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Notation

C Chezy coefficient

cd empirical constant

cf friction coefficient

ck constant in k-model

Cl e
c2€

C
J.L
f

constant in turbulence model (k-e )

constant in turbulence model (k-€)

constant in turbulence model (k-€)

roughness parameter or function

Froude nurnberFr

g acceleration of gravity

h flow depth

H step height

k turbulent kinetic energy per unit mass

k equivalent roughness of Nikuradses
1 mixing length (Prandtl)
m

M mass flow rate per unit width

P stress production of k
-p time-averaged static fluid pressure

pI fluid pressure fluctuation

Q discharge

q discharge per unit width

Re Reynolds number

rt depth averaged turbulence

u longitudinal mean flow (local) or depth-averaged velocity

UI longitudinal flow velocity fluctuation

u* friction velocity

VI lateral flow velocity fluctuation
-w vertical mean flow velocity

w1 vertical flow velocity fluctuation

x longitudinal coordinate

xR reattachment length

y lateral coordinate

z vertical coordinate

z zero-velocity levelo
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Notation (continued)

Ó

B

displacement thickness or shear-layer distance

momentum thickness of a boundary layer

rate of energy dissipation per unit mass by turbulence

constant of Von Karman

kinematic molecular coefficient

eddy viscosity coefficient

fluid density

constant in turbulence model (k-f)

constant in turbulence model (k-f)

turbulent shear stress

bottom shear stress

Subscripts

s at surface

max maximum

n normal

0 at initial section (x 0)

t turbulent

r longitudinal (tangential)

[L]
[L]

2 3
[L T 1
[ - ]

2 1
[L T 1

2 _1
[L T 1

3
[ML 1
[ - 1
[ - ]

2
[ML T 1

_ 1 _2
[ML T ]
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1.0 Introduction

The general purpose of this research project is to model mathematically

the local scour downstream of a structure (2-D). The model has to

simulate the development of the scour as a function of the time.

--~
z .... ....

Figure A Lay-out of a local scour

Basically two models are necessary namely a flow model and a

morphological model. The latter model has to describe the bed and

suspended load and the erosion of the bottom. The choice which model has

to be used, depends on the required accuracy and the computer costs.

In the present study a mathematical model is described which is based on

the two-dimensional unsteady Reynolds equations for the mean flow. The

turbulence closure is obtained by use of a two-dimensional model for the

transport of the turbulence energy (k) and its dissipation (€).

Experimental data concerning the flow in a number of local scours

(Breusers) and in a backward-facing step (Nezu) have been used to verify

the model using a standard set of constants.

Also a description of the k-model (Jorissen) is given, which is a

simplification of the k-€-model. The results of this model are compared

with k-€ calculations.

The mathematical and numerical modelling of the k-E-model has been done

by the 'Laboratoire National d'Hydraulique', a department of the

'Electricite de France', Chatou in France and Delft Hydraulics.
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The modelling of the k-model has been done by the Delft University of

Technology, Department of Civil Engineering.

The project is sponsored by the Dutch Department of Public Works Rijks

waterstaat, Bouwspeurwerk.

The present report has been composed by G.J.C.M. Hoffmans.
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2.0 k-fpsilon-model

2.1 Assumptions and equations

The k-f-model (two-dimensional vertical) is a model which is based on

six mathematical equations with six unknown variables and a standard set

of five basic constants. In addition to the equation of continuity and

the two equations of motion in the longitudinal and verical direction

respectively the set equations also contains the kinetic energy (k) and

the dissipation (f) transport equations and the relation between the

eddy viscosity and the parameters mentioned above.

The exact equations for the transport of k and f are derived from the

Navier-Stokes equations. Because of the fairly drastic model assumptions

these equations are not of too much relevance for this review and will

not be giv~n here.,
The flow will be considered incrompressible and steady. Then the

following equations apply.

continuity

(1)

motion
_2

au auw a -
Txx)

a
ax + az -pax(p + paz(Tzx)

_2

auw aw a - TZZ) a
ax + az -paz(p - + pax(Txz) + g

( 2)

(3 )

in which:

u tirne-averagedfluid velocity in x direction

w time-averaged fluid velocity in z direction

p time-averaged static fluid pressure

T normal stress component (T ,T )n xx zz
TT (tangential) shear stress component (TZX,TXZ)

x longitudinal coordinate

z vertical coordinate

p fluid density

g acceleration of gravity
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The normal and shear stresses represent a viscous and a fluctuating

(turbulence) part. These stresses are defined as:

T 2pvau - pulul
xx ax

aw pwlwlT 2pv- -
zz az

T T pv(au + aw) - pulwl
zx xz az ax

(4)

(5)

(6)

in which:

v kinematic viscosity

ul turbulent velocity in x-direction

wl turbulent velocity in z-direction

The turbulent or Reynolds stresses are modelled in a way analogous to

the viscous stresses according to the hypothesis of Boussinesq, see Rodi

(1980).

Tt,XX
_pUlul 2pVt au

~pkax

Tt,ZZ
_pWlwl = 2pVt aw

~pkaz

(7)

(8)

T = Tt,zx t,xz
(9)

in which:

T t,n
T t,T
vt

k

turbulent normal stress (Tt ,Tt ),xx ,zz
turbulent (tangential) shear stress (Tt ,Tt ),zx ,xz
eddy viscosity

turbulent kinetic energy per unit mass

Neglecting the viscous stresses, the equations of continuity and motion

can be solved numerically provided the eddy viscosity is specified. The

viscous effects are only important in the case of a viscous sub-layer.

Then empirical laws of sufficient generality are available (logarithlllic

velocity) that relate the wall conditions to the conditions just outside

the viscous sub-layer.

The two-equation (turbulence) closure is based on the transport

equations for the turbulent kinetic energy (k) and its dissipation (€).

The exact k and E are defined as:
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k (UI)2 + (VI)2 + (wl)2}/2

a I 2 aul 2 aul 2 avl 2 (avl)2 avl 2
E = v(..J:!) + (-) + (az ) + (ax ) + + (-) +ax ay ay az

awl 2 a I 2 (awl)
2

(ax ) + (-li) + }ay az

(10)

( 11)

The variables k and E are modelled and related to the eddy viscosity vt

by:
2

C k
J.' E

(12)

in which:

y lateral coordinate

vI turbulent velocity in y-direction

E dissipation rate per unit mass

c turbulence constant
Jl.

The transport equations for the kinetic energy (k) and its dissipation

(E) read (2-D):

convection

a Vt ak + L{vt ak)
~(~ ~) az ok az +

diffusion

Lt xx au + Lt zx au + Lt,xz aw + Lt zzaw
p' ax p' az p ax p' az - E (13)

auk + awk
ax az

production

aUE + aWE
ax az
convection diffusion destruction

Lt xx au + Lt zx au + Lt xzaw + Lt,zz aw}
p' ax p' az p' ax p ê z (14)

production

in which Cl , C2 , Ok' and a are empirical constants. Launder and
E E E

Spalding (1974) recommend the following "standard" set of constants:

c
Jl.

1.0, a
E

1.3.
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These values have been obtained by computer simulation of various types

of free turbulent flows, but they can also be used for wall flows (Rodi

1980).

Assuming equal production and dissipation of the turbulence energy (k)

in the near wall region, where a logarithmic velocity profile is

supposed to apply and neglecting the convection of f, the transport

equation for f (14) reduces to (Rodi 1980):

2
(15)

in which K is the constant of Von Karman. Taking account of the above

mentioned values of the turbulent constants the value of K amounts

0.435. In the calculations a K of 0.435 has been taken. Generally this

constant is put on 0.40.

Equations (1), (2), (3), (12), (13), and (14) represent a set of six

equations with six unknowns (ü, w, p, vt' k and f) which can be solved

numerically applying an appropriate set of boundary conditions.

It has already been mentioned that the transport equations of the

kinetic energy (k) and the dissipation (f) are strongly simplified. The

exact equations are of no use in a turbulence model because new unknown

correlations appear in the diffusion and dissipation terms. Equation

(16) and (17) show the modelling of the diffusion terms in the transport

equation of the turbulence energy in the x and z direction respectively.

x-direction:

b ca

(16)

d
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z-direction:
--1
WIR..: +

p

b ca

au1 aw1 av1 aw1 aw1 aw1v{u1 [- + - ] + VI [- + - ] + w1 [- + - ]}
az ax az ay az az

(17)

d

in which:

term a: modelled diffusive transport

term b: turbulent transport by velocity fluctuations

term c: turbulent transport by pressure fluctuations

[pI = fluid pressure fluctuation]

term d: turbulent transport by viscous shear stress fluctuations

(negligible)

The transport equation of the dissipation (f) contains complex

correlations, the behaviour of which is little known and for which

fairly drastic model assumptions must be introduced in order to make the

equation tractable. Especially the diffusion represents a combination of

terms, which is not easy to model on theoretically grounds, (Hanjalic

1976).

2.2 Boundary conditions

The following types of boundary conditions are applied: bottom (log

profile), free surface (rigid lid with free slip) inlet and outlet

boundary.

In table 1 a distinction has been made with respect to the kind of

boundary.
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momentum eguations k-€ eguations

inflow given 0 k and given
boundary u w € are

outflow aü aw 0 ak ~ 0
boundary ax ax ax ax

surface aü 0 w 0 ak ~ 0az , az az
aü 2 3

bottom az = U*/(KZ) , w 0 k = u*/jc € U*/(KZ)~

table 1 Boundary conditions [u* = wall (bed) shear velocity]

The outlet boundaries are only applicable if the flow is in equilibrium

(uniform flow). Then it is allowed to neglect the convective terms.

It has been assumed that at the surface the water depth does not change

in the longitudinal direction (rigid lid approach). This is not fully

correct because in reality the flow depth will increase somewhat in the

deceleration region. Further assumptions, which have been made at the

surface, such as a local minimum of the turbulence energy (~~ = 0) and a

local maximum of the longitudinal velocity (~~ = 0) are also not quite

correct if an uniform flow will be considered. Measurements show that at

the surface ~~ is not equal to zero (Nezu 1977). And if a logarithmic

aüvelocity profile is supposed to apply az can not be equal to zero here.

Assuming a hydrostatic pressure distribution and a logarithmic velocity

profile it follows that the eddy viscosity is parabolic (uniform flow) .

At the surface vt is then equal to zero. Substituting this value of the

eddy viscosity into equation (12), it gives either kOor the

dissipation should tend to infinity. Both values for k and € are not

acceptable, because at the surface the turbulent veloeities are not

equal to zero (Nezu 1977) while the dissipation must tend to zero.

At the bottom, where a logarithmic velocity is supposed to apply, the

vertical velocity component is zero and the longitudinal (tangential) is

modelled by:

au
__ T +
az o (18)
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The determination of u* in the k-€-model has been realised by:

U
T

u* ót
-ln -
It Zo

(19)

a. smooth wall:

b. rough wall:

Zo o .lll.l/u*

O.033ksZo

in which:

u longitudinal (tangential) mean flow velocity
T

Z zero velocity levelo
k equivalent roughness of Nikuradses
ót distance from the wall beyond which the flow is completely

turbulent

(mi

compuled

--+ Ü (m/sJ

figure B Bottom modelling k-€-model

See for a more detailed numerical description the computer program

called ODYSSEE (k-€-model) Delft Hydraulics 1987.
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3.0 k-model

This model (Jorissen) has been developed to determine turbulence

parameters after a sill. It was used to re late the relative turbulence

and the length of the bottom-protection. This has been done for various

ratios of the height of the sill and the water depth. In the model a

depth-averaged turbulence ratio is defined as:

hu1/q
h

ck J k(z)dz/q
o

(20)

in which:

rt depth-averaged turbulence

q discharge per unit width

h flow depth

ck empirical constant (ck = 1.0)

The main differences between this model and the k-€-model are the

interactive relation between the velocity and the kinetic energy and, of

course, the absence of the transport equation of the dissipation. In

this k-model first the velocities are computed assuming a hydrostatic

pressure distribution and a parabolic eddy viscosity.

continuity

(21)

motion

Uau + au
ax ~

_QQ + vt
a2~

paz az2
_QQ + gpaz

(22)

o (23)

The eddy viscosity is computed by:

KqJg/C(l - z/h) (24)
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in which C represents the Chezy coefficient. Then the kinetic energy is

computed by, see also equation (13) for the difference between the k-€

and k-model.

akuax - 13. (25)

The dissipation 13. is modelled by the expression (dimensional

considerations):

13. = (26)

in which:

empirical constant (cd = 0.15)

mixing length (Prandtl) ; 1m KzJ(l - z/h)

The formulation of the eddy viscosity and the mixing length, which have

been used in this model correspond with a uniform flow. After a sill or

in a decelaration zone these assumptions are not correct, see figure 6.

This model could be improved by adding equation (12). Then the model

contains a set of 5 equations with 5 unknowns namely ü, w, vt' k, 13..
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4.0 Grid-generation

When a steady fluid flow passes a backward-facing step, a recirculation

region will arise, having significantly higher levels of turbulence

energy and stress than in the upstream or far-downstream regions.

Although a recirculation does not always appear in the case of alocal

scour, the velocity profiles vary rapidly and so the mean-flow becomes

highly dissipative there.

For this reason the grid distance is relatively smaller near the

separation point and in the recirculation zone than elsewhere.

The layout of the grid network used in the calculation for the flow with

the backward-facing step is shown in figure C.

o

o. '0
..

Î 0.00

0.00 O.O~ 0.08 0.12 0.16 0.20 0·2' 0.28

---....::>". x (MI

Figure C Calculation domain and partial layout of the grid network

for backward-facing step (BS1)

This layout has been adopted from a sensitivity analysis carried out by

Spalding and Launder (1974) who investigated a simular case. They

showed, see table 2, the effect of six different grids on the turbulence

distribution at alocation 5.33 step heights behind the step and within

the reciculation region. The first three columns show the effect of

forward-step size while the last three show the effect of vertical grid

·size. The analysis shows that the 30 x 42 grid can be considered

sufficiently refined.

This table is related to the configuration of a backward-facing step in

which a total of 30 vertical stream grids are used to span 4.5 inches,

out of which 14 nodes are used for the 1.5 inch step. The smallest
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vertical grid spacing is 0.18 inch (=0.12 step height). In the

longitudinal direction the smallest grid spacing is 0.3 inch. In this

direction 42 nodes are used.

~ 10130 lOx42 lOx47 15x41 3Ox41 36141

zlH I k'üA x 102

0.18 2.101 2.110 1.116 2.229 2.244 2.248

0.30 2. 795 2.840 2.850 2.855 2.860 2.863

0.51 3.608 3.617 3.622 3.637 3.669 3.672

0.63 ).942 3.949 3.953 3.958 3.961 3.964

0.75 3.968 ).978 3.985 3.996 4.005 4.058

0.87 3.686 ).762 3.770 3.864 3.898 3.910

0.95 3.255 3.513 3.520 3.591 3.602 3.606

1.065 2.641 2.701 2.716 2.726 2.744 LH7

1.125 1.9aa 2.116 2.121 2.130 2.139 2.139

table 2 Effect of grid size on the turbulence kinetic energy. k/ü2o
(Spalding and Launder 1974).

Based on approximately 1200 nodes a grid has been generated for two

backward-facing steps and three local scour holes.

backward-facing step 1 28 x 42

backward-facing step 2 28 x 56

local scour hole 1 15 x 66

local scour hole 2 15 x 76

local scour hole 3 15 x 79

Table 3 Grid generation

0.058 m

0.45 m

0.37 m

0.45 m

0.60 m

rectangular

rectangular

curved

curved

curved

Launder and Spalding made their calculations with a numerical model

called PHOENICS, whereas the calculations in this project were made with

the model ODYSSEE. It is possible that these models do not yield exactly

the same results. Regarding the differences between the configuration of

a backward-facing step (rectangular grid) and alocal scour (curved

grid), it is recommended to make a grid refinement study for alocal

scour.
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5.0 Applications

5.1 Backward-facing step 1

Nezu et al (1987) carried out turbulence measurements of a backward

facing step flow, including the reverse flow region in an open channel

with the aid of a two component Laser Doppier anemometer. The mean

velocity distribution and tu~bulence characteristics were obtained.

The experiments were conducted in a 8 m. long, 30 cm. wide and 20 cm.

deep tilting flume. The backward-facing step with a height H = 2 cm. was

located at a distance of 6.8 m. downstream from the channel entrance.

The channel bed was flat and smooth. The Froude number of the flow was

no more than Fr = 0.19 yielding a small variation of the free surface.

The most important hydraulic data of this experiment were:

h

H

0.058 m

0.020 m

0.243 mjs

qjh = 0.142 mjs

flow depth (downstream)

step height

mean surface velocity at initial sectionu
S,o

u depth-averaged velocity (downstream)

Re h ujv 8200 Reynolds number

Fr ~j(gh) = 0.19 Froude number

xRjH 6.3 xR = reattachment 1ength

Table 4 Hydraulic data (BS 1)

5.1.1 Mean flow velocity

Figure 1 shows measured and computed k-f-model profiles of the mean

velocity ü. The mean velocity obeys the log-law distribution upstream of

the step (x<O). Immediate1y downstream of the step, a shear layer is

generated. A reverse flow occurs near the bed up to the reattachment

point (xR). Downstream of xR' a new sub-boundary layer is formed, see

figure D.
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ü.-- 'At~TSt,,(AII '''V'SC'O COAt

-----~.t',-~----
DIVIDIH(Ï
STA[AMlIH[

_ - - NEW ~ll 8. L.

RECIRCULATION

Figure D Typical plot of a backward-facing flow

For x = H (H = step height) the following remarks can be made.

1. The point of zero mean velocity of the computed velocity profile is

closer to the bottom than the measured one.

2. The computed circulated discharge is relatively bigger.

It has to be noted that for 7H < x < 10H the computed velocities near

the bottom are somewhat larger than the measured ones.

The profiles have also been computed by the prof~le method (see Van Rijn

1987, Hoffmans 1987). They differ more from the measurements (LDA) than
the values comptuted by the k-€-model, especially in the recirculation

region. Although this method is not based on the hydronamic equations

its simplicity could be a big advantage provided the calculated results

are correct.

5.1. 2 Kinetic energy

Figure 2 shows the computed and measured profiles of the kinetic energy

for several verticals. The solid curves have been computed by the k-€

model, whereas the other two curves have been determined by the

measurements. The lateral (y-direction) fluctuating velocity (vl)

namely, is unknown, because the measurements were only carried out in

the x and z direction. The lower limit of the kinetic energy is equal

to:

k = ~{(Ul)2 + (wl)2) setting vl 0, and the upper limit

k 3 ---- ----4{(ul)2 + (wl)2) assuming that (vl)2
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For an equilibrium flow this is an upper limit because the lateral

velocity fluctuation is smaller than the longutudinal (ul) and the

vertical (wl) component, respectively. The measured kinetic energy will

lie between these two boundaries.

Comparing measurements and calculations the overall agreement is quite

reasonable. The differences mainly apply in the recirculation zone near

the bottom. Here the computed kinetic energy is somewhat larger than the

k which follows from the measured values. probably this is owing to the

coefficient c .
~

For equilibrium shear layers, where the production (P) is equal to the

dissipation (€), the equations (12) and (13) can be combined to:

c
~

(27)

in which T represents the bed shear stress. The value of c 0.09 waso ~
chosen on the basis of experiments in uniform flows in which Pand €

were in approximate balance. For far-field jets and wakes where the

cross-velocities differ with respect to the longitudinal velocities (~

free stream velocity), P is significantly different from € and then c
~

was found to be different from the standard value. The range of

applicability of the k-€-model can be extented when some of the

constants in the k-€-model are replaced by functions of suitable flow

parameters. Rodi introduced a function for an axisymmetric jet.

0.09 - 0.04f

1.92 - 0.0667f

f(5, Ü, x)

(28)

(29)

(30)

in which 5 is the distance from the symmetry axis to the 1% point at the

outeredge.

Figure 3 shows some profiles of the kinetic energy in a trench for

c = 0.09 and 0.20. For the larger value of c the kinetic energy
~ ~

decreases over the entire vertical. Near the wall the agreement between

measurements and calculations Cc = 0.20) is better. However in the
~

region O.lh < z < h they deviate more from the measurements than the

standard values computed with the standard value of c .
~
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According to Van Rijn (1983) the influence of a larger value of c on
Jl.

the computed mean flow velocity, shear stress and eddy viscosity

profiles was negligible small.

5.1. 3 Wall (bed) shear velocity

The wall shear stress (r ) is an important quantity as it will determineo
the sedimenttransport.

Figure 4 shows the wall-shear-stress coefficient (cf) which is defined

as:

Cf = 2(u*/ü )S,o
(31)

Nezu obtained u* from van Driest's curve, as shown in figure E.

ij tu,

0 _lH '7.0
20 • _lH '8.0

o _lH '9.0
6 _lH '10.0
\] _lH '12.0
0 _lH '14.0

10 o _lH '18.0

10 ü.zN

Figure E Velocity distribution near the wall downstream

of the reattachment (Nezu 1987)

For a comparison, figure 4, replots several computed curves and also

experimental values which were obtained in boundary layers. One was

'calculated by using the following formula which Ludwieg and Tillmann

(1949) obtained experimentally in boundary layers.

o 678"/1]
0.256.10-' 0 ~. (û 8/v)

S,o

o 268
(32)
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in which:

8 displacement thickness

8 momenturnthickness

For a definition of the displacement and momenturn thickness, see E
appendix A.

In figure 4 the dotted line shows the k-f predictions. It should be

noted that the calculated values of cf by the k-f-model coincide well

with the experimental values and the calculated curve from equation 32.

5.1.4 Reynolds stresses

Figure 5 shows computed and measured Reynolds stresses for various

verticals (H, 4H, 7H, lOH). Because the k-f-model does not reproduce the

Reynolds stresses directly, these values have been computed as follows:

The shear-stress is defined as:

(au aw) = _pu1w1
Tt,ZX = pVt az + ax (33)

in which the left term (middle) represents the computed shear stress and

the most right term the measured one.

Assuming ~; « ~~ equation (33) simplifies into:

(34)

In the deceleration zone with back flow it is striking that the computed

values agree well with the measured ones. More downstream, 5H < x < lOH,

the agreement is less spectacular at the height of the threshold,

(z = H). There the measured Reynolds (T ) is smaller than thezx
calculated one. As the measured and calculated flow profile were almost

identical this implies that the eddy viscosity derived from the

measurements is smaller than the calculated one. Since the eddy

viscosity will be correlated to the diffusive transport of sediment

(suspended) this might have consequences for the calculation of sediment

transport. Overall, the computed reproduction of the mixing layer is

very good.
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5.2 Backward-facin~ step 2

This k-€ calculation has been made to form a link between the

computation of the first backward-facing step and those of the loca1

scours. The differences between the first and second backward-facing

ca1cu1ation are:

1. 1arger Reyno1ds nurnber

2. smaller Froude nurnber

3. re1ative greater ca1cu1ation domain in horizontal direct ion

Backward-facin~ step

BS1 BS2

h (downstream) 0.058 0.45 (m)

H 0.02 0.15 (m)
- q/h 0.142 0.269 (m/s)u

Re h ü/v 8200 121000 ( - )
Fr ü/(gh) 0.19 0.13 ( - )
xR/H 5.2 4.8 ( - )

6.3 (= measured)

Tab1e 5 Hydraulic data (BS1 and BS2)

5.2.1 Resu1ts (k-€-mode1)

The figures 7, 8, 9, 10 and 11 show some resu1ts of the k-€ computation

of the second backward facing step.

From figure F it can be seen that the computed reattachment 1ength

(xR/H=4.8) is too sma11, this is probab1y owing to the empirical

constants in the k-€-model, see also 5.1.2.
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Figure F Dependence of separation region lenght on expansion ratio

(AGARD 1985)

Af ter the recirculation zone where a new sub-layer will be developed, it

is not very clear from the velocity profiles where an equilibrium flow

occurs, see e.g the verticals at 40H (x = 6.3 m) and 60H (x = 9.3 m).

Directly after the threshold the kinetic energy is strongly growing. It

reaches its maximum approximately at x = 7H (x = 1.2 m). Then the

average kinetic energy is decreasing, see figure 12.

The computed wall shear stress (k-€), see figure 11, for a nearly

uniform flow is approximately 8% larger than the computed values by the

roughness formulas of Darcy-Weisbach and White Colebrook respectively.

Darcy-Weisbach:
2

f = 0.24/(log 1.3ReJf)} (35)

White Colebrook: C 18 log(12h/(0.11vlu*)/3.5} (36)

in which f is a roughness parameter, f

Both formula calculate a wall shear velocity which are equal to 0.0109 -
1/20.0110 mis (f = 0.0132 and C = 76.6 mis) respectively, whereas the

k-€-model predicts a value of 0.0121 mis. Figure 4 already showed that

the computed (k-f) friction coefficient (cf) was somewhat larger than

the experimental values (Nezu 1987) and the computed values by the

Ludwieg-Tillmann's formula.
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5.2.2 Resu1ts k-model (averaged k)

Figure 12 shows the computed averaged kinetic energy af ter a threshold

as a function of the longitudina1 distance. The function starts direct1y

with a maximum and decreases to an equilibrium value (uniform flow).

In the recirculation zone the mean values of the k-model are larger than

the k-e results. Apparently the k-model generates in the centre-line in

the mixing layer after the threshold larger values of k. With increasing

length these values become smaller than those obtained hy the k-e-model.

probably this is owing to the neglect of the diffusion terms in the k

model.

Figure G shows the influence of the diffusion of the kinetic energy

after a threshold. Especially in the outside region (at the top) the

transport by the velocity fluctuations gives an important contribution

to the kinetic energy.

k mode- t

k-E rno de l

~ QWlng 10: lrcnspor t biJ

vetocuv fI ...c tuo tions

k IJoule/kg)

Figure G Kinetic energy distribution after a threshold

5.3 Local scours

5.3.1 General

Measurements in local scours were carried out by Delft Hydraulics

(Breusers). The longitudinal velocity component was measured by a micro

propellor. This instrument is less accurate than a Laser Doppler

anemometer. The measurement range of a micro-propellor depends mainly on

the type of propeller. On the average the measurement range is from

0.025 to 10.0 mis. This means that it is not possible to measure

negative velocities.
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The slope of the local scour directly af ter the armour layer was

approximately 1:4.5 for all three scours. Probably it was not steep

enough to create a reverse flow; the measurements as weil as the

calculations of the k-E-model indicate mean positive velocities near the

bottom.

The most important hydraulic data of these experiments were:

Local scour

LSI LS2 LS3

h 0.30 0.30 0.30 (m)
0

h 0.38 0.45 0.59 (m)max- q/h (k-E) 0.332 0.396 0.345 (mis)u
0 0- (k-E) 0.410 0.483 0.433 (mis)uS,o

k (upstream) 0.02-0.03 0.02-0.03 0.02-0.03 (m)
s

k (downstream) 0.0005 0.0005 0.0005 (m)
s

Re ü h Iv 99600 118900 103500 ( - )
o 0

Fr = ü IJ(gh ) 0.19 0.23 0.20 ( - )
o 0

table 6 Hydraulic data (local scours)

5.3.2 Mean flow velocities

The figures 12, 13 and 14 show several computed and measured velocity

profiles for local scour 1, 2 and 3, respectively.

At first it can be noted that the computed (k-E) bottom velocities are

too large. This has already been discussed in 5.2. In general the
agreement between the measured and calculated velocities is fairly weIl.

In the case of local scour 2 it seems that the values computed by the k

E-model are not weIl predicted especially in the verticals 3, 5, 9 and

10. However, part of the differences appear to be attributed to an error

in the velocity measurements. Integrating the measured velocity profiles

of the sections above mentioned yields the following discharges
2 2 2 2

q3 = 0.106 mis, qs = 0.105 mis, qg 0.105 mis, qlO = 0.104 mis,
2

whereas the discharge at the initial section is 0.118 mis. This means a
2

difference of 0.013 mis (z 12%).
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5.3.3 Turbulence parameters

The figures 16 through 24 show turbulence predictions by the k-f-mode1

for the three scours.

At the initial section the k has to be given in the k-f-model as a
2

boundary condition. A good approach is setting k to (UI) , so that the
2

calculated value is an average of a lower limit [k = O.5(ul) 1 and an
2

upper limit [k = 1.5(ul) 1. Figure 16 shows that at section 1 the

calculated k near the bottom does not agree with the measurements. At

section 4 and further downstream the calculated values of k are greater

over the entire vertical than the measured ones. The same story applies

figure 17; showing also larger calculated values of k.

At the inflow boundary of local scour 3, figure 18, the given k was not

set on the average of a lower and upper limit but was made equal to the

upper limit in order to examine the effect of the initial turbulence on

the local scour in both cases. The differences appear to be negligible.

In figure 19, 20 and 21 the influence from the rough bottom upstream and

the smooth one downstream on the near-bottom velocities is very c1ear.

The initial profile of the dissipation in figure 21 (local scour 3)

differs from the beginning profiles of local scour 1 and 2. This is

owing to the difference in the given turbulent kinetic energy at the

initial section. If the eddy viscosity distribution is the same for all

three scours this is easy to verify with equation (12).

At the inlet-boundary the eddy viscosity profiles are modelled as

follows; parabolic in the lower half of the depth and a constant value

in the upper half of the depth. This approach has been adopted by van

Rijn (1984). The difference between this method and a parabolic eddy

viscosity distribution is small for the velocities in the outer region,

see figure 13, 14 and 15.
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6.0 Conclusions and recommendations

The k-€-model predicts the velocities fairly well. The computed

turbulence profiles, however, are less satisfactory if compared with

measurements. At this moment there are no models which can calculate the

above mentioned parameters in a better way. A disadvantage of the k-€

model is the relatively large computation time needed to solve the

complete set of equations, see 2.1. Therefore, the k-€-model is not a

very attractive model for long-term morphological computations and a

simpler model will be required, such as

DUCT-model

PROFILE-model

k-model

[Vreugdenhil]

[van Rijn]

[Jorissen]

However, each of them has its own shortcomings. Further research is

necessary to determine which model is most suitable to predict the

velocity field, the shear stresses and the viscosity profiles in view of

costs and reliability. The k-€-model can serve as a reference to

determine this choice.
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Appendix A

Definition of boundary-layer thickness

*A quantity known as the displacement thickness 5 can be defined as

follows. Referring to figure Al, the volume flow is given by:

5
q = I udz

o
*uI(5 - 5 ) (Al)

i. e.

(A2)

z
U, I u,

I - --

1
7
I ö
7
7

/ -T-
V displacement r

o

Figure Al Displacement thickness

*The physical meaning of this definition is that 5 represents the

distance by which an equivalent uniform stream would have to be

displaced from the surface as indicated in figure Al to give the same

total volume flow. A similar picture may be drawn for the momentum flow

in the boundary layer. Referring to figure A2, the momentum flow (M) in

the boundary layer is given by:

M
5I p uo

2
dz

_ 2 **
P UI (5 - 5 ) (A3)

and assuming constant density, equation (A3) reduces to:

5**
5
I (1 - u
o

2 _ 2

lUl )dz (A4)



The momentum thickness or the momentum-displacement thickness 8 as

** *indicated in figure A2 is defined by 8 = 6 - 6 . From (A2) and (A3) 8

takes the form:

** * 6
8 6 - 6 f u/ul(l - U/UI)dz (A5)

0

z
pul PU:

momentum flow -l--
8

(j T-
--T-- I

8··
8·

0

Figure A2 Momentum displacement
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figure 12. Relative turbulence Ir) against the streamwise
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figure 17. Tu r bu tence energy profiles (LS 2)
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figure 19. Dissipotion profiles ILS 1)
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figure 20. Dissipation profiles ILS 2)
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figure 21. Dissipotion profiles (LS 31
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figure 22. Eddy viscosity profiles ILS 1)
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figure 23. Eddy viscosity profiles (LS 2.)
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