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For the prediction of dispersion phenomena and of changes in the

morphology of an alluvial bottom, a detailed description of the

water flow is necessary. The flow in estuaries is a complicated

one, partly because of the time-dependence. To isolate this aspect

of tidal flow a simplifying one-dimensional (vertical) flow model

1S used. This one-dimensional model is obtained by the neglect of

cQnvective derivatives of the longitudinal velocity and the use

of the rigid lid approximation, i.e. the replacement of the free

surface by a flat frictionless plate. Theoerror introduced by these

approximations is not large for the flow in most tidal channels.

Convective derivatives are generally of minor importance. The rigid

lid'approximation is inaccurate for tidal waves with a large ratio

between wave height and water depth (e.g. > J/JO).
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Tidal flow is usually described by simple eddy viscosity models

in which various simple distributions of the eddy viscosity are

prescribed. Recently models with an eddy viscosity depending on

° the turbulence energy, .t.he k+mod eL and the k-e:-model, have gained

wide acceptance for all kinds of boundary layer flow. In this investi­

gation the k-model and the k-e:-model are compared to an eddy viscosity

model with an appropriate distribution of the eddy viscosity and to

the mixing-length model for the case of steady and of time dependent

free surface flow. The time dependent free surface flows.considered.

represent flows in a tidal channel without a nett discharge over the

tidal period. The roughness values and the velocities are typical

for tidal channels.

I
I
I
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1 The results of the various models differ hardly. The only appreciable

difference is around slack water, where all models used are, however,

less reliable. The close correspondence is explained by the short

adjustment times of the turbulence energy and its dissipation compared

to the tidal period and by the small relative roughness height. The flow

in a tidal channel can be considered as slowly varying, showing almost

logarithmic velocity profiles except around slack water. The hysteresis

effect of the shear stress with respect to the surface velocity calculated

with all these models is therefore small, in contradiction to the large

hysteresis effect as found in some of the prototype measurements.
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I In all models some constants or the distribution of a length scale or

an eddy viscosity have to be specified. In the k-c-model only constants

need to be specified. The physical bases of the k-model and certainly

of the k-c-model, however, are quite poor, throwing doubts on the

constancy of the constants and the usefulness of the values of the

constants beyond the direct situation of calibration. The k-s-model

is very sensitive to the values of most constants.

I
I
I
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As the k-model ano especi.ally.the k-c-model require much smaller

timesteps than a simple eddy viscosity model, the last model should

be preferred whenever the specification of an eddy viscosity distribution

~s possible.

I The conc l.usi.onsarrived at, are geilerally valid for f lows in tidal

channels, as the considerations mentioned do not depend on the simpli­

fications used.I
I

This research was sûbsidized by the directorate of the Deltadienst of

Rijkswaterstaat.
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I
I Introduction

I

For many problems in estuaries such as the transport and dispersion of

pollutants, the behavióur of density differences and the changes in the

morphology of the channel bed as a response to the influence of large

hydraulic structures, a detailed knowledge of the water flow ~s indis­

pensabIe. This knowledge is e.g. needed to calibrate depth-averaged modeIs.

I

I

I

Un~il recently two kind of models accounting for vertical transport of

momentum were in use, mixing length models and models us~ng an eddy viscosity

concept. Generally a simple vertical distribution of the eddy viscosity

was chosen: a constant eddy viscosity; a combination of two different

constant eddy viscosities,one for the near bed region and one for the

remainder of the depth; etc. (see Knight, 1975).

I
I

I

In Booij (1981a) var~ous models of this eddy viscosity type were compared ..

The comparison was executed in a one-dimensional vertical flow model,

in which simple model the influence of tidal variation can be examined

without topographical effects (See chapter 2). The best agreement with

the measurements in tidal channels was obtained with an eddy viscosity

that var~ed parabolic over depth and proportional to the depth-averaged

velocity or the friction velocity. A good reproduction of the logarithmic

velocity profiles as measured in most tidal phases and of the variation of

velocity and shear stress with time were obtained. Only a hysteresis

effect of the shear stress wi th respect to the. surface velocity , that shows

up in some measurements in tidal flow, did not reproduce.

I
I·
I
I

I

1

Recently eddy viscosity models were developed that try to account for

transport of turbulence and for the transport of its.length scale. The roodels

of this type, considered, are the k-model and the k-eemodel. The

expectations of these models and especially of the k-e-model for flows ~n

rivers and estuaries are high (e.g. Rodi, 1980 and Delft Hydraulics

Laboratory, 1973). An often cited investigation of the usability of those

models for tidal channel flow was executed by Smith and Takhar (J979).

Qui te serious objections can h~~_eveij:li.L~~~.-e.5:against their treatment of the

k-model and the k-e-model. (see chapter 3 and 4).

I
I

1
I
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In this investigation the mixing-length model, the k-model, the

k-e:-model and the best simple eddy vi scosity niodeL are

compared. This comparison is executed in the same one-dimensional -._'"

flow model as used in Booij (1981a) for steady flow and flow in a

tidal channel (chapter 4). The characteristic roughness height is

given some typical values -for tidal channels. Much attention

is given to the constants and the length scale distribution to be

specified in the various models (chapter 3). This also determines

to which extent calibration of a mod~l by variation of the constants

as done by Smith and Takhar (1979) is allowed.
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I 2 Mathematical Description

I 2.1 One-Dimensional Model of the Flow in a Tidal Channel

I
The model of the flow in a tidal channel used ~n this report ~s the one­

dimensional model described in Booij (1981a).

I A long-wave motion of .smal I amplitude in a wide and straight open channe l

of constant width and depth is considered. In the absence of Coriolis

accelerations and transverse oscillations, the motion is essentially two­

dimensional. To describe this motion a rectangular coordinate system

Ox, Oz is used, where Ox is situated on the bottom and directed along the

channel and Oz is positive upwards (see fig. 1).

I
I
I Following Proudman (1953) the shallow water equations are

I au aw 0ax +-az

aç a, h+Ç
-+- f udz 0at ax 0

(I)

I·
(2)

1
I

Du
Dt

a,
-s - az (3)

I In formula (3)

I D
Dt

(4)

1 is the Stokes derivative, u and w represent the ensemble-averaged

velocities in the x and z direction respectively, , is the horizontal

kinematic Reynolds shear stress, h is the mean free surface level and

ç(x,t) its deplacement. The term s in equation (3) represents the

kinematic pressure gradient, corresponding with the free surface slope

I
I
I

's = aÇ
gax (5)

I
I
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I where g lS the acceleration of gravity.

I Replacing the Stokes derivative by the time derivative 1n equation (3)

gives

I au
at

aT
-s - az

(6)

I
The replacement of equation (3) by equation (6) corresponds to two

approximations

The rigid lid approximation. The free surface is represented by a

flat frictionless plate. The pressure gradient corresponding with

the free surface slope is maintained. This approximation is justified

in the case of small vertical velocities and low waves.

Convection of the velocity is neglected.

I
I
I

I

The error introduced by these approximations 15 not large in most flows in

tidal ehannels (see Booij, 1981a). The rigid lid approximation is not justified

in case of high tidal wave~, causing large relative surface displacements,

e.g. 11;;ljh>O.I,and in case of bores. Convection of the velocity is generally

of minor importance. The small flow velocities in the last few kilometers

before a closed end of a tidal channel, however, lead to very small shear

stresses. As a consequence convection can not be neglected there.

I

I
I A one-dimensional model remains,if it is assumed that the Reynolds stress

ean be expressed in variables at the same x.I
I

The model described above requires much less computational

effort than the complete shallow water equations.

I To solve equation (6),the shcar stress T has to be related to the other

variables in this equation (thc closure problem of turbulence.). Generally

I T 15 related to the local mean velocity gradient by means of a (kinematic)

eddy viscosity, vt(z,t), def ined by

I dU
T = -v -

t dZ
(7)

I SubstitlJtion 1n equation (6) yiclds

I dU
dt

-s (3)

I
Various turbulence models involving different relations between the

eddy viscosity and other variables will be discussed in the next chacter.I
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I
I Henceforth an imposed harmonie pressure gradient is considered

I s = -s cos wt (9)

I S is the amplitude of the varying pressure gradient. Equation (8) now

reads

I au
at

a (v au) = S cos wt
Clz t az (10)

I
I

The resulting one-dimensional flow model is quite simple,but it allows the

performances of the various turbulence models to be compared for a flow

resembling the flow in a tidal channel with regard to the variation in

time and the bed roughness.

I
I

2.2 Normalization

I
I

The results of the computations using the various turbulence models. are

given in a non-dimensional form. To this end vertical coordinates are

normalized with the flow depth, h. Time is scaled with the tidal period,

T , and velocities are scaled with a friction velocity. A fri-'ëtionp
velocity u is defined by.x

I
(J ] )

I
I

where '0 is the bed shear stress.

The -friction velocity used to scále the velocities, u~s' 1S the;

fri-ctionvelocity applying in a steady flow, wi th as a pressure gradient

S:. the amplitude of the varying pressure gradient (see equation 9). A

simple momentum balance gives

I u~s ~ = /Sb'Os
(J 2)

I where.o is the bed shear stress in the steady flqw situation.s

I The normalized quàntities, denoted by the suffix +, read

I + zz = -h
+ t
t = T

P

(13)

I (] 4)

I
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I
I
I
I

+ u uu = -- = --u lSh'xs

+ \}t
\}
t /Sh3'

(15)

(16)

Equations (7) and (10) read 1n the normalized form

I +
T

+ dU+
-\}
t +az

( 17)

I
I

and

I
I

+
R~

+at
(18)

where

I R
Ih'

TISp
(19)

I Substitution of equation (19) in equation (12) leads to an expression

for u depending on R instead of S
HSI

I
I

h
RT

P
(20)

I
I
I

In all computations with the var10US turbulence models the same value for

R is used:R = 6.07 x 10-3. With T = 4.41 x 104s (12 hours and 25 minutes)
p

this value leads for different channel depths to the friction velocities for

steady flow as given by table I. In this table a deptll-averaged velocity for

the s teady f low , u ,is also given. This depth+averaged velocity
lav,s

applies for C = 60 m2/s. C, the Chezy resistance coefficient depends

on the ratio of the depth-averaged velocity, uav' and the friction

velocity, u. It is defined by
*

I
U I

C
av 2

u
g

~
(21)

I
I
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I

,

h u u~s av,s

5 m 0.0187 mis 0.358 mis
10 m 0.0374 mis 0.715 mis

IS m 0.0560 mis 1.073 mis

20 m 0.0748 mis 1.430 mis,

I
table I

I
1 Flow situations with the same Rand corresponding normalized boundary

(and initial) conditions yield the same normalized solution.

I
1

2.3 Logarithmic Velocity Profiles

As discussed in Booij (198Ia)most measurements ~n tidal flows showalmost

logarithmic velocity profiles, except at slack water (see Bowd~n et al.,

I· 1959).

I A logarithmic velocity profile above a rough bed can be described by

I u(z)
U z+zO
* In (--)K Zo

(22)

I where Zo is the characteristic roughness height and K is the Von

Karman constant. Neglect of Zo compared to zand division of equation

(22) by u gives
*I

I
I

u (z)--=u
*

(23)

or normalized

I +
In (~)

K +Zo
(24)

'I
I
~I
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1
1 The depth-average, of equation (23) reads

1 uav = ~ {In (~) - I}K Zo (25)
u
;x

1
1

In tidal channels the relative characteristic roughness height zO/h ~s found

to te mostly between (see e.g. Sternberg, 1968, and Booij, 1981~)

I. 0.001 and = 0.0001 (26)

I +Equation (25) leads for these values of Zo to

1 +u uav av: 14.8 20.5= -.:::: tou +;x u
;x

(27)

I
1 The corresponding values of the Chizy resistance coefficient are

I
C ::::46 to 64 (28)

I
+ +In the computations the values Zo = 0.001 and Zo = 0.0001 are used.

In figure 2 .thevelocity profiles for both roughness values are given.

I Logarithmic velocity profiles especially appear, at least to a good

approximation, in uniform and steady flows under influence of a free

surface slope. The shear stress profiles for these flows follow~ from

equation (6). A kinematic pressure gradient S gives1
I T = Z

T (I - -) =o h
zSh (I --)
h

(29)

1
1

Equation (7), with the expression (23) substituted for u(z), then gives

the parabolic eddy viscosity distribution.

1
KU

*
zz(1 - -)h

(30)

1
with u* ~n this steady flow glven by

1
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I
I u = u

!l( MS
= rsh (31)

I In tidal flow the term.iaccounti.ngfor the time dependence of u in the

momentum equation (equation(10) or (18)) is negligible at near

maximum velocities. In that part of the tidal period the first part

of equation (29) and equation (30) still apply. As the velocity and

the shear stress, however,do not have to be in phase with the pressure

gradient (see chapter 4 ), 10 and u* may be smaller than the values

applying for steady flow at S the max1mum pressure gradient, Sh and

rsh'respectively.

I
I
I
I At smaller velocities the time dependence of u may be important.

Equations (29) and (30) then do not have to hold ~ood.

I At the two roughness values, used, only the eddy viscosity near the

bed is really important for the depth-averaged velocity u . Theav
velocity at z/h = o.I is in both cases already about 80% of u .av
Not too drastic changes in the eddy viscosity distribution farther

from the bed only result in minor changes in the velocity profile.

I In chapter (4) some attention is given to the consequences of different for

R en Zo on the results of the computations. Only cases without a nett

discharge over the tidal cycle are considered, because the tidal average

of the imposed pressure gradient is taken zero.
I
I
I
I
I
I

I
I
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I
I 3 . Turbulence 110dels

1 3.1 Eddy Viscosity Models

1 All models considered in this report are öf the eddy viscosity type.

The kinematic shear stress T is, following a suggestion by Boussinesq

(1877), equated to a product of the velocity gradient and a coefficient,

the so called kinematic eddy viscosity. On dimensional grounds the eddy

viscosity can be written as the product of a length scale, Lt' and a

velocity scale, Vt.

I
I·
I (32)

1 The models can be classified in two groups

roodels in which the velocity scale is expressed in roa~n flow

quantities. (The simple eddy viscosity models and the mixing­

length model)

models in which the velocity scale is expressed ~n turbulence

quantities. (The k-roodel and the k-E-roodel).

The length scale is often prescribed. In the k-E-model the length scale

is expressed in t~rbulence quantities.

1
I
I
1 3.1.1 Simple eddy viscosity models

1 In the simple eddy viscosity roodels Lt and Vt are expressed in main flow

quantities. Booij (1981~)devotes much attention to this kind of models.

Models where Vt is the shear stress velocity UH or the depth-averaged

velocity u and Lt ~s a parabolic function of z are preferred. In this
av

report is used

I
I
I

z= Kz(1 - -)h

~'.+ +")KZ (l-z )-ee- (33)

and

I u
*-

(34)

I Using these values vt behaves in accordance with formula (30). The model is

exact, when logarithmic velocity profiles and linear shear stress distributions

I
I
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I
I apply. Results obtained with the model around slack water are less

reliable. Models of this kind lack general applicabili ty and need

ad hoc adjustments of the viscosity_ for different problems. (Launder

and Spalding, 1972).
I
I 3.1.2 Mixing-length model

I Prandtl's (1925) mixing length hypothesis is based upon a description of the

transport of momentum in <boundary layer flow across the main flow direction.

The used length and velocity scales areI
I L = 1

t m
(35)

I and

I ) (36)

I

where 1 the mixing-length must be s.peÇ.ifieg· aften a mixing-length is
m

used«< that is proportional to z near the bed and is constant in the

upper part of the flow. This distribution originates from boundary

layer considerations without a free surface. The mixing length will

most likely deçrease< again ri~~r the free'surface (Ellisbn~ 1960).

I

I
The similarity hypothesis of Von Karman (1930) presents a method to calculate

a mixing-length.

I 1 = I au/az I
m a2u/ö z2

(37)

I Unfortunately the obtained mixing-length is not always in agreement

with measurements. Computational problems arise at inflexion points

of the velocity profile, so this hypothesis is not appropriate in tidal

flow. In a steady. free Surface flow in a<channel this problem< does not

arise. The simiiarity hypothesis leads to

I
I

I
I
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I
I 1

m
(38)

I and velocity profiles that deviate slightly from logarithmic profiles.

The Bakhmetev approximati6n of expression (38) (see fig. 3)

I 1m (
+ + +!

lm = KZ (J + z )2 ) (39)

I leads to exact logarithmic velocity profiles. In the mixing-lenp,th

model,used in this report~Vt and Lt are chosen according to the

equations (35), (36) and (39).I
I The mixing-length model is to be recommended for simple boundary layer

flows (Rodi, 1980). The model is less reliable at slack water, as the

mixing-length is probably not independent of the velocity profile.

A disadvantage of the mixing-length model is that turbulence

transport is left out of account. In problems with a considerable

turbulence transport, the turbulence level and in this connection

the momentum transport and the eddy viscosity can be influenced.

The mixing-length hypothesis is not appropriate in that case.

I
I
I
I 3.1.3 k-Model

I The coefficient for eddy diffusion ~n a homogeneous flow field D can
t

be written (see Hinze, 1975)

I (40)

I
I

where the velocity scale,q, ~s the intensity of the z component,

u;, of the turbulent velocity and the length scale ~s the Lagrangian

integral length scale AL. Prandtl (1945) and Kolmogorov (1942) proposed

a related expression for the eddy viscosity to be valid more generally

I
(41)

I Tllcvelocity scale chosen ~s

I V
t

(42)

I
I
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I
I where k is the mean kinematic turbu1ence kinetic energy

1 k H~ + ~ +~)1 2 3
(43)

I ui and u2 are the other components of the turbulent ve1ocities.

The 1ength sca1e L is 1ike AL and 1m a characteristic 1ength sca1e

of the more energetic turbulent eddies. L is c1ose1y re1ated to 1m
and it is in this report identified with it. The'constant C depends

\)

1
I, on the choice of L. (see page 26).

I Determining the turbu1ence energy by a transport equation makes the

k-mode1 more appropriate than the mixing-1ength model when turbu1ence

transport ~s considerab1e. The exact turbu1ence energy transport

equation, based upon the Navier-Stokes equation, reads, using the eddy viscosity

hypothesis ~see equation 7), (Bradshaw et a1.,1981; Launder and Spa1ding, J972)
1
I
I

Dk
Dt

(44)

I where k' and p' are turbulent f1uctuations of the ki.nemat i.c 'tu'rbuLence energy

and pressure; x. are the three coordinates x, y and z~ and \)is the molecular
J

viscasity. In the k-mode1 the diffusion is-assumed tG be proportional to the

gradient of k, and the diffusion coefficiaot to be proportional to the eddy

viscosity with a constant factor I/ok
I
I

(45)

I
I

The dissipation occurs predominantly in the smallest eddy sizes, but the

dissipation rate is controlled by the energy transfer from larger to

smaller eddies. This cascade process as supposedct.o.vbe only dependent

on k and L. Eor dimensional consistency the dissipation term readsI
I

dUi_ 2
- v , z: (-)

• .", dX •
.~ ,.J J

(46)

I
I
I
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I
I The consideration above is only possible for large Reynolds numbers,

in order that a range of eddy sizes occurs, where the cascade process

takes place. Large Reynolds numbers are required too to get local

isotropy at the small eddy Slzes. This local isotropy makes it possible

to express the dissipation as a single scalar quantity~~.An objection

I
I that can be raised against expression (46) is, that the scale .L and the

I
eddy sizes of the energy containing eddies, are above the cascade

range, for which range the argument given was valid.

I Replacing agaln the Stokes derivative by the time derivative the

turbulence energy transport equation (44) becomes, after substituting

equations (45) and (46)I
I ak

at (47)

I The constants Cn and ok have to be chosen in sueh a way that the

measured energy profiles are reprodueed best. (See 3.3).

I
I To normalize equation (47) the turbulenee energy iS sealed by Sh

I
k
Sh (48)

Equation (47) and expression (41) read normalized

I
(49)

I
I

and

+ (50)

I
I

Drawbacks of the k-model are the weal: basis on whieh equations (41),

(45) and (46) rest. i\ length scaIe d istribu t i.onhas still to be

speeified. It is risky to use thc model for si tua t ions where

I no rcliable measurements are present. In this report suel!a situation

iS the tidal phase around slack water.

I
I



I
-20-

I
I 3.1.4 k-E~model

I In many flow problems the length scale distribution is hard to prescribe,

e.g. 1n tidal flow around slack water. To remove this difficulty several

transport equations for different combinations of k and L are proposed

(Launder and Spalding, 1972). Most succesfull up to now is the equation for

E ~ CD k3/2fL. In the k-E-model two equations, the transport equation

for k and E,are needed to calculate the eddy viscosity. In this model

the eddy viscosity is written

I
I
I

(51 )

I where

I (52)

I The velocity scale 1n the eddy viscosity 1S still~. The length scale 1S

I (53)

I The k-equation becomes

I ak
at - E: (54)

I The E-equation used reads

I
I

C
pE:

~ Cl ~ k2 ~c E:2
k( oU-'2 0 ( oe.) Cä"Z"J + a 3Z c az - dc k

E:

(55 )

I
Equa t i o n (55) is the equation generally used .([or t h i s case the Stokes de r i va t i vs

is ;Ig.3inreplaced by the time derivativc.) This c-cquation is related to an

exact cqua t iou based on t lie Navicr+Stokes equa tuon, but the assump t ions in

equation (55) are so far-reaching th;ltit iS more appropriate to call cquation

(55) au ernpi r ica l cqua t ion (Br ad shuw et a l ; , 1931). The d i f f u s ion t e rrn in

particular represents a combination of different terms, which are not e3sily

simplified on theoretical grounds. So the following relation is assumed in which

the t lreo ret icaI terrns on the right side are relatcd to .3di f f usion term in

analogy w i th the diffusion term in the k-equation (47).

I
I
I
I
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I
(56)

I
dU!~+--a~

I
I

The diffusion term is again assumed to be proportional to the gradient

of ~, with a diffusion coefficient that is proportional to the eddy

viscosity with a constant factor I/a. The only justification st~s fro~~
the various flow situatiotls described reasonably well with the

k-s-model.(see Rodi, 1980)

I
To normalize the equations of the k-~-model ~ ~s scaled by /S3h'

I +~ (57)

I
I
I·

The normalized versions of equations (51) , (54) and (55) read

+2
+

Cl
k

\)t ~+.

+-.- +2 dU+ L Cl +2 +
R dk._- C1 k a (k dk) +

~ ("äz-F) + ä"z-F - ~at=F" - ak 7äZ+

(58)

I (59)

I
I

and

~ + ~ + 2 C1 ~ _ k+2 ~~+ +2
R o~ = C k + (~) + 0 ( 0"-) - C ~ä'"t"'F -pe oz+ crP E+ dZ+ de p-e

(60)

I
I
I

The constants C ,Cd and a have to be specified by calibration in
p~ ~ ~

situations where extra conditions eoneerning the dissipation ean be

imposed.

The empirical nature of the ~-transport equation requ~res great Gare

1n using the k-~-model for flow problems lacking a sufficient body

of empirieal evidenee.I
'I 3.2 Boundary Conditions

1 To solve the differential transport equations of the models introdueed

I
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I
I abov~appropriate boundary conditions have to be imposed. For each

differential equation a boundary condition is specified near the

bed and one at the free surfaceI
I
I u: The lowermost grid point ~s chosen in the logarithmic part

of the velocity profile. Generally a logarithmic velocity

profile is assumed in the region 30 < z* < 100 where z* is

a dimensionless wall distance (The law of the wall, see

Townsend, 1976)
I.
I zu

*= -- v
(6])

I with \)the kinematic molecular viscosity. The reg~on ~n which

the velocity profiles are logarithmic in the problem considered

~n this report,extends to much larger distances from the wall. Using
* +Z < 100 for the first grid point, corresponding with z < 0.0025

when using for u the values of table 1, would require much
'* "larger computing times(see .,,4.!J. The boundary condition for

the velocity used is chosen conform to equation (24)

I
I
I
I

+
U
I

K

+
ln(~~) .

Zo
(62),

1 k: In the transport equation (equation 49) for the turbulence

energy the terms accounting for the time dependenee and for the

diffusion of k are negligible in the near-wall region, so that

local equilibrium prevails. Substitution of the expressions

(50), (52) and (17) in equation (49) gives the bed boundary

condition for the turbulence energy

I
I
I + +

't (z )
rc;'

(63)

I Usually the near-constancy of 't near the wall ~s used to

approximate equation (63) by (see Rodi, 1980)

I + + 1 +2k (z ) = - u
IC:' ~Cl

(64)

I
I
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I
I h'hena linear stress profile can be assumeu, use of the

normalized form of equation (29) yields the boundary conuition

used in this reportI
I

+ +k (z ) +2 +
u (I - z )

;c:-' x
1

(65)

1 The same boundary condition for k applies in the k-E-model.

Instead of equations (49) and (50) equations (54) and (58) are

now used to derive the boundary condition .

1
e : The bed boundary condition for the dissipation follows from

the same neglect of the time dependenee term and the diffusion

term in the transport equation for k (equation 54), giving
I
I

e:+(z+) . + lau+1=~k W (66)

.1
I with au+/az+ from equation (62) and substitution of equation

(64) the normally used bed boundary condition for the dissipation

1 results
+3
u+ + ~

e: (z ) = Kz-F (67)

I Hith equation (65) the boundary condition used ~n this report

followsI + +e:(z)=

+3
ux
K

+(I-z )
z+

(68)

1
I

I

u: \fuenno wind-induced shear stress is present at the free surface,

the free surface boundary condition used ~s a zero u-gradient,

sa na momentum transport takes place across the free surface

regardless of the value of the viscosity.

1

I
+

(~)
+ +az z =1

o (69)

I k: No turbulence energy transport across the free surface is

assumed. This leads to an analogous free surface condition

for the turbulence energyI
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I +
(~)

+ +oz z =1
o (70)

I
I c: An expression analogous to equations (69) and (70) iS often

used for the free surface boundary condition for E too (see

e.g. Smith and Takhar, 1979)I
I

+
(~)

+ +oz z = I
o (71 )

I There is, however, no reason to assume that no E can be transported

through the surface. In this report the expression for the

I
I (see Rodi, 1980)

rzr» + 3 / 2
{v'CI(k )z+=I}

I (72)

I The purpose of this boundary condition is to limit the length

scale near the free surface. CbE is a constant.

I
The differential equations of the varlOUS models are solved numerically by

means of a fully implicit finite difference method (see appendix).

To this end the depth is divided in cells around grid points, at which u, k and

E are calculated (see appendix). Finite difference counterparts of the transport

equations can be derived by a discretization of these transport equations over

the cells. To keep the truncation errors caused by this discretization small, a

depth grid iS us~d with the following properties (see fig. 4):

- the spacing between the grid points i s small in regions where important

gradients occur (e.g. near the bed).

- the cell around the first grid point iS small in comparison to the distance

between this first grid point and the bed.

- the grid is moderately non-uniform. A non-uniform depth grid requires less

grid points and so less computing time but strongly non-uniform depth grids

cause considerable truncation errors.

I
I
I
I
I
I
I

The bed boundary value for the velocity iS introduced by means-of a momentum

balance equation for the cell around the first erid point.

The time step has to be chosen small in most models for reasons of tlumerical

stability. Therefore the results of the computational generally do not depend

anymore on the time step used. (see chapter 4).
I
I
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I 3.3 Choice of the Constants

I Various constants and in some models a length-scale distribution

I
have to .be ~pecified. The constants are detemined from spe.c.ialflow

I
configurations, but some fine tuning according to the problem considered

is sometimes done (Launder and Spalding, 1972). In this report the

values as recommended by Launder and Spaldinr;(1972)are used (sec

table 2). The values chosen were the best overall values for a wide

range of boundary-layer flowsI
I constant k-model k-E-model

Cl 0.08 0.09

C - 1.45 x Cl =0 .130pe:

CdE: - 0.18/CI = 2.0

ok 1.0 1.0

° - 1.3
E:

I
I
I
I table 2

I
I

For the constant CbE:appearing in the free surface boundary value for E:

(equation 72) the value 0.07 is chosen (Hossain, J980). The length

scale distribution used in the mixing-leng th model and in the k-model iS

the Bakhmetev distribution (see equation 39).I

I

The varlOUS models and the influence of a variation of their constants

are investigated first. This investigation is carried out for the case

of a steady channel flow with a free surface and a normalized roughness

+length zO=O.OOI. The behaviour of the models in the case of a tidal flow

is mainly determined by the behaviour in the case of steady flow,as tidal flow

can be considered a slowly varying flow (see chapter 4). It was demonstrated
+in chapter 2 that for zO=O.OOI the viscosity in the upper part of the flow

iS hardly important. The viscosity profiles computed for this steady flow

are compared in fig. Sa. The differences appear mainly in the upper part

of the flow. Consequently the velocity profiles of the various models in

fig. Sb show only small differences.

I
I
I
I

I Additional comments on the choice of the constants are glven in 3.3.2 and

I
3.3.3.
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I
I 3.3.1 Simple eddy viscosity model and mixing-Iength model

I The eddy viscosity distribution prescribed 1n the simple eddy viscosity

(E-V) model is the parabolic distribution. In steady channel flow with

a free surface this distribution brings about a logarithmic velocityI profile (see 3.1). If in the mixing-Iength (M-L) model the Bakhmetev

I distribution is chosen for the length scale, the same eddy viscosity

profile and so the same logarithmic velocity distribution appear (see 3.2).

I

Knowledge of the mixing-Iength and the viscosity profile near a free

surface is limited. The influence of distributions that differ: in the

upper part of the flow on the velocity profile is small. periying the

mixing length and the viscosity distributions in the upper part of the flow

is therefore hardly possible. The differences between computations with d istri.bute"
_ions 'that devi~,te.-ir..,the upper uar't.-,sf',th~ flow-,-hovever," are also "smá.l.L,

I 3.3.2 k-Madel

I, In the equations of the k-model (equations J8, 49 and 50), the constants

CD' Cv and ok and the length scale distribuiion have to be specified

I
Near the bed local equilibrium of the turbulence prevails, so equation

I (65) applies, Cl in equation (65) is the product of Cv and CD (equation

I
il

52). Measurements of the {atio .: of the turbulent energy and the shear
I

stress in experiments near walls yield CI2~0.25 to 0.3, suggesting a value

of Cl of about 0.08 (see Launder and Spalding, 1972). The values of Cv

and CD depend on the choice of the length scale. 'ihen the Bakhmetev

distribution (equation 39) is used, at least near the bed, equations (39),
1 3/4

(30), (50) and (65) lead to Cv=C14=0.53 and CD=C1 =0.15.

I

The distribution of the Length.csca'le in theK=:mü'cfèiis'as pooriy_,:kI{o\:ro'asthe

miKing-length. Because of the conceptual correspondence between the two

length scales, they are often taken to be identical. The value of Ok

originates from measurements of Hanjalic and Launder (1972) in an asym­

metrie flow between two parallel planes with different roughness. The

diffusion term in the k-equation is more important in this flow configuration

than it is normally in wall boundary flows. The value obtained in this way

is 0k=I.0 (Launder and Spalding,1972).

I
I
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I
I If local equilibrium of the turbulence would prevail at every depth, the

k-distribution would be linear according to equation (65). The diffusion

term in equation (49) brings about a transport upwards through the :low.

As a consequence the turbulence energy content in the lower half of the

flow is somewhat smaller and in the upper half larger than the linear

relation would predict (see fig. 6). Values of the turbulence energy

.estimated from measurements of some turbulence intensities ~n free surface

I
I
I flows (Atkins, 1980; Nakagawa et al., 1975) are comparable to the values

computed by means of the k-model up to the surface. Variation of the

constants Cl and ok has only a small influence on the upper hälf of the

viscosity profile (fig. 7) and hardly any on the velocity profile (tabIe 3).

The same applies for other choices of the length scale distribution.

I.
I

I
(u+)

'z+=l

ok = I; Cl = 0.08 16.98

ok x 2 17.02

Cl x 4 17.02

I

·1

I
table 3

I
I

The values of the constants used by Smith and Takhar (1979) in their k-model

computation of "lorigwave flow deviate from the values usually accepted:

I
CI=0.4 and Cv=I.78 (Smith and Takhar, 1978). The length scale adopted

by Smith and Takhar is approximately the mixing-length in the near-bed region.

Close to the surface a constant length sca l.e is used. lVith these values of

Cl' Cv and i+ the viscosity near the bed is 2.4 times the value agreeing

with the logarithmic profile as given by equation (30).

Smith and Takhar have obviously used the constants of the k-model for

tuning the model, without giving due attention to all conditions that have

to be fullfilled.

I
I
I
I
I
I
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I
I 3.3.3 k-e;-Hodel

I In the equations of the k-e;-model (equations 18, 58, 59 and 60) many constants

have to be sp~çified Cl' C ,Cd' ok' ° and in the free surfacepe; e; e;
boundary condition for e; (equation 72): Cbe;'

Local equilibrium near the bed gives again equation (63), and hence

CI~0.08. Experiments on the decay of turbulence behind a grid yield

Cde;~ 2.0.(See Launder and Spalding, 1972). To provide a value for

C equilibrium of the dissipation near the bed is considered. Thepe;"
production of e;~n the e;-transport equation (60) can be related to

the product ion of turbulence energy, which near the bed approximately

equals the energy dissipation

I
I
I
1
1 k+2 ,,+ 2

= Cl (~)
c+ o:t x

C +
pe: e ~c;- k+

C +2
pc e :c;- k+

(73)

1 Substitution of equation (73) ~n the time-independent form of equation

(60) gives for near wall flow

I·
Cl a

+---° +e: dZ

+2 +
(.!:_~) = 0
+ +c oZ

(74)

I
I Rewriting of this equation by means of the expressions (65) and (68),

both applying for the near-wall region, yields

I
1

(75)

I \Vhen the Reynolds analogy for the diffusion of momentum, turbulence

I
energy and dissipation, meaning 0k= land

(75) yields C =0.114.pe:

° = I, is used, equationc

I The values of the constants determined above do not have' a firm

I

base, as the physical background of the k-e;-model, including the

assumption of the Reynolds analogy, is limited. The values in table 2,

recommended by Launder and Spalding (1972) and used in this report,

provide good overall values for a wide range of boundary layer flows.

The constants,however, do not satisfy equation (75) any more. This

means that the diffusion of e: is not correctly described in the e;-

I
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I
I transport equation. lfuen the diffusion near the bed is correctly

treated, satisfying equation (75), then the diffusion farther from

the bed is not reproduced rightly. Using the values of table 2,

the contribution of the diffusion of ~ is decreased, lessening ~

and increasing L (fig. 8a) and ~t above the bed reg~on. Actually

if one or more of the constants would vary over the depth a better

-but less useful model would be obtained.

I
I
I
I-

The necessary correction on the values of the constants that satisfy

equation (75) depends on the flow configuration. Much empirical

information is required for the tuning of the constants for a certain

problem. The obtained values are not always useful ~n other

situations. Concerning the problem, considered in this report, a

calibration ean be executed for steady flow. This ealibration will

be satisfactory ~n tidal flow in the tidal phases where the velocity

profile is approximately logarithmie. In tidal phases where the

velocity profile is not logarithmic different tunings would possibly

have preference. Fêrrt.hi s reason the computations are executed with

the broadly applicable values of table 2.

I
1
I
1
I Small changes in the tuning can have important consequences as -the

first two terms of equati6n(75) are much larger than the third term.

Small changes in Cds or Cp~ result in relatively large changes of the

contribution of the diffusion term ~n the ~-transport equation.
I
I Variation of the free surface boundary condition of ~ has an

important influence on the length scale distribution in the upper

part of the flow (see fig. Bb). In case of a zero-gradient boundary

condition as used by e.g. Smith and Takhar (1979) the maximum length

scale and the maximum eddy viscosity lie at the surface. The de­

pendence of the turbulence energy and of the velocity at the surface

on the free surface boundary condition of ~ are appreciable in the

steady flow situation as considered in this chapter (see table 4).

Experimental information about the behaviour of the length scale and

other turbulence quantities is scarse. Relation (72) and the value

Cb~=0.07 are only tentative (Rodi, 1980).

I
I
I
I
I
I
I
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I
I boundary condition (k+)z+=1

+
(u )z+=1

Cbe = 0.35 0.358 17.34

e = 0.07 0.528 17.27
bE:

Cbe:= 0.014 0.853 16.99

+ +
(ae:/az )z+=l= 0 0.981 16.87

I
1
1
1 table 4

1 3.4 Comparison of the Turbulence Models

1
1

The performances of the various turbulence models, discussed above,

are compared for the steady free surface channel flow of (3.3).

I·
The 4 wodels·discussed (E-V, M-L, k-model and k-e:-model) give

approximately the same velocity profiles (fig. 5b), corresponding

with approKimately equal eddy viscosities in the lower half of the

flow (fig. 5a). Only the k-e:-model gives somewhat smaller viscosities

in the lower half of the flow and somewhat higher velocities, while

tUning of this model for this exact problem is not executed. The

small difference between the k-profiles of the k-model and the k-e:-model

computations is caused by the different values of Cl used. E.g. using

C1=0.09, the k-model yields the k-profile of the k-e:-model•.The simpae

eddy viscosity model and the mixing length model give'identical~results when

the eddy ~iscosity distribution is parabolic and the length-scale

has the Bakhmetev distribution. The k~model, using the Bakhmetev

length scale distribution shows only small deviations of the velpcityC!
+near the surface and for Z ~0.25. The deviations are caused by the

diffusion of turbulence energy. The k-e:-model can be tuned to yield

the logarithmic profile of the E-V and the l1-Lmodels by changing

o C or C .:.The Lnf Luence of this tuning on the surface veloei ty
e:' de: pe:

is important (see table 5).

1
1
I
1
I
1
I

I
I
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I

1
model

+
(u )z+=1

E.V-model 17.14

-k."IDodel ]6.98

k":e-model IJ = 1.2 17.07c
o = 1.3 17.24
e:

cr ; = L4 17.49
E-

C = I.39 16.98
pe:

I

I
1
I·
I table 5

1
1

The k-e:-model tuned with e.g. C =1.39 yields a length scale distribution
pe:

close to the Bakhmetev-distribution (fig. 8c). The eddy viscosity

distribution and the velocity distribution agree closely with the results

of the k-model.

I The small relative roughness z~ in the considered flow configuration

conceals possible differences between the various models, as the velocity

distribution is determined mainly by the eddy viscosity near the bed in this

case. Diffusion of turbulence energy is hardly important near the bed and

the e:-transport equation yields practically the Bakhmetev-distribution

near the bed, so the eddy viscosity is equal there in all models used.

I
1
I

For steády flow configurations with a small relative roughness, e.g. flow ~n

rivers and channels, the k-e:-model (and the k-model) seem to be usefull

only in some special cases all connected with non-logarithmic velocity

profiles. The determination of the length scale distribution is difficult

in density-layered flow, around dunes on the river bed and along steep

channel and river banks, especially when the channel ~s strongly curved.

The k-e:-model can provide length scale distributions ~n those cases.

In density-layered flow the problem is more complex still, as the constants

~n the k-model and the k-e:-model depend on the density gradient. (See

'Ro_di\i98il)~-CorivectionG_f-k an~ e:is generally negligible in nvers, etc.

because of the short adjustment times of k and e:(see chapter 4).

I
I
I
I
I
I
I
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I
I
I

In nón-steady flow configurations the k-mpdel or the ~-~~model m~~ be the

suitable turbulence modëî if the t~~m_aèèounting for the time dependenee

in the transport equation of k or E cannot be neglected. (see chapter 4).

I
I
I
1
I
I
I·
I
1
I
I
I
I
I

I
1
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I
I 4. Tidal Flow

I 4.1 Computation of Tidal Flow with Different Turbulence Models

I The four turbulence módels of (3.I) are used to compute the veloci ties

and shear stresses in tidal flow in the situation of (2.2)(R=6.07xI0-3)

for 2 characteristic roughness heights z;=o.OOJ arid z;=O.OOO].

Again for simplicity the one dimensional flow model of (2.1) is used.

The depth grid is given in fig. 4.
I
I·

I

The development of the velocity profiles over the tidal cycle for
+zO=O.OOJ, cornputed by means of the four turbulence models, are

presented ~n fig.JO. The tidal period is divided ~n 24 equal parts,

during about half an hour each. Zero is the mark of the phase of

maximum surface slope or maximum pressure gradient. The time step

used is ]/2400 tidal period as this was the largest time step allowed

by the k-E-model in this case. The velocities computed with the k~E­

model are generally ]% higher than those computed with the other.

models. This difference is connected with the constants used in

the model. The shape of the profiles at near maximum velQcities

elosely follow the profiles computed in steady flow (fig. Sb).

The pres~ure gradient in the steady flow computation is taken equal

to the amplitude of the varying pressure gradient in tidal flow.

The maxmmum velocity in the tidal flow,however, is smaller than

the velocity in steady flow, as this maximum velocity takes place

about 50 minutes after the maximum pressure gradient.

I

I
I
I
.1
I
I
I

The differences between the velo city profiles computed by means

of the various turbulence models are negligible. Even at slack

water the differences are smalle They amount to time àifferences

of at most about 3 minutes or I! degree. Also the time difference

between zero velocity near the bed and near the surface ean differ

from model to model, but the differenees between the models are at most

about 3 minutes.

I
I
I
I
I
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1
1

1

The differences between the velocity profiles are connected with the

differences in the eddy viscosity profiles in the various models.

These are given in figure 11. The profiles at maximum velocity again

closely resemble the viscosity profiles in case of steady flow

(see fig. Sa). Near slack water the viscosity profiles differ slightly,

bringing about differences of the velocity profiles too. As was

discussed in chapter 3 all 4 models may be less precise near slack

water. The dip at slack water in the viscosity profile computed

with the mixing length hypothesis ~s caused by a zero-velocity

gradient at that point.

1

1
1
1

1

The flow at the higher velocities approximates steady flow, as is

shown by the correspondences between the velocity profiles of steady

flow and tidal flow and between the eddy viscosity profiles of the

two flows. The shear stress profiles in fig. 12 satisfy for the

higher velocities alinear dependence on depth conforming to a steady

flow situation. Only the shear stress profiles computed with the

k-e-model are shown. The other models yield shear stress profiles

that differ only slightly at slack water.

1

I·
1 In the momentum balance equation (18) the rate of change term can

be compared to the production term to examine if it can be neglected.

As R ~ 6xl0-3 and the maximum value of u+ is about J7, comparison

of the maximum value of the rate of change term and the maximum

value of the production term gives

1
1
1

+
(R au ) ."ä2f max·

+(cos 2'ITt) ~ 0.6. max
(76)

1 where the suffix max stands for the max~mum value over the tidal

period. Near the bed u+ is smaller and consequently the rate of
+ + +

change term too. au lat and cos 2'ITtboth vary over the tidal1
1

cycle. At phases with - a

. h·l ~u+/~t+ 11to~, w ~ e 0 0 ~s sma .

high velocity, the production a s high

So at the higher veloeities the rate

of change term can be neglected. At other phases this neglect

as not correct.

I
I
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I
I An analogous consideration can be used for the rate of change

terms compared to the production terms in the transport equations

of k and E (equation (49) or (59) and equation (60) respectively)I
I

+
(R Clk )

Clt+thax
+? +0.24 (u ') (I - z )* max

I +::: O. I z (77)

I and

I
+

(R ClE)
Clt+max

C +2 +
__Ef. (1 E) :::
Cl v~ ,'ïz=r max

+0.07(E )max

(u+/)
1.1 }\ max

z+

I +:: 0.07 z (78)

I Strictly speaking equations (77) and (78) do not apply near the

surface. The approximation of k+ used does not hold there. Near

the surface the rate of change term has to be compared rather \YÏ th the

dissipation term in each equation. The result will not be much

different from equations (77) en (78). Comparison of

equations (76), (77) and (78) shows that the rate of change terms

in the transport equations of E and k can safely be neglected if the

corresponding term in the momentum balance equation is ne3ligible. This

means that over a large part of the tidal cycle the almost logarith-

mie profiles of fig. 5, the k-distribution of fig. 6, etc. of the

steady flow are approximated. The magnitudes deviate, however, as

the pressure gradient varies, and its value differs mostly from the

pressure gradient assumed in steady f low , In fig. 13 the k+p rof iles

computed with the k- e-rnodeI are plotted. The k-profiles computed

with the k-model differ hardly.

I
I
I
I
I
I
I

I

The pressure gradient should have no influence on the length scale

distribution. The Length scaLe profiles ,indeed.vary hardLy, except

for <1 short period around slack wa t er (see fig. 14). Generally t lie

profile of the length scale in steady flow i s followed . F'igure 14

shows that cxcept . f or the period around slack wa ter, the k-model

and the k-E-model w i ll give exac t ly the same results if the lerigth

I

I
I
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I scale distribution of the k-c-model for steady flow iS used.

I The basis for this b-ehaviour of the k-c-model is the short adjustment

time of k and c when k or c h.:1vevalues that do not entirely èlljree
+

w i th the velocity gradient , If in cqua t ions (77) and (73) the T

+ + + +is changed sligh tly , large values for dk /'Jt and 'Je/'Jt ari se,

restoring the balance in a short time.

I
I
I

Computations with the other bed roughness z~=O.OOOI yield similar

results. The relative importance of the eddy viscosity in the
. + +

upper part of the f Iow is somewha t smaller even. du /dz for

logarithmic velocity profiles does not depend on zO' sa for steady

flow the solutions with all four models are exactly the same as in
+the case of zO=O. 00 lexcept for the veloei ties, to wh ich a constant

velocity iS added. In the tidal phase around slack water, where

logarithmic velocity distributions do not apply any more, differences

between the èomputations w i th the two roughness values occur in

several quantities, e.g. in the length scale. In fig. J5 some
+results of the k-e-model for zO=O.OOOI are plotted. Comparison

with figures 10 to 14 shows differences around slack water and in the
+accelerating phase, due to the larger phase lag. L hardly differs.

I
I
I
I
I
I Occasional higher values of z~ in tidal flow lead to larger differences

between the various models. The increased importance of the bed shear

stress results in smaller phase lags.I
I Smith and Takhar (1977, 1979) calculated a length scale distribution

using a k-c-model for a case of free surface channel flow under

long waves. The distribution calculated shows values near the

channel bed that are about three times as large as the value

theoretically derived, yielding much toohigh eddy viscosit±e~see

fig. 16). This result casts serious doubts on their exact elaboration

of the k-c-model.

I
I
I

4.2 Time Step and Instability

I The time step, ~t, needed in the various models to ~void instability

iS very different. The models using more differential equations need

shorter time-steps to provide stability. As the computing time is

more or less proportional to the number of differential equations

I
I used and inversely proportional to the time steps used, more

~I
complex models will need much more computing time.
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I
I ln table 6 the m1n1mum number of time steps 1n a tidal cycle. N. as

needed in the various models in this inves t iga t ion 1S g i vcn . ~10stly
. .. +

the f i rst grid po i nt was at Z =().025.I
I Model Ist grid point N(minimum for stability)

+E-V Zo = 0.025 always stable
+ 0.025H-L Zo = 360

k-model + 0.025 96 240Zo = to

k-model z+ = 0.1 960
k-(-model z+ = 0.025 24000
k-(-model + = O.I 720Zo

I
I
I
I table 6

I
I

The E-V-model was stable for all time steps used (down to N=6). The

velocity profiles remained good down to N=6 except for minor effects

near slack water, but the precision of the time-dependenc~ was about

proportional to ~t. The error in the time-dependence is dependent

on the exact elaboration of the E-V-~odel. In this investigation it was

about J/10 ~t. A minimum number of N=12 to 48 is recommended

depending on the precision wanted. The k-model was just stable

at N=96, but on this verge of stability serious deviations near

the'bed occurred.

I
I
I
I

The k-model and the k-(-model generally get instable when the time

step is so large that near the bed the dissipation or the turbulence

energy becomes negative. A measure of the verge of instability is

the reproduction time of the turbulence energy or of the dissipation,

defined by the minimum ratio of the qJantity considered and its production.I
I
I

The reproduction time of a quantity iS the time needed by the

product ion terms to produce the same amount of the quantity as

is present. So in a steady state the quantity iS completely

replaced in this reproduction time on an average. The normalized

reproduction time of ( and k can be estimated at (see equationsI
77 and 78).

I
~I
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I

I

k+ +
+

(R k+)min
( k R ) ,Tk = production +2/ + mln
T \lt

_1 +
z 10-\+,:oe Cl

2 R K(\"ï'f")min:oe 8.0 x (79)
mln

and

+ Cl +
+

(R
E;

E;+)min ( k R ) , 10-3z+T production
:oe 5.6 xE; C +2/ + .mln mln (80)

pE T \lt

I
I

I
I

I

where the suffix mln means the minimum value over depth
+ , + -4 +

For z = 0.025 thlS amounts to Tk :oe 2.0 x 10 and TE;

or Tk :oe 9 sec and TE :oe 6 sec. Values of N :oe 5000 and N :oe 7000

would result for the k-model and the k-E;-modelrespectively.

and tidal cycle.

).4 x 10-4I

I
Hhen equilibrium between production and dissipation is approximated

much lower values for Nare aILowed (see table 6), especially for the

k-model. \fhen,on the other hand, the initial values are not chosen

very carefully, then the calculated values of the minimum number of steps

are approximately needed.I
I +

The reproduction times of E and k are proportional to z. Taking the
+bed-most grid point at z =0.1, lowers the number of steps needed in

the k-E-model, but not considerably ln the k-model (See table 6).

Using then a logarithmic depth-grid ln the k-E;-model (see fig. 4)

diminishes the viscosity in the upper half of the flow by about 10%.

This has barely consequences for the velocity profile. Ta keep

computing time lower a linear grid may be used (see fig. 4). The

viscosity profiles in that case are severely affected, having consequences

for the veloci ty profiles in the Lower part of the f Low (see f ig .17).

The bed shear stress computed is about 10% smaller, using this r;rid

configuration.

I
I
I
I
I
I

The velocity profiles around slack Hater are influenced by the depth

r;rid .:1S the lognri t hnri c part of the profiles at slack wa tcr , used

in the bound.:'lryconditions, may'not extend to the level of thc r,rid

point nearest to the bed.I
I
I
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I
I The many time steps needed will severely limit the applicability

of the k-E-model for flows in estuaries, rivers, channels, etc.

I
4.3 Discussion of Some Results

I 4.3.1 Comparison with the results of Smith and Takhar

I Smith and Takhar (1977, 1979) use the k-E-model to calculate the

length scale and compare it to the length scale assumed in their

k-model. They are content with the similarity of the two profiles.

t.hough the ratio near the wall is 4 to 1, with important consequenc es

for the eddy viscosity there (see fig.16). The k-E-model in this

investigation on the other hand yields a length scale distribution

that approximates the Bakhmetev distribution, used in the k-model.

I
I
I
I Rodi (1980) mentions the k-model as the optimum model in tidal flow.

Theccomputations on which this opinion is based are the k-model

computations by Smith and Takhar (1979). Smith and Takhar compare

their results, however, with results from two simple eddy viscosity

models of Johns (I966) with improbable eddy viscosi ty distributions

i.e. a constant eddy viscosity and a parabolic eddy viscosity with

the vertex at the free surface. These models yield velocity distributions

that compare badly to the logarithmic distribution found by Johns (J966).

The simple eddy viscosity model of this investigation, using a parabolic

eddy viscosity with the vertex at half-depth, leads also to the

logarithmic velocity profiles. As the velocity profiles over the

tidal cycle can hardly be distinguished from the velocity profiles

computed with~the k-model, the simple eddy viscosity model is generally

to be preferred, considering the computation time needed.

I
I
I
I
I
I

I

Another point in fàv:our.of the k-model as mentioned by Smith and

Takhar is the good reproduction of the phase and amplitude of the

surface velocity. The k-model and the other models discussed in this

report can however, hardly improve a simple depth-integrated model in

this respect.

I

I
I
J
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I
I The depth-average of equation (6) reads

I auav--=at

'[·0
-5 - h (S) )

I
I

This can be rewritten by substitution of expression (9) and

equation (11) into

I
Ol\av--+
at

(S2)

I
1
I
I·

The friction velocity u can be expressed in the depth-averaged
*velocity u byav

)
u - u* B av

(S3)

where B ~s (see equations 25 and 21)

B = (S4)

I
I

Equation (S2) in normalized form is written
+

au I
R~+_"'u+ I + 1=

at + B"- av uav
+cos(2nt ) (SS)

I
I

I

The solution of equation (SS) is compared to the depth-averaged
. +

veloci ty computed wi th the E-V-model in fig. lSa-; t =0 is the phase

of maximum pressure gradient.

The phase of the surface velocity hardLy d~viates from the phase of

the depth-averaged velocity as can be inferra:lfrom fig. ISb, The·

depth-averaged velocity appears to be equal to the velocity at
+ .

z =0.36S = I/e, even around slack water. The bed shear stress from.

the E-V-model and from the solution of equation (SS) are compared

in fig. ISc.

I
1

'I
I
I
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I

I

Equation (85) shows that the phase and the amplitude of the depth­

averaged velocity,and so of the surface velocity too, depend only on

8, with R g~ven. So reproduction of these quantities ~s a weak

criterion to evaluate the performance of a certain model.

I

I The phase lag of the velocity with respect to the pressure gradient is

smaller when the shear stress term in equation(85)is more important.

Small values of 8 (large roughness values) or small values of R (correspon­

ding with large pressure gradients and flow velocities) give small phase lags.I
I The depth grid has to be chosen with care, otherwise computational errors

can be introduced. This possibly accounts for the non linear shear

stress distribution mentioned by Smith and Dyer (1979), and for the

deviation of '0 from a quadratic friction as found by Johns (1978)

who used a k-model to calculate the flow in a tidal channel.

I
I
I 4.3.2 Phase lag of the shear stress

I
Not many reliable measurements of the shear stress distribution

over the tidal cycle have been executed. Some measurements of tidal

f low in estuaries (Gordon, 1975) and the measurements of Anwar and

Atkins (1980) in a flume seem to point to an important phase lag

of the shear stress with respect to the surface velocity, the so

called hysteresis effect. The measurements executed till now do

not provide conclusive evidence of the phenomenon. The measurements

of Gordon and of Anwar (see Booij, 1981b)show toomany inconsistencies.

E.g., some measurements reveal an appreciable hysteresis of the.turbulence

energy, and others do not. (Compare Anwar and Atkins (1980 and 1982».

I
I
I
I
I

Tllevar~ous models used in this investigation all yield virtually the

same small hysteresis effect. (See fig. 19 for the k-model) This was

alre<1dyexpected, (see Booij, 1981a) because of the short reproduction

timesof k and E.I

I

An attempt has been made to reproduce measurcments of Anwar and Atkins

(1980) w i th t he k-rnodel, The vnria t ion w i th time of the surface

velocity could approximately be matched by imposing an appropriJte

pressure gradient see fiS. 20a. Tllesmooth bed of tlleflume was

rcpresen t ed by means of a properly vary ing rouglmess height . Host aspects

of the flow reproduced weLl, but the hysteresis effect was much smaller

than the effect mentioned by Anwar and Atkins (1980) (see fig. 20b).

I

I
I
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If more reliable measurements confirm the hysteresis effects, then the

models of the eddy viscosity type, as used in this investigation, will

have to be adjusted or replaced by more realistic modeIs.
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I
I Conclusions

I Measurements of steady free surface channel flow yield almost logarithmic

velocity profiles. The computations for steady flow in the one-dimensional flow

modelwith the four models used, k-e-model, k-model, mixing-Iength model

and simple eddy viscosity model, all reproduce these profiles good if they

are properly tuned. The k-e-model and the k-model yield small deviations

of the logarithmic profile, but these deviations are smaller than the

un~ertainty from the measurements. In tidal flow the models give nearly

the same almost logarithmic velocity profiles exept for a period around

slack water, which is in agreement with most measurements. Around slack

water the models give somewha t different profiles . All four models

however, are less reliable around slack water. The phase lag of the

velocities with respect to the free surface slope repróduces weIl

in all modeIs, but this ~s not surprising as a,depth-averaged model leads

already to the. same phase lag. No model yi.eLds a hy~teresis effect of the shear .

stress with respect to the velo city as merrti.onedi by some -investigators.

I
I
I
I
I
I
I·
I

The agreement of the models is not really surprising as only the viscosity

in the lower part of the flow is important for the vel.ocity . profile at

the small roughness heights used. The variation of the tidal flow is

so slow that the rate of change of k and E may be neglected in their

transport equations except around slack water. Larger differences

between the different models are only to be expected if these rate óf

change terms are important, or if the diffusion of k plays an important

role.

I
I
I

I

Considering the agreement of the results of the var~ous modeIs, generally

the simple eddy viscosity model should be pre~erred as the computing

time needed is the shortest by faro The usefulness of the k-E-model ~s

small as it is already unstable for quite small time steps. Choosing

the first grid point farther from the bed improves the possible time step,

but atea fractional depth of 0.1 still 720 time steps in a tidal cycle

are needed. This choice of the first grid point, however, influences the

results of the visoosity and therefore of the velocity and the shear

stress around slack water. The depth grid has to be chosen with care,

I
1

I
I
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I
I to give the best results. The often used equidistant spaei~g ean

give eonsiderable errors.

I
I

The physieal base of the k-model and espeeially of the k-e-model ~s quite

weak. The constants used in the model should actually vary over the depth

or over the tidal phase. The ealibration of the k-model and espeeially

of the k-e-model in the situation of the almost steady flow around

maxumum velocity ean g~ve wrong results around slaek water. In the

k-e-model the ealibration ehosen does not fulfill the reqüired conditions

near the bed but gives good overall resulti.

I
I·
I

I

The boundary conditions at the free surface are poorly known. In this

investigation the boundary condition of Hossain is adopted, as the boundary

condition most often applied, taking the e-gradient zero, gives wrong

results. The results of the k-e-model, however, are strongly dependent

on the choiee of the constants and boundary eonditions.

I

I In rivers and estuaries the k-e-model seems not appropriate beeause of

the short time step needed. If the speeifieation of the length seale

is diffieult, the k-e-can be used to determine the behaviour of the

length seale and so of the viscosity, but large eomputations ean then

be best exeeuted with a simple eddy viseosity model using the eddy viscosity

speeified in this way.

I
I
I

I

The eomputations ~n this investigation are limited to flows ~n tidal ehannels,

for whieh the one dimensional flow model ean be used. This model is not

appropriate for very high tidal waves (e.g. 1~1/h>0.1) and near elosed ends

of tidal ehannels, where conveetive derivatives ean be important. The

eomputations are exeeuted for tidal flows without a nett discharge over the

tidal period at some roughness values and veloeities, typieal for tidal

ehannels. The eonelusions, arrived at, however, are generally valid for

flows in tidal ehannels.

I

I
·1
I
I
I
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resistance coefficient of Chézy

constant in the k-model and k-e:-model

constants ~n the k-model

constants in the k-e:-model

constant in the free surface boundary condition of e:

turbulence diffusion coefficient

acceleration due to gravity

mean free surface level

kinematic turbulence kinetic energy

mixing-length

length-scale ~n the k-model and ~n the k-e:-model

length-scale ~n the viscosity

number of time steps in a tidal cycle

coordinate axes

kinema tic pressure

constant appear~ng ~n the normalized rate of change terms

pressure gradient connected with a surface slope

amplitude of s

time

time step

tidal period

reproduction time of k

reproduction time of e:

longitudinal velocity

friçtion velocity
."'=::::-:::..~"

friction veloci ty-'in steady flow

depth-averaged velocity

depth-averaged velocity i.nsteady f low

component of the turbulent velocity (i=1,2,3)

velocity scale in the viscosity

vertical velocity

longitudinal coordinate

j-th coordinate (j=I,2,3)

height above the bed

non-dimensional height used for the law of the wall

characteristic roughness height
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ratio of u and uav iK

dissipation rate of turbulence energy

displacement of the surface level

Von Karman's constant
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kinema tic Reynolds shear stress

bed shear stress

bed shear stress in steady flow

tidal wave frequency
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turbulent component
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- - - - - - - - - - - - - - - - - .- - - -
Logarithmic Linea r

z+(1)=0.025 z+( 1)z0.1 z+ ( 1)= 0.1
(normally used)

lO

z;rj:: ~r]:: 1.0,-10-_ z+j1-9z+i - -..._
<,

<,

0.8 '\ nR o.sts.\

30 1-20 -7 1
\Jl-1

0.6~ / / 0.6.f 0.6t ot:/

15

O.l.~ // ,,/ O_l.t-- 041= Ol:
la

0.21- »: 8akhmetev 0.21 0.2ts 0.21-2
___ similarity - 15

10

0 OCr OJ 00 0.05 0.1 0.15 • 0.2
L+

fig. 3. ~lixing-length dis t r ibu t ions . fig. 4. Used space-grids.



---------------------

2+j
0.8·-

0.6·-

0.1.

0.2·-

1.0 E_V on d M_L mode l
k - model
k - E:: -model

1.0-------....._
:---. -..;; .-.---: .:::::_-.- - .-

.-...-:::._-.
.~ <,...............

., <,<,

. "
~ "-

\.
\
\
J

z+r
0.8

0.6

0.1.

0.2

--- E-Vond M-L model
- - - k -model
-. - k -E::- model

I
V1
N
I

+
Zo 10-3

O~ ~ ~ ~ _L ~---

o 0.02 0.01. 0.06 0.08 .0.10
v+

OL_-- ~==~ __~ ~ ~
o 5 10 15 ~ 20

u+

a. Eddy viscosity distributions.

fig. 5.

b. Velocity profiles.

Comparison of t lie resul ts of the various models for steady flow.



- - .- - - - - - - - - - - - - - - - - - -

la 1.0,--- __

k - model
k-E-model
linear distr.

z+l

0.6

0.1.

0.2

0.8

0.6

0.1.

0.2 ,_

--=:: ""'"" C. =0. OS-..;;::
-.........:.........- -<C.=0.32

<, lc.=o.oa
<,

<,
<,
<,

<,
<, ,,\

'\

Uk=l.O
O'k=1.0
Gk= 2.0

I
\.Jl
W
I

01 ~ _L _L~~~

o 1 2 3 .4
k+

O~__...__...~__...__...~__...__...~__...__...__...~__...__...~

o 0.04

fig. 6. Turbulence energy distributions

for steady flow.

fig. 7.

0.02 0.01. 0.1
~V

0.04

Eddy viscosity distributions for steady flow

calculated with the k-model IIsing different constants.



---------------------
1 0 _ .......;;;:~-::-;: _
. I "'--:--::---.:::.....

-.......:.,,"~'" ~. ~
\ \
} I

.I /
/ /
. /

.1 /
/ /
.//

',0
./~

/ó
• 1-

.~
.d-

z+l
0.8,-

0.6

0.1.'-

0.2

CbE=0.35
1

Z+l

aEjaz =0

I
Vl
.c­
I

0.6

O.L.

Bakhmetev
- - - k-E-model (table 2)
___ k_E_model (eqn 75)

. (CdE= 1.86)

0.2

0.05
O~ ~ ~ ~ ~
o 0.05 0.1 0.15 0.2

O~---------~---------~---------~---------~o 0.1 0.15 • 0.2
L+ L+ •

a. Satisfying equation (75). b. Dependenee on the free boundary condition for ~

fig. 3. Length scale distribution calculated with the k-E-model for

steady flow.



---------------------
1

2+j
1.0

/
I

Cpe:=0.125I
\

-.;;;
--- Bakhmetev
- - - k-E-meter z+j

0.8'-0.8

0.6 0.6

0.1. 0.1. .-

0.20.2

o I
o 0.05 0.1 0.15 • 0.2

L+ .

'Cpe:=0.130,,
\
\
\
\
\
I
I
/
/
/
/
/
/
/
/

I
\.Jl
\.Jl
I

k -model
- - _ k- E-model

zo= 10-3

-0.2 -0.1
O~--~--~~--~--~~

0.0 0.1 0.2 .. 0.3
u+-u+

E-V

c. Tuning of the k-E-model for st~ady flow.
fig. 9. Difference between the veloeities calculated

with the k-model or k-E-TI1odeland the

fig. 8. Length scale distribution calculated with

the k-E-model for steady flow.

logarithmic velocity profile of tllesimple

eddy viscosity model.







- - - - - _. - - - - - - - - - - - - - _" -
ONE TIME-STEP IS 1/2Ll PERIOO
o IS THE PHASE OF MAXIMUM PAESSURE GRRDIENT

INCRERSE OF THE VISCOSITY
--------OECRERSE OF THE VISCOSITY

,.-,

Cl Cl
Cl Cl

-
z+1z+ 1 \,,,

"' <, -...:: .....~ ., I , , ~,
\ Cl0 ,

coco ,
Cl \ Cl ,

\ \ "'\ \
,

\ "'\
,

\ \ \
\

\ Cl I \ \:~ II \ W I \\ \ · I I \\11 \ \O\~2 I• \ Cl I \ , I.n, ,
00

I , , I ,
I2 I ,

~8 ~6 .,9 h, I I I:~ I , Cl I J ,
I I :r . I I I
I , · , , ,, / Cl I I I,
I I I I

I I /
I I /:~"" I Cl I I
I r..l I I
I + 10-3 · I / ~//~/%~ + -3Cl I I Z = JOI Z = I I 0I 0 I II I II ( I, ...~ f, ,

,I 1/
Cl Cl

0Cl ·
0.02 0.04 0.06 0.08 0; 10 CU.OO 0.02 0.01! 0.06 O.OB 0.10

-,+ ----+ -.1
" + ~~,

"
a. Simple eddy viscosity model. b. Mixing-length model.

fig. 11. Eddy viscosity distributions in tidal flow.



- - - - - - - - - - - - - _._ - - - - - -
ONE TIME-STEP IS i/2ij PERroo
o IS THE PHRSE OF MAXIMUM PRESSURI: GRGOIENT

INCREA5E OF THE VISCOSTTT
--------DECREA5E OF THE VISCOSITY

o 0
o 0

.+ l z+1
o 0
00 ~

o 0

~

. ," \ -, \ \ "o I t, \ -...J, , ,

u: ! '~'. te ~ ~ \ \" '. \ " )\ 0,0, I \ 0 1 I 1 , I \ \0
I I 11 I 2 ' I I I • ' ..,' •... I
'9 '7 'r' 19 '8 '7r , , ...) I I ,

lIJ , I I
o~' I I 0' , I::!' I I I :r I I ,., " .
o I I / 0

I
I
I

~~ / // ///// //~/~ .: = 10-3 31 IJ / / /' //:./' z+ 10-3
" II ~/. .: /~ 0 . /1 // // //~~ . 0 =I .. .,

~

I
o 0
o 0

~--------.---------r--------.--------' .~~~------~----
0.02 0.04 0.05 O.OB o.j o 91.00 01.02 0.04 0.06 0.08 0.10•+ +v v

c, k-Model d, k-e:-Model

fig. 11. Eddy viscosity distributions in tidal flow



I
I
I
',I
Izt

ó

I
I
I
I
I
I

I
I
I
I
I

I

-60-

C~E T!HE-~i[t !S 1/24 PERleo
o 15 T~E PH~SE CF ~~XIM~M FRESSURE GRGOIENT

--- !:'CREt:;SE.OF T"iE SHERR ST"lESS
--------OECRERSE ClF THE SHERR STRESS

C)
Q'

::>
0::

Ó

C
:r
Ó

\,
\

\
\
\
\
\
\
\

\

'\
10 7 6

~ __ ~~_J~_~21~7 __ ,-~I~~_-c~19~_~~~_~2~2~~ __ ~~2~3~_~~~C~~~1~2_~
_'I. (Je ob. se -b.o.:.o -b.20 C',20 L): ~o 0'.60 C: 80 I'.00

Cr.
Ó

c
c
ei

fig. 12. Shear $tress distributions in tidal flow

predicted with the k-e-model.

CNE TIME-STEP IS 1/24 PERIOD
o IS THE PHASE. OF MRXIMUM PRESSURE GRROIENT

--- 1NCREASE OF T'1E ENERGT
--------DECREASE CF THE ENERG r

,
\,
\

\
\
\
\
\
\
\
\

\
11 c 12

1.CC 1.50 2.00 2.50 3.CO 3.50

k+ •
fig. 13. Turbulence energy distributions in tidal' flow

predicted with the k~e-model.



- - - - --- - - - -- - - - - - - - - -
ONE TIME-Sf EP IS 1/24 PEA!OO
o IS THE PHASE OF MAXIMUM PRESSURE GRAOIENT

0 0
.0 0

·Z·r
.~

Z+r
0 0
te te

0
.....~ ... 0

o
UJ

,,,
\
\,, \

I ,
I

!9
I,
I, I

/ I, I
/ /, ,

/ /,
/,

,,-
, ...-

... ./

+ 10-3Zo =

o

o
CD

·o o

o
::2"

Cl
::2"

o·o

o
(\J

o
N

·o

o
o

o
Cl

0.200.04 0.08 0.12 0.16
.....~r ,

L
a.

fig. 14. Length scale distributions in tidal flow

predicted with the k-E-model.

')

I
0\....,

'9I

/

11 10

/

"

+
Zo = 10-4

0'. 16 0.20.O.Oll

Length scale distributions
+

L
•

fig. 15. Predictions with the k-E-model in tida~

flow for a different bed roughness.



I
I

-I

I..
I
I
I

1 .. 1
I
I
I
I
I
I
I
I
I
I

oo

-62-

O"'E TIME-STEP J5 1/2ij PER!CO.
0 IS T'"!EPH'l5E CF "'lX!r:L:M"RESSURE GRC;Dl~NT

------C;CCELE~qT!C~ OF To.;EFLOw
---- -- -- CH F.LERtli !O~j OF TliE fLOw

15 13 12 1I 10 9 8 6 5 ~
16 17 I~ 19 20 21 22 23 D I a

~ \ \ I i I i . j

· 1 I I I I :· I I I I I . I• I I , I I I I• 1 I I 1 J J I• I 1 I 1 I I I
I I I '1 I I I I
I I I .01 I I I I
I I I I I I I I, \ \ I I I I I, I I I I I I.,

I I.
I.
I

.' .
I I. .

I
I
I
I + 10-4I ZoI

b. Velocity profiles

. I.
I .

\
C ·::r \
é \

\
\
\

c I•• I

C I
\
1,

\
"7

11
C.OO 0'. SO 1.00

cc

..., +u

O"'E T!ME~STEP IS 1/2ij PERIOD
o ls To.;F.PH'l5E OF M'lX!MUH PRE55URE GRROIENT

--- HlCRERSE CF T'1E ENERGY
-------- OECI',ERSE Oi' To.;EENERGf

.c ,

fig. 15.

i .se 2. OC 2.50

Turbulence energy profil~s

Prediètions with the k-E-model in tidal flow

for a different bed roughness.



---------------------

z+l

ONE TIME-STEP IS 1/24 PERIOD
o IS T~E PHGSE ar ~qXIMUM PAESSUAE GAROIENT

--- INCf1ERSE OF T'iE VISCOSITY
.. - - - - - - - 0 [: C A E R :i[: a i: T Y E v I SC a 5 I T Y

Cl
a

Cl
co
Cl

Cl
CD

Cl

,, , ,
I I I,
I
I

~9 ~B
I la I 1;1 ;1;13

I

I,
Cl
::r
Cl

Cl
(\J +Zo = 10-4Cl

Cl
o

CU'. DG 0'.OE0~04 0.08 0.100.02 ..
d. Eddy viscosity profiles

+
"

fig. 15. Predictions with the k-E-model in tidal

flow for a different bed roughness.

I
k-model 'I
1<-E- model I

I
I,,
I
I
I
I
I
I
/
/
/

/......

r

1.0· .

z+j
... 0.8

0.6

0.4

0.2

Ia-lf'

0'< __ - I , ,

o 0.05 0.1 .. 0.15
L+

fig. 16. Length scale distributions mentioned

by Smith and Takhar (1979).! I

.A



I
I
I
ol
I
,I
I,
I
I
I
,..1·
I
I
I
I
I
I·
I
I
I
I

.e

~I
è

o
".

o

e..
è

-64- ONE TIME-STEP IS 1/2ij PERlCD
o IS THE PHG5E OF MGXIMUM ~RESSURE GAGDIENT

_ "CCELi:rGi!C~o er T'1:' f'LO,",

--------OECELERC,TIOr-. OF T"iE rLO,",

na 1'2
15 15

] C
]9

. 9 G 5
23

~ 3o l?s 7
22
I

I
, .

I1n 18, ;,
2e 21

,,
,

+ ..
U

fig. 17. Velocity profil.esi.ntidal flow predicted with the

k-E-model us~ng a coarse equidistant space grid

20

-20

"""

a. Variation of~the depth-averaged velocity over the tidal cycle.

. fig. 18. Comparison of the simple eddy viscosity model and

a depth-averaged model

11
00

"11

,--- depth -overoged model: u!v
- - - E-V model:] u~vlu+ (z+=0.368)



11

11

11

I
·1
I
I

oc.

-:-65-

ZlH~I.(lC

ZlH.C.C:;

<>c:.

"

+t

.....

...;

+ -3Zo =. JO.

11 b. Variation of the velocities at various depthsover the tidal

cycle calculated with the simple eddy viscosity model.

~I·:
I
I
I
I

I·
I
·'1
I
I

-- depth -overoged model
---E-Vmodel

'/
'/
'/r

V
V

-0.2

t+
-_.1.0

-Q.L

0.5 0.70.60.1 0.2

-0.8

-1.0
c. Variation of the bed shear stress over the tidal cycle.

."fig. 18. Comparison of the si]Ilpleeddy viscosity model and

a depth-averaged model



I .(

-66-

I
I
I
I
I
I Cl

Cl

I ,+r ZlH:O.OO

Cl
, a::J

I Cl

ZlH;O.2tt

I 0
<!).
Cl

i I Cl ZlH;O.SO
::r

I
Cl

I
Cl ZlH;O ..75N

Cl + 10-3Zo

I Cl
Cl

I
91.00 4.UO 8.00 12.00 15.00 20.00

+u

I
I fig. 19. Hysterèsis diagram calculated with the k-model.

I
I
I
I



I
I
I -;;-' 1.0

~l
::;,I

I
I
I
I

-67-

--- intended surfnee veloei ty (Anwar)
+ meo sure d surfnee velocity (Anwar)

---attained surface velocity
(k-model)

I
°0~--------1~0-0--------~20~0~------~3~0~0--------~~~--.

t [5]
a. Variation of the surface velocity with time.

I
I
I
I Q6

I
I 0.1.-

I
I
I
I
I
I

fig. 20.

-- k-model
-- - Anwar

+ measurements

b. Hysteresis diagram (z+ 0.11)

Comparison of the hysteresis effect calculated with the

k-model and the measurements of Anwar and Atkins (1980)



I -68-

I
I Appendix

I Computational Procedure

I
The transportequations of u, k and E

in the finite difference form are

derived by a discretization of the

equations over cells around the grid

points. u, k and E are calculated at

the grid points. The transports of u,

k and E by diffusion are computed at

the cell boundaries, which are situated

halfway between'the srid points. As an

example the expression for the shear

stress at A 1n the k-model is elaborated

(see equations 7 and 41)

I..1

Ce.ll

I
I
I

I

I 1-1

I
I T(A) -v (A)(dU)~ -C ylk(I)+k(I-I) L(A) u(I)-u(I-1)

t dZA v 2 z(1)-z(1-I)
(86)

I In this expression the value of k at A is replaced by th€'average of the

values of k at the grid points around A.I
I The rates of production and destruction of u, k and E within the cells

are calculated at the ~rid points. In most cases this calculation

is straightforward. The expressions for the production of k and E,

however, contain velocity gradients. Therefore the rate of production

of k (and an analogous part of the expression for the rate of production

of E) is replaced by a mean value of thc rates of production of k at

the ccll boundaries.
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2 2
\) (A)~_u(I)-u(I-1:)} + \) (B){u(I+1-)-u(I)}
t it'I~"'7.~~l.:;_H t z (I+l:-)-z(I)

kprod(I)
z (1+1) - z (1-1)

-(87)

Each finite difference counterpart of a transport equation is solved

by means of a fully implicit banded matrix procedure (IMSL LEQT1B).

The finite difference equation to be solved in this procedure is

linearized by treating the production terms, the destruction terms -;

and the diffusion coefficients as known quantities, calculated from

the previous ~tep.

The bed boundary value for the velocity is introduced by means of a

momentmm balance equation for a cell around the

first grid point. The cell boundary at C is

chosen at the same distance of the first grid

point as the boundary at D. For the shear 2
stress at C an expression of the following

form is used

1

L(C) = -u lu l(l-z+(C»)
* *

lu(l) lu(l) (88)

In this expression for luCl) I the value

calculated at the previous step is used.to

linearize the finite difference equation.

I
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