the

transition from the disturbed-laminar to the intermittently-turbulent regimes whih

is modeled by the dependene of the onstants of the high-Reynolds Wilox model

(1988, [36℄) upon a loal Reynolds number. We are thus able to reprodue the wall

shear stress sharp inrease whih takes plae at transition in good agreement with

Jensen et al. data. The hange of the di�usion onstants improves also the desrip-

tion of the vertial distribution of both veloity and Reynolds stress ompared to

the original transitional Wilox model (1992, [37℄). The new model gives fairly good

results, exept onerning the value of the turbulent kineti energy lose to the wall

around ' = 90

o

, and is low-time onsuming.

The hange of the di�usion and transition onstants proposed in this new model

also enables to improve the desription of Reynolds stress vertial distribution in the

fully rough turbulent regime. Indeed, as shown by a omparison with experimental

data in lear water, the model reprodues aurately the vertial phase lagging

of Reynolds stress. In addition, for these experimental onditions, the turbulent

separation ondition ats and enables to reprodue the seondary humps in the

measured Reynolds stress time series. This feature has never been reprodued in

standard R.A.N.S. models. Finally, we use the validated new k�! model to predit

sediment transport and ompare the results with experimental data. By solving

the onentration onvetive-di�usive equation with turbulene damping, this new

model reprodues seondary peaks in onentration time series before ow reversal

in aordane with the measurements of Janssen et al. (1997). However, it should be

outlined that the onentration is still underestimated in the sheet ow layer. This

�nding stimulate us to go on working on this important issue for morphodynamis

preditions.
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experiment grain size roughness urrent at z = 100 mm wave veloity period

name d

50

(mm) k

N

(m) u



(m/s) u

w

(m/s) T (s)

G4 �xed bed 5:25 10

�4

0.27 1.44 7.2

G5 �xed bed 5:25 10

�4

0.46 0.96 7.2

H6 0.13 3:25 10

�4

0.24 1.47 7.2

E2 0.21 5:25 10

�4

0.24 1.47 7.2

Table 1: Experimental onditions for Dohmen-Janssen lear water experiments

(1999, [5℄) and Janssen et al. sand experiments (1997, [13℄).
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Figure 12: Phase-averaged Reynolds stress time series at di�erent levels from the bed

measured by Dohmen-Janssen (1999, exp. G5, [5℄) (...), obtained using the original

Wilox transitional k � ! model (- -) and the new k � ! model (|) (R

Æ

= 1453,

R

e

= 1:06� 10

6

, A=k

N

= 2115).
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Figure 13: Phase-averaged onentration time series measured by Janssen et al.

(1997, exp. E2 and H6, [13℄) (...) and omputed with the original Wilox transitional

k�! model (- -) and the new k�! model (|) (in both models, turbulene damping

by strati�ation is inluded) for d

50

= 0:13 mm at z = 1 mm (), z = 3 mm (b)

and at z = 200 mm (a) from the bottom and for d

50

= 0:21 mm at z = 1:5 mm

(f), z = 2:5 mm (e) and at z = 210 mm (d) from the bottom. Hydrodynamial

onditions are given in table 1.
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Figure 14: Same legend as �gure 13, but in both models, enhaned hindering for high

onentration in the sheet ow layer has been introdued.
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