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THE USE OF DEPTH-AVERAGED CURRENTS TO ESTIMATE BED SHEAR STRESS

as applied fo a num erical model of the Sizewell—Dunwich Bank area

Specification of the Problem

The problem tackled in this report has arisen in connection with the development
by I0S (T) under contract to Department of the Environment of a two—dimensional
vertically integrated num” srical model of current and sediment dynamics over the
Simewell-Dunwich (S~D) Bank area of the southern North Sea. E%e model is now
almost at the stage where depth~averaged current velocities lj can be accurately
predicted, given tidal elevation boundary conditions at the three open boundaries,
and the next step is to use these velocities to predict bed shear stresses 7;

for insertion into sediment transport formulae.,. This informal report presents
the results of a two month study of the feasibility of making this step for the
general case of tidal flow over a sea bed with topography, with application to the
particular case of the S~D Bank.

The problem can be considered in two stages:

1. How accurately can a vertically integrated model predict bed shear stresses,

and would a three~dimensional model be appreciably more accurate.

2. Given accurate stresses, how successfully can they be used in sediment
transport formulae; and if the stresses are inaccurate what error in sediment

transport rates can be expected.

{
This investigation is chiefly concerned withthe first of these questions. The
second is a topic which is of more general concern to the sedimentation side of
108 (T) as a whole and will only be discussed briefly. The numerical model itself

might be used to explore some aspects of the second question.
I have tackled the first question from a number of standpoints:

(i) survey of the relevant literature on analytical and numerical models.

(ii) survey of the relevant literature on field observations

(iii) analysis of our own velocity profile measurements made in Lyme and Weymouth Bays
(iv) analysis of Barbara Lees! velocity profile measurements made in the S=D Bank

area.

The area modelled is shown in Fig 1 where the coastline on the western boundary
has been artificially straightened for modelling purposes and the 8m depth contour
arbitrarily chosen to delimit the bank. Also shown are selected grid points of the
model, and the positions where velocity profile measurements have been made.

Typical values of the more important parameters together with their notation



are shown in Table 1. These values will be used throughout the report to assess

the magnitude of certain flow features when applied to the S-D Bank area.
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Parameter : Symbol Value Comments
Lengbh_.ofi)ank e AU 5km B ) e e et e
Width of bank - 1 km g At 8m contour
Water depth outside bank L, I 10 m
Water depth over bank - 5m
Tidal range - Te5m ».

Tidal frequency 9 1.40x10‘4rad.s—1§

Coriolis parameter ; T’) . 1.15x10‘4rad.s—1é

Max depth averaged valocity max 100 cm.s™] )

Max friction velocity max . Uy 5 cmes™] % From Marconi current
Max bed shear stress max ., (, 25 dynes.cm™2 ) meter data

Drag coefficient C*" .0025 g

Roughness length Ze .05 ¢m )

Vertical eddy wviscosity

K 250 cm2.s™1 From Bowden et al
' (1959), Red Wharf Bay
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Table 1: Typical values for the Sizewell-Dunwich Bank area

The full vertically integrated equations of motion are:

R R
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where v is the depth averaged velocity in the 3 direction, § the surface
elevation, E‘j the acceleration due to gravity, {3 the water density, G has been
resolved into (px and 'ch s and the remaining symbols are defined in Table 1.

The symbol \j\) will be used to designate the weak east—west component of current
from the point of view of thf model only; in the rest ofﬁ\ the report the dominant
current will be designated U e The advective terms VQV/% etc are a good
approximation to the integrals ”t‘\‘j:\ V%% CIZ- etc provided that the velocity
profile takes one of certain plausible Torms. Horizontal diffusion of momentum

has been omitted from the equation for the present purposes, though for completeéness

this should also be estimated,
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Contour values in metres.

Fig. 1. Area covered by Sizewell-Dunwich Bank numerical
model, with coastline on west artificially
straightened. ® 106, selected gridpoints.

A BS1, Braystoke current meter stations.

X Marconi current meter array position.
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&g a first step towards identifying the role of the various terms in the
present context the model was made to produce time series of each of the
terms throughout a tidal cycle at each of the selected representative
gridpoints shown in Fig 1. The model was run with only the terms 1, 5, 6,
Ty 11 and 12 included, as these were thought to be dominant, but the remaining
A A

terms were calculated from the values of U and V produced. (Tox
and z;ﬂ were calculated usng a quadratic friction law as will be
discussed later. Figs 2 - 7%nshow that the ij components on top of the
bank (gridpoints 795 and 6L5) represent a balance principally between the
friction and slope terms, with acceleration playing a secondary role and
Coriolis being negligible. At the edges of the bank where the bed slopes
steeply (gridpoints 106 and 792) the advective terms become important.
Figs 8 ~ 13xghow that the modelled 7( components, the friction, slope
and acceleration terms, are all small everywhere. The advective terms,

A A . ,
particularly V 5\1}/ (a:j y are generally large, especially at the edges
of the bank (gridpoints 792 and 801), and the Coriolis term is also
important everywhere. The inclusion of thé advective and Coriolis terms
in the model will alter the balance of the terms, possibly in such a way as
to alter their relative importance, but it is likely that the friction term
will remain of primary importance so that its accurate modelling is important
not just from the point of view of sediment transport but also for the
prediction of t> and (7 . Various of the terms can be associated with
the aspects of the relation between bed shear stress and depth averaged
velocity which will be considered in the succeeding sections: the
acceleration terms with the phase, the Coriolis terms with direction, and

the advective terms with spatial development. As none of the terms is

negligible, all the aspects need to be‘considered.

Bed shear stress is estimated by the S-D Bank numerical model, in comﬁon

with the majority of vertically integrated models, using a quadratic

friction law

¥ [t aud G? ‘x@;“@\’b 3
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where the drag coefficient C? is constant over the modelled area. Use
of this law assumes that the magnitude and direction of (2; at a point in
space and at an instant in time is determined only by the magnitude and
direction of (ﬁ’ at the same point and at the same instant. Qu;iition
1 above has been subdivided to investigate this into the questions

A

(i) Does Q; exhibit any time lag or lead relative to \)
A

(ii) Is the direction of [, different to that of U/

(iii) Does topography introduce differences in the spatial

WA
distributions of Q; and L)l‘)

Questions (i) and (ii) are linked, as phase and direction are mnly
separable by making an artificial distinction, and somé of the models

and observations described _consider both. The distinction will generally
be classified by the context. The problem is fundamentally that of

the relationship between near-bottom currents and near-surface currents,

as (&x is closely related to the near-bottom currents, and t) will be
dominated by the near-surface currents. In what follows the behaviour

of KJ% will sometimes be approximated by thiat of the near-bottom currents,
and the behaviour of t> by that of the geostrophic ot free-stream velocity

\%ﬂ , the surface current \Jg , or currents well away from the bed.

The quadratic friction law has been most extensively studied for the case
of steady flow over a flat boundary, so this will be summarised before
progressing to more complicated estimations. Steady turbulent flow over
a flat rough boundary produces a turbulent boundary layer which grows
downstrean until it occupies the entire water depth. Near the boundary

the velocity profile has the familiar logarithmic form

. 2
where K ¥(kis von Karman's constant and "-C_, = /o’v{w . Outside this the
b 4



velocity is greater than predicted by the log law, by an amount which for a
smooth boundary is given by Coles' wake law (Mohin and Yaglom, 1971).

Assuming this to hold for a rough boundary gives

U(Z> = U /w\(é> 1 ‘@_‘_ f/ - (53 (V:E)) gQY ZSz< g -L
where S; is the boundary layer thickness, and .TT a constant experimentally
found té be 0.55 (Fig 14). Assuming fully developed flow (which it may not
be)) S 2& , and using S-D Bank values indicates that the log profile alone

is valid to better than 10% throughout the lowest 88% of the water depthw

The lowest 15% of this contains a constant stress layer (Harvey and Vincent,
19773 Bradley, 1968). If the flow is very deep and time scales large,

such ag in the atmosphere or the deep ocean, the free stream flow is
geostrophic, and the boundary layer no longer has to grow downstream but

has a constant thickness 0.3 ux/}). The velocity profile hear the boundary
follows the log law, whilst above this the velocity increases and veers to
match the geostrophic flow at the top of the boundary layer, as described
in Section 3. In the éowest portion of the log layer the shear stress is
again roughly constant in both magnitude and directicn throughout a layer
of thickness 0.2 ui/uﬂ‘? , where U,x; is the geostrophic flow speed (Wimbush
and Munk, 1970) Conditions in the S-D Bank, and over large areas of the

continental shelf, lie between the extremes of the thin developing boundary

layer and the full planetary boundary layer.

To help assess the important characteristics of the flow dynamics in fhe
S-D Bank area a few scale lengths have been calculated (Table 2) using the

numerical values given in Table 1.



e N -
Viscous sub-layer 12‘V/M¥ . .027 cm ﬁsi'gﬁﬁfﬁézig'ViSCOSity
Constant stress 0.15 K 1.5m for 'devezgggnm' houndary
layer layer
" n " O.2i4§;(%og Lolm fo§a§iinetary boundary
logarithmic layer - 7. Tm see text for expression
planetary ?oundary O.3(Axﬁ{’ 130m see section 3
Ekman layerayer TTCZK/§>Vz 66m " " T
Stokes layer TT(ZK/G‘) h 59m gsee section 2

TABLE 2  Scale lengths for the Sizewell-Dunwich Bank area.

Sediment samples taken by Lees (1977) in the area reveal that over the

bank the bed is composed of fine rippled sand which probably has a ripple
height of somewhere between 1cm and 3cm. This is larée compared with the
viscous sublayer thickness so that the flow will be hydrodynamically rough
for most of the tidal cycle. To the west of the bank the bed has a veneer
of fine sand of diameter about 180/Mw4 which is probably not rippled
so that here the flow regime will ge transitional. To the east there is

gravel o? maximum length 8cm where the flow will again by hydrodynamically

rough.

The water depth is small, but not negligible, in comparison with the

thicknesses of the planetary boundary layer, Ekman layer and Stokes layer,
A

so that direction and phase differences between 7; and (} are likely

to be correspondingly small but not negligible.

, A
PHASE DIFFERENCE BETWEEN Qk AND L;

The use of a quadratic friction law relies on an assumption that Ugx is in
A
phase with K) throughout the tidal cycle, but it is easily seen that this

need not be so. The equation of motion for the k} component of velocity

for a sea uniform in the horizontal directions over a flat horizontal bed

6
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Schematic representation of the velocity profile satisfying

Fig 1hL.
Coles' wake law (from Monin and Yaglom, 1971)



omitting Coriolis terms reduces to

BU(Z.) = —-c; 3; £ 4 BE
2 Vix  f oz -5
where ; is the surface elevation and ( the shear stress. At a height
Z=3 well away from the bed we will assume that the effect of fridion
can be neglected, so that
ot ox ‘
s

If the friction term at a height Z=b near to the bedﬁlinearised and assumed

-6

to be proportional to ard in phase with the near-bed velocity, then
! ANV
LT ARV |
f ¥z lz"—b -7
where A is a dimensional positive function of Z , so that

Ylb) . Wls) — Al U(b) _ 8

i dt
Inserting a sinuscidal tidal time dependence U(SJ’—‘ U , (oS (Tt and
U(L)‘»’ ULDCGS(G"H’&') and re-arranging shows that U(D leads U('&) by a phase
6 = arctan (" A(L) /(j’) which is pmzzih positive as A is positive.
A

(‘-C] is in phase with U(D , and U is approximately in phase with U(S)for

A
typical velocity profiles, so ‘_G must lead U .

In cases where the terms omitted from the equation of motion above are
retained, or where the friction term is nonlinear, it is not always possible
to define a phase difference, as i(c ig no longer sinusoidal. In what
follows,the term 'phase' is sometimes used in connectionsz with these cases
and should be understood to mean the phase of the dominant harmonic of ‘I,

or for a quadratic friction law, of L{%, .

The thecretical treatment of the problem can be developed by expressing

the friction term in eq. b uging an eddy viscosity approach. In the

-1



simplest cast Lamb (1975) assumes that the eddy viscosity K is constant
throughout the water depth f\, and also constant in time. This is a
particular case of the Stokes shear wave problem, and for our present

purposes the solution for U can be integrated from Z=0 to Z‘—‘[L to
give A c\,
U = S U Clz

= R ep(1¢)
shere K, = i[{\)(&s%%mb} (shkb - m)}+{mkl> m\)] ]/Q/B(Ccsu -l-wx}))

Taking the derivative of the solution for U with respect to z

evaluated at the bed

C=kal .,
N = Q &F(i@> - 10
where Ez )lk (%ww.\)_{_ \)> /(CcsL\\D +(.L‘fl))
and g).,_:(\"t ’%-‘* CWC{Wn(%W\\)/K\:"L\\O

Thus ra leads U by a phase angle 5:@1- &. The functional dependence of £

on E is shown in Fig 15. In the limit as 6\.90 the shear stress is in
phase with the depth-averaged velocity. As the water depth increases the

shear stress exhibits a phase lead over the depth-averaged velocity, tending

N
towards a lead of L5° as L.“700 .

For the case of infinitely deep water a suitable scale height Zst is given

by the height at which the fractional departure from the free stream flow

Z ,Cn'a' ZK)&

The value of b using S-D Bank galues i% 1.06, which from Fig 15 corresponds

T
1s€,

-1



A 2
Fig 15. Phase & by which U, leads U for the Stokes shear wave as a function of l?' (2_&,0’/&2) A

Also angle by which U is anticlockwise of U for the Ekman spiral as a function of bEK (Z.Cm ("/ >



to YL leading (> by 1.9° (1° is about 2 mins for the semidiurnal period).
A more realistic form for the eddy viscosity is used by Smith (1977a)
who takes k{ to increase linearly with distance from the bed but sgtill
to be independent of time. The boundary conditions used are those
corresponding to an infinitely deep ses. Inserting S-D Bank values

A
into his solution indicates that ; leads |/, Uby 8%, but it is likely
that if more suitable boundary conditions corresponding to a shallow sea
were used in the solution thig value would be much reduced. Bowden et
al (1959) include a Coriolis term in a two layer model in which ‘( is
taken as constant in the upper layer which occupies the top 90% or so of the
flow depth)and the lower friction layer is used solely to provide a boundary
condition at the interface between the layers. Numerical values corres-
ponding to Red Wharf Bay are used which are very comparable to those for
the S-D Bank area, and his results show that (takgn as equal to the

A
stress at the interface) leads U by 1.6°.

A considerable body of work on the numerical solution of shear wave
problems has been produced by Johns, both as applied to shiallow-water
surface waves (1975, 1977) and to tidal flow in estuaries (1969, 1970,
1976). Throughout the work the friction term is treated using a mixing
1engthvapproach, with the mixing length being a specified function of height
above the bed, whose form is chosen to suit the particular problem. The
effect of introducing a phase difference between QZ add t> is
discussed by Johns (1969), but none of the conseguences (such as energy
dissipati-n) discussed lead to a prediction of whether the phase should be
positive or negative. A prediction that ?L leads LB can be inferred
from velocity profiles presented by Johns (1976), although mmxzhi neither

A
T; nor K) is actually plotted in this paper. The time-dependence

of T; throughout a wave-cycle is given specifically by Johns (1977),



in which the turbulent kinetic energy equation is introduced into the system
of equations governing the boundary layer dynamics beneath waves so as to
allow transfer and dissipaticn of turbulence energy. Fig 16 reproduces
this, and it is seen that the time variation of Q; is not simple, nor

is it approximated well by a quadratic friction law. However, it is not
clear how this should be interpreted for the present case of tidal flow

in water of limited depth.

An attractive treatment is given by Vager and Kagan (1969) whé include
Coriolis terms in the eyuations of motion and effect closure at the level
of the turbulent energy equation without assuming an artificial functional
dependence for mixing length. Unfortunately the results of the model are
presented for only one particular case, and this with a minimum of discussion.
For a maximum surface velocity of 100 cm s_1, comparable with the S-D Bank,
this case would correspond to a water depth of 70m, which is much deeper

(=

than the $5-D Bank, . I}t cante roughly estimated from their diagrams that for

— A
this case (, leads L/ by approximately 20°.

A very similar approach is used by Weatherly (1975) to model the Florida
Current. The results are discussed in more detail than those of Vager and
Kagan (1969), but are not directly comparable to the S-D Bank case, as
(i) the Florida Current has a residual flow equal in magnitude to the
tidal component, so that the current speed drops to zerc but does not
reverse, (ii) the dominant tidal component is diurnal, (iii) the depth is
sufficiently great (800m) that a full planetary boundary layer can develop,
(iv)the flow was stratified, (v) the model was not run for sufficiently
long to allow all transients to disappear. A plot of iAX against time is
given, and this has been rearranged to give the plot of Ldy against the
free stream velocity, k}w, shown in Fig 17. It can be seen that Uf leads
L%u by an amount which can be roughly estimated from the original data

as about 26°. The variation throughout a tidal cycle of the ratio

10
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Fig 16. The variation of Vo

through one cycle of a wave of period 6‘285
in water of depth 1m for different values of non-dimensional
roughness length (from Johns 1977).
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ifa
U*/L&)EE ((}) is shown in Fig 18. It is clear that near the starf
and end of the cycle, ()w decreases faster than U, so that (Z?)[ztakes
large values. It is of particular interest to note that the thickness
of the boundary layer as determined by the model is very different in both

amplitude and phase t6. that predicted for a quasi-stationary situation.

Turning now from models of tidal flow to field observations we find that

the velocity profiles of Bowden et al (1959) indicate qualitatively that the
near-bed velocity leads the velocity higher up in the flow. Wei sberg and
Sturges (1976) analysed current measurements made in a partially mixed estuary
(Narra gansett Bay) in 12.8m of water, and fognd that velocities at 5.6m
above the bed led those at 10.7m above the bed by about 9O - 130. They
found good agreement with a simple Stokes shear wave model, though the eddy
viscosity they used was only 8cm2s-1 which seems rather low, and it is
perhaps more likely that density stratification might account for some of
the observed lead. Harvey and Vincent (1977) found that their measurements
in the southern North Sea in 35m of water were consistent with the nsar-bed
currents leading those well above the bed, but did not indicate by how much.
Measurements made by Pingree and Griffiths (197L4) on the edge of the
continental shelf SW of Lands End in 188m of water indicated a 13° phase
lead of the currents at 3.5m above the bed relative to those 98m above the
bed for the semi diurnal tidal component. This lead was mainly attributed
to the thermocline descending semidiurnally below 98m, though it seenms
plausible that the inertia-friction effects discussed in this section

esmtxr would aiso contribute.

There are also a number of investigators who have found that the near bottom
currents lag behind those nearer the surface. Channon and Hamilton (7971)
analysed measurements made at a nurber of gites in the western English

Channel and the Bristol Channel in water depths ranging from 1lm to 10Lm

with maimum tidal current speeds ranging from about 2cm s~ to 97 cm 3“1,
11



and concluded that there was an appreciable phase lag of bottom current
fluctuations kkk behind those occurring nearer the surface. Gordon (1975)
measured the Reynolds stress and mean velocity 2.25m above the bed in the
Choptank estuary in 8m of water with maximum tidal currents of 70 cm s_1,

and presented evidence that the stress lagged the mean velocity by a phase
which can be estimated from his diagrams as 290. He attributed this to

an increase in the turbulent burst rate during periods- of adverse pressure
gradient such as occur in decelerating tidal flow, though there is possibly
some confusion here between the effects of pressure gradients and thosemf
spatial accelerations. Indirect evidence is provided by the sediment
concentration measurements of Thorn (1975) at various heights in the Thaues
estuary where the water depth was 19m and maximum tidal velocities were about
110 cm 3—1, who found that the sediment concentration lagged behind the mezn
current velocity. This was attributed to the finite time taken for sediment
to diffuse upwards and to settle out, though a lag in the shear stress
relative to the mean velocity could be a contributory factor. This is

discussed further by Davies (1977).

Our own measurements made over a flat uniforml& rough bottom in Weymouth

Bay, where the water depth was 28m and tidal currents reached 75 cm 3—1 have
been examined in terms of the phase problem. U*, was estimated‘from near-bed
velocity profiles averaged over successive 12 min periods, and \) is
approximated by U3—5 , the velocity 5m below the water surface, which was
read every 30 mins. Wy  is plotted against ljg,s in Fig 19, and

clearly shows that {{x leads LJS‘S by a phase which can be roughly estimated

as 100.

Finally we consider current measurements made in the S-D Bank area at a site
shown in Fig 1, where the water is 12.2m deep and the maximum tidal current is
about 90 cm s°1. Measurements were obtained from Marconi current meters

mounted 1.2m, 3.2m, L.2m and 6.2m aboves 2 bed over a period covering almost
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Pig 18. Variation of U.)e/ U through tidal cycle . Crosses, S-D Bank data; line, Florida Current
as predicted by Weatherly's (1975) model.
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four tidal cycles. To examine the data for phase differences the measurements
were averaged over successive 30min periods, lig estimated from tne
measurements at 1.2m and 3.2m by assuming that the velocity profile is log-
arithmic up to 3.2m, and () estimated by assuming a logarithmic velocity
profile up to 3.2m, a parallelogram rule up to 6.2m, and constant velocity
above that. The assumption of a logarithmic profile up to 3.2m was shown
to be saiisfactory by comparing the U, values with those obtained from
measurements at 1.2m %Pd 2.2m over a period of 1 hr when a meter at 2.2m was
working. Values of L}, Uy and C¥=(uw/tz>lére plotted for the four tidal
cycles in Fig 20. UN is seen to exhibit a 'dwell' afier the maximum,
which is similar in form to that found by Johns (1977) and shown here as
Fig 16. The drag coefficient Cf is reasonably steady around a value of
about 2 x 10—3 over most of each half cycle, but increases rapidly as slack
water is approached. The ratio U*//C> is plotted agsinst phase of
the tide in Fig 18 for the first three half cycles, and is found to agree-
quite well with the curve predi ded by Weatherley's (1975) model, apart
from the time just after slack water.

M¥ is plotted against C) in Figs2ﬂ:m}rom which it can be seen
that (Ax is not related to ty in a simple way. Congidering a
clockwise progression on Fig 21 to indicate U* leading ED and vice
versa, thefe is a consistent pattern throughout the four tidal cycles of Uy
leading L) at times of maximum flow, but Uy lagging <> when
velocities are smaller. The reagson for this may be associated with the
Johng-like behaviour referred to above, or may be connected with the presence
of the sand bank.. It is not appropriate to estimate a value for the phase-
difference under the circumstances. The average value of (;{ over the
first tidal cycle was found to be .0022 from a linear regression of XUHBX
thexfirstxkidakxeyetexwx H*-iuf} on [> ii)f , and the average value of

. |
/LV‘(Zb/ 'TCM) taken over the same pericd but excluding a few rogue values was

found to be -2.973, yielding an average value of Z, = .051 cm.

13



The presence of ripples on the bed is the cause of a similar but distinct
problem. In areas of mobile sand the bed is likely to be rippled which

will increase the total bed shear stress, but the ripple pattern, and hence
the drag coefficient, will change throughout the tidal cycle. Recent work
by Keith Dyer suggests that this may occur in Start Bay. It is possible

that this could be responsible for the complicated behaviour of Uy at the S-D
site discussed above, though it is not known whether the bed at this site

is rippled. The low value of suggests it is not. However, on

the bank itself, it is expected that the bed is rippled.

A
DIFFERENCE IN DIRECTION BETWEEN Q; AND L}

Some of the models and observations considered in the last section take
account of the effects of the earth's rotation, one consequence of which ig
that 7; and (> need not be in the same direction. The subject has
been considered in some detail since the classical work of Ekman (1905)
although more attention has been devoted to the case of a wind-induced surface
current than to the bottom boundary layer, and to the steady rather than to

the time-dependent case. In the time-dependent case the veering will, in

general, also be +time-dependent.

It is useful to recognise an analogy between the problem of the steady
bottom boundary layer with Ekman veering, and the oscillatory boundary

layer discussed in the previous section. In both cases a horizontally
homogeneous ccean of infinite extent but finite depth ﬁz is assumed.

For the case of the oscillatory boundary layer with a periodic forcing
function ><St (Stokes case) the equation of motion neglecting the Coriolis

term is

—

Ut = 9 (K(z,t) W ) + Xy
ER; 37 62 :> §;£t: *’ §C

If ><§t and gt both have an ¢ ?(iﬁ"h) time dependence, then
' 1
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LGU5t=§)~Z(K %__‘:-/z)ot) + Xg{; - 13

with boundary conditions Ur‘ =0 atz=0 and éUg{’-“—Oa’c " the water
st Ov

surface Z-‘—'[\, . The phase of USC _ilaagiven by (-LM (UJC)/ EQ(L b))

The equations of motion of a bottom boundary layer driven by a steady force

XE including Coriolis terms (Ekman case) are

4 -2 K(z,e)_éggg X -

A

\,

H

b"( z%) th; g

where g:f_ ¢ S»v\@'l’ is the Coriolis parameter, L1 the earth's angular frequency

R |

and gé the latitude. Wr.;ting gfi\/&.‘i‘b Vt: , multiplying the second equation
. € g

by U and adding it to the first equation gives

%’Z = B—(K ?E? + xg | - 16

bf -
. 2 dZ

Here the boundary conditiouns arog O at Z= C) and Bgc’ at 2= (f\f . I

n
the Ekman case the azimuth of g, is given by “tz/ ( ( ) / Qx @E
es and

—
o

-~ O
VL

Equations 13 and 16 are identical in form, and moreover the valu
‘Jﬁ are fairly simile for a semidiurnal tide in temperate northern
datitudes, so that the phase difference between 'z; and U will be similar
in magnitude to the difference between their azimuths. Thus if one of these
problems is important in a particular situation it is likely that the other
will be also. In the preceding section it #was argued from a consideration
of the equation of motion that rC, leads O in phase, which correiponds
in the Ekman case to the azimuth of (C3 being less than that of U ’

and the direction of currents generally rotating clockwise with increasing
height above thnbed This will be considered as the positive sense of
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veering in what follows. With this analogyv between the Ekman veering

Problem and the Stokes shear wave problem the difference in azimuth between
A

(o and U can be obtained from Fig 15, where the parameter *} becomes

. i ,
‘)E :( Kf‘z) 2fcar the Ekman case. The azimuth of O is L5° clockwise from
that of ?; for infinitely deep water, reducing to 0° for water of zero
depth. LEK takes the value 0.9L using S-D Bank numerical values,

for which Fig 15 indicates the azimuth of (& to be 1.70 clockwise from that
of rz; . A scale height can be defined as the height above the bed at

-1
which the fractional departure from the free stream flow is e

Il
7. =Tr(2—l§./
Ek QC - 17

A form for the steady boundary layer was derived without recourse to
artificial assumptions about an eddy viscosity distribution by Csanady

(1967) who postulated that near the bed a logarithmic velocity profile should
exist, while well away from the bed (in an infinitely deep flow) the profile
should obey a velocity defect law. Matching these profiles in an overlap
region yields an expression for the angle ‘%’ between ‘z& and the

geostrophic flow velocity, k)@o

%Q“KJ():A?}!& - 18
K U,

The value of ;4 has to be determined experimentally. Using A = 5 (Tennekes,
1973) and S-D Bank values indicates that if the water depth were sufficiently
deep, and the flow steady, the total veering would be 380. -However, the
thickness of the boundary layer is shown by the same arguments fo be (:M%/d?
which taking C = 0.3 (Temnekes, 1973) and S-D Bank values gives a boundary
layer thiskness of 130m. In addition there should be no veering within
the logarithmic layer, so we would expect the total veering over the S-D

Bank to be very much less than in the idealised case.
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An extension of Ekman's work to the case of an oscillatory stress was made
by Faller and Kaylor (1969) with boundary conditions appropriate to a wind-
induced surface current on an infinitely deep ocean with eddy viscosity
constant in space and time. A more sophisticated treatment was given by
Smith and Long (1976) who catered for driving forces of wind stress and/or
pressure gradient with any prescribed time dependence, and used an eddy
viscosity which increased linearly from the bed up to a.chosen height and

was constant above this.

With neither treatment is it straightforward to obtain an estimate of
the veering for a particular set of conditions, especially as the veering

is now time-~dependent, so estimates for the S- D Bank have not been made,

The two-layer model of Bowden et al (1959) discussed in the previocus secticn
was applied to numerical values appropriate to Red Wharf Bay, and although
. veering was not discussed it can be estimated from the results quoted.

At the time when the surface velocity is a maximum the wveering between
surface and bottom amounts to 3.10, whilst when the surface velocity is

a minimum the veering is 60°. Shortly after slack water the veering

becomes slightly negative for a while.

The numerical model of Vager and Kagan (1969) discussed in the previous
section would be ideal for investigating the nature of veering under tidal
conditions, but unfortunately the authors give only a rather inadequate
discussion of resulis obtained from the model. The account given by
Weatherley (1975) of a very similar model applied to the Florida Current
gives a more thorough discussion of results, although, as discussed in the
previous section, these are not directly comparable to the S-D Bank
conditions. The time dependence of the total veering calculated by the
model is shown in Fig 25. It is interesting to note that the veering

becomes slightly negative shortly after slack water, as was found by
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Bowden et al (1959). A particularly important finding of this study
was that although the logarithmic layer can be considered as quasi-steady

the total Ekman layer was clearly not quasi-steady.

Field measurements of veering suffer from the limitation that most current
meters give a much less precise reading of direction then of speed.
Nevertheless a number of workers have performed experiments which can be
interpreted in this way. Weatherly (1972) made measurements in the Straits
of Florida for comparison with his model, and unexpectedly found that there
was 10.9o of veering between heights of 1m and 3m inside the logarithmic
layer but effectively no turning above this, whereas his model predicted

no veering inside the logarithmic layer but appreciable veering above it.
Harvey and Vincent (1977) working in the southern North Sea found about 80
of veering between heights of 0.58m and 2.96m and about 6.5° of veering
between 2.96m and 10m, indicating that veering was appreciable both within
and above the logarithmic layer. The measurements of Pingree and Griffiths
(197&) on the edge of the continental shelf SW of Lands End show some
scatter in the current directions, but the general indication is a veering

of about So - 8° between heights of 2m and 98m.

Veering can be estimated from our own measurements of current speed and
direction at heights of 0.5, 2, L, 8 and 16m above the bed and Sm below
the water surface at a site in Lyme Bay, 9km from the nearest coastline,
where the water depth varied tidally frowm 29.5m to 37.5m and the bed was
flat, horizontal axnd uniformly kxgh rough. The maximum current speed 5m
below the surface was 10l cm 5‘1. Readings of direction were taken at
each height every 30min over a pericd of 10.5 hours (with some gaps) and
were the average of three spot readings, each with an accuracy of

iSO. The direction reading at Sm below surface may possibly have been

affected by the magnetic influence of the ship's hull. The veering at

each height was calculated relative %> the direction at 0.5m. As there
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Fig 25.

Fig 26.
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vwas considerable scatter a meaningful measure could only be obtained by
calculating the mean veering at each height over the 10.5 hr period.

These, together with the standard errors are presented in Table 3.

Height (m) 0.5 2 N 8 16 Surfa e -5
S.G. - 1.6° 1 1.8°] 3.6° | 1.8° 7.5°
Mean veering 0° | -0.7°1 0.7°| 0.9° | 2.1° 31°

Table 3. Veering relative to direction at 0.5m for Lyme Bay data.

The interpretation of a mean veering over a period of the order of a
tidal cycle is doubtful in vidw of the strong time~-dependence shown in Fighzzz
but is the procedure adopted in all the field observations cited above.
Although the standard errors are large there is an indication that veering
in the correct sense occurs above about 8m, but is effectively zero below
that level. The thickness of the constant stress layer at this site

i
calculated as OSQ;NéfiZD§ is L4.3m, so there is no turning within this

layer, as would be expected, nor within the next lm, but apprecisble turning

above this.

Finally the Marconi current meter data obtained to the west of the S-D Bank
(Fig 1) which was discussed in the previous section was checked for veering.
One hour at peak flood and one hour at pezk ebb during the first tidal
cycle recorded were chosen, and the mean veering relative to the direction
at a height of 1.2m calculated. These angles, together with their

standard errors, are shown in Table .

Height (m) 1.2 3.2 L.2 6.2
s.e.(flood) - 1.9 0.6~ 0.5
Mean veering(flood)| 0° 1.0° 2.1° 3.3°
s.e.(ebb) - 1.L° 1.1° 1.3°
Mean veering (etb) | 0° | 2.3° 3.1° -2.1°

Table L. Veering relative to direction at 1.2m for S-D Bank Marconi data.
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Apart from the ebb value at 6.2m the veering is small, but in the

correct sense.

Throughout this section it has been assumed that the sea and sea bed
are horizontally homogeneous and of infinite horizontal extent. In
practice the proximity of a coastline will confine the currents to run

parallel to it, but it is not clear how far from the coast this effect

will be felt.

In addition to Ekman veering the seabed topography may cause secondary
flows which will cause the direction of z; to be different to the
direction of (y . This may be the cause of the negative veering
observed in the S-D Bank area for the ebb tide. The main features of

the secondary flow pattern in a two-dimensional laminar boundary layer
encountering a three-dimensional lump are shown in Fig 2§, which was deduced
from the theoretical flow field devived by Smith amz et al (1977), though
it is not clear to what extent this carries over to the case of a turbulent
boundary layer. Secondary flow of this sort may well be of greater
significance than Ekman veering in certain cases, but it will not be
considered further bscause it is likely to be highly dependent on the

particular topography and flow conditions, and hence hard to predict.

SPATIAL DEVELOPMENT COF THE BOUNDARY TAYER

It has been necessary to assume in most of the previous sections that

the seabed is flat and uniform. If in fact the seabed is not flat, as in
A

the case of the S-D Bank, both k) and ‘Z; must vary over the area and

the relationship between them may also vary. We now examine thisg

relationship, with an assumption that the flow is steady.

I am not aware of any studies of the present problem as such, so two indirect

approaches have been used here. The first approach involves a review of
20



existing analytical, numerical and observational studies of flow over hills
and wavy surfaces,; but the results of these studies must be applied

with caution to the S-D Bank situation, as most of the work assumes firstly
a deep flow for application to the atmosphere, and secondly two-dimensional
topography for ease of analysis. A shallow flow over three-dimensional
topography behaves very differently to deep flow over two-dimensional
topography; in the former case flow over the top of a bank will be slower
than the surrounding flow, because of the large drag in the shallow water,
whereas in the latter case it will be faster, to preserve continuity.

When two~dimensional continuity can be applied the fastest depth-averaged
flow will occur over the crests of the topegraphy, sc that if the position
of maximum shear stress can be located relative to the topography its
displacement from the maximum (> is also known. For an isolated hill
the displacement will be expressed as a fraction of the length L_ of the hill
measured between the points on the flanks at which the height is 1/10 the
crest height. For sinusoidal topography the displacement is usually
expressed as a phase shift (generally a lead) of f(, relative to C>

but for the present purposes it will also be interpreted as a fraction of L~

where | is now the wavelength. L— is roughly 6 km for the S-D Bank.

An anzlytical approach to deep flow over a two-dimensionally wavy boundary
was made by Benjamin (1959), who had to assume particular forms for the
velocity profile. Using a turbulent-iype velociiy profile over a wavy
boundary he found that '(, led 'LA) by 30° (.083 L ). He found the
same lead for a linear profile, whilst for a laminar-type profile he found a
lead of 60° (.17 L ). He generalises the linear profile case tc flow over
an isolated hill of a specified shape and differentiation of his results
shows that the maximum stress occurs a distance .038 L_ upstrean

of the crest. A more recent study of deep turbulent flow over a two-
dimensional hill by Jackson and Hunt (1975) used an approach more in accord

with turbulence theory, though one of the assumptions he made is grossly
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invglid in the S-D Bank case. As an example he quoted results for

a hill of the same shape as that of Benjamin. Measured roughly from his
diagram, the maximum 7; occurred at a distance .016 L upstream of the
crest. The problem of deep laminar flow over a three-dimensional hill was
tackled analytically by Smith et al (1977). Their calculationa of the
distribution of longitudinal shear stress (for a differently shaped hill

to Benjamin's are shown in Fig 27, from which the maximum shear stress is
seen to lie a distance 0.13 L upstream of the crest. The same topography
may of course give very different results in a turbulent flow. Two
dimensional deep flow over almost sinusoidal sand waves was studied by
Taylor and Dyer (1977) using numerical methods and a plausible turbulence
closure. They found that the maximum stress occurred 19° (.053 L )
upstream of the crest. Using similar techniques over an isolated hill
Taylor (1977a,b) found that the maximun 7; occurred a distance .0531.

upstream of the crest.

Experimental work has also largely oncentrated on flows which are two-
dinensional and many times deeper than the height of the topography.

Zilker et al (1977) made measurements over a wavy boundary of steepness
.0125 in fully developed turbulent channel flow and found that the maximum
was located 510 (.1&1_ ) upstream of the crest. Similar work was performed
by Smith (1969) over a pair of sinusoidal waves of steepness .067 in a
flume, with water depths of 7.5 and 6.3 times the wave height. In the
first case the first harmonic of the rz; distribution had a phase lead

of 1i5° (.13 ) relative to the bedform, whilst in the second case the lead
was 320 (.089 L ). Velocity profiles and bed shear stresses are tabulated
in Smith's report, so that it would be possible, though time-consuming, to

1 ,&\
calculate both.?; and U over the waves.

Smith (1969) also made field measurements over a sandwave of height about

3u and length 80m in the Columbia River, USA, with a water depth of 12m
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Fig 27. Contours of constant longitudinal shear stress relative to the
free-stream value for laminar flow arcund the circular three-
dimensional hump modelled by Smith et al (1977). Solid lines
indicate values greater than unity, dotted lines indicate values
less than unity, the contour interval is 0.1, and the position
of the hump is shaded..
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Fig 28. Schematic diagram of the growth of an internal boundary layer

downstream of an abrupt change in surface roughness.



over the crest. The shape of the sandwave departs sufficiently from
sinusoidal that it is not possible to attribute a phase to Z; + Smith performs
a harmonic analysis of the shape of the wave, and from this synthesises

a predicted shear stress distribution using his own theory thch gives

good agreement with the measured shear stress distribution. He also
presents velocity profiles over the wave, which clearly show that the
profile is not loecally adjusted over topography of this scale. Field
measurements have also been made by Dyer (1970) over a sandwave. The
measurements of T; cannot be interpreted in terms of phase as they exhibit
scatter due to the presence of smaller bed features and in addition the mean
stream velocity was varying tidally during the experiment. However it is
again clear that the profiles vary considerably in shape over the wave,

and are not locally adjusted.

The second approach to the problem is to congider adjustment of the
boundary layer over topoiraphy by analogy with the adjustment downstream
of an abrupt change of surface roughness. This may give some feel for
the topography problem, although the two problems do have distinct
differences. It is found experimentally that downsiream of a roughness
change the surface shear stress adjusts rapidly to its new value (Bradley,
1968) while an internal boundary layer forms, thickening slowly until at a
distance A%  downstream the new profile is fully adjusted (Fig 28). Thus
an estimate of q; shorily after the roughness change should be related
A
to the profile, and hence \/ , at a point AJL downstream. The
varying topography can be interpreted as continuocusly varying surface conditions)
in this case surface displacement, which the boundary layer is c??tinuously
adjusting to, so that (ZQ should everywhere be associated with L) at a
distance Z&X downstream, withlﬁ)L a function of position. To first order
A
the error Aqg,made in calculating 7; from the local k) will be

AT = - hx T
"

Cho - 19
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Since C?f(:,/cl,yg can be roughly calculated from the present model results
for the S-D Bank, an order of magnitude estimate of AZ, can be made

provided A)L can be estimated.

time-scale for development of the Jogarithmic part of the velocity profile
is given by Z;/{,{&; where Z; is the height of the log layer. A
distu;rbance in the log layer will be advected downstream at a velo:ity close
to U s 80 that a spatial scale for adjustment is given by Z} U/U()e s
If the water depth {)\, is sufficiently shallow these arguments can be

extended to the entire boundary layer, giving a crude estimate of Ax as

A S
A= bV h.G"

U

Fitting S~D Bank values gives A)( N .ZOO [

A more rigorous argument is given by Miyake in an unpublished thesis
quoted by Busch (1973), who proposes that the rate of increase of Z:
is proportional to H¥ where Z‘L is now the height of the interface between

the 'old' flow and the internal boundary-layer, so that

D CLZ.» = %“%9 ) -21

Cliz)o

where E is a constant, and U the mean velocity at height Z| -

Substituting a logarithmic velocity profile for U and integrating gives

Ay = Z [(fnzi -~ C - 22
A Zo
The wvalues of the constants A and C determined from field and laboratory
experiments over a roughness change are given variously by Busch (1973)
as A:D'(Q)C:/{ ; by Jackson (1976) as Af O’E)C:O‘ég ; and by
Mulhearn (1977) as A=032, K:1 . Jackson (1976) showed that the best
2L



fit is obtained if the wvalue of '25 taken is that for the rougher
surface, and his values of the constants A and C will be used here.
The logarithmic velocity profile can be extended to the water surface
vithout too much error so that ZZL:Z'Q . Then as C> Qi(:)(a)
we have approximately
A= b (1Cp-05)
0:3

This is the distance downstream at which the interface reaches the

- 23

surface, and is the distance we Qill use, though the boundary layer does not
completely reach equilibrium until many times this distance downstream.
Fitting S-D Bank values gives Al = QQSW\ . This is consistent with

the estimates obtained by the first approach in which the maximum of ‘Z; was
found to be located upstream of the maximum C> by a distance variously:
estimated as between .016 L and 0.14 [ , corresponding to 96m to 8L0m

for the S-D Bank.

The numerical model predicts the value of T; at gridpoint 106 (Fig 1)

at the maximum flood velocity to be 28.5 dynes cm-2, while at a position
200m south the predicted value is 30.3 dynes cm~2. The flood current is
approximately south going, so that CUZ$/6Q7 can be calculated from these
figures and inserted in Eq 19, together with the value of 1175 found above
to give AFZE = -2.2 dynes cm-g. This represents a T% error in the
stress)which should be about the largest error found in the S-D Bank area

as gridpoint 106 has one of the steepest along~tide bed gradients.

Around the S-D Bank there are additionally variations of bed roughness
associated with the various types of bottom sediment, The arguments
given above can equally be applied at a change in bed roughness, and with

greater rigour.

It has been assumed throughout this section that the flow does not separate
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in the lee of the sandbank. Taylor and Dyer (1977) have reviewed the
experimental evidence for separation in the lee of sandwaves, and found that
a most conservative criterion is that the wave seepness needs to exceed .05,
while some workers failed to obtain separation at a steepness of 0.1. As
the steepness at gridpoint 106 is only .01 it is very unlikely that

separation occurs.

IMPLICATIONS FOR SEDIMENT TRANSPORT

The values of '(» predicted by the S-D Bank model will ultimately be
applied to sediment transport formulae, so it is important to know what
error in sediment transport rate will result from a given error in ‘Cs
Considering bedload transport first, Smith (1969) found that one of the more
reliable formulae was that due to Yalin (1963). When ‘(; is much greater
than the threshold bed shear stress 'Zc this expression for bedload trans-
port rate L},L reduces to
e ) if2 ; -\

4= 0635 (pmp)d G(T-T0)] T. _Zh
where ’OQ is the density and Cl the diameter of the sediment grains, and
{9 igs the density of water. A fractional error in To’ will cause a larger
fractional error in (’(c' ‘Zc) so that a. 10% error in 'C, would lead

to an error in (“ which is greater than 15%. When ra is only

slightly greater than fC6 the full expression reduces to

C}L:O!W%(ﬁ‘) M ‘C ’C)/ - 25

fs

where 3 is the acceleration due to gravity. In this case a 10% error

in CC,', would lead to an error in L}/L which is greater than 25%.

A suitable criterion for suspension adapted from the ideas of Bagnold (1966)

is that the ratio VVs/iG'L{ﬁ<B where W¢ is the settling velocity of the grains

and K0 is von Karman's constant. Using S-D Bank values of H*=5 with
26



a grain diameter of 180 /Mm gives WS/}CU*: 1.5 so suspension is
clearly important. The diffusion equation for the mass concentration

of sediment under steady horizontally homogeneous conditions reduces to

V\)gcz—ksi}g - 26

where KS is the eddy diffusion coefficient.

The eddy viscosity coefficient takes the form K"’ K/M,;gz in the lowest
portion of the flow, and provided most of the sediment is confined to this
portion it can be assumed that KS:K': K/’HwZ- throughout the full depth,

as departures from this form higher in the flow will not significantly affect
the sediment. Inserting this in Eq 26 and integrating from a reference

height Z, to the water surface Z:{u gives

_l, :
(Z) = [ £ \N\ttf\ b= We
C(za) Za ke - 27

The assumption made will generally be valid if b is sufficiently large, as
will frequently be the case for sand grains in the sea, under which conditions
the form KS:’CU*ZH_E_) used by Rouse (1937) in deriving his well known
concentration profile’ is unnecessarily complicated. In the lowest part

of the flow the velocity profile is logarithmic, so thaf if the reference

height is identified with Zo the suspended sediment transport rate is

1( )=
peleuz f4Y [% bu(s)] +1]

K(1-b)
A little work shows that if in addition
S N
1»\(&‘4& - 29

then the expression in curly brackets is equal to unity’to an accuracy

better than 1%, so that
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Smith and McLean (1977) find that the reference concentration is well

represented by

SaE)

provided the excess shear stress is not too large, where 34 is

’ -3
experimentally found to take the value ["Z&'xl() . Thus

2
131 K Y Ps uiZO ((N%"Zf) 3
. : )
(K/u%‘ Ws) ‘Zc
This expression shows the dependence of ?S on L@e more clearly than does
Einstein's (1950) which cannot be presented analytically as he used the Rouse
concentration profile which makes the integration impossible in closed form.
The two expressions give almost identical results within the range of

conditions which saiisfy the assumptions made here.

On top of the S-D Bank the sand is likely to be rippled, so that 2; might
be expected to take a value of about 0.5cm, and in addition a proportion of
the measured value of qf; will be due to the spatially averaged form drag
over the ripples. The proportion is often taken as 0.5, so that the
maximum value of (A¥ due to skin friction is 3.5L cm s_1 corresponding to

QCG = 25 dynes cm—z, which taken together with %% = 3 cm s-;nd

C.= 2 dynes cm"2, corresponding to 180 Um grains, and K/ = Sm gives

b - 2.119 ana 4%6-6@/%(@(%}‘-’ 1'% .  Thus condition 29 is satisfied
and C}S is given by Eq 32 as 0.0615 gm em g™, 1 729 is increased by
10% and the other values remain the same, Eg 32 gives %ﬁ = 0.0859 gn cm—1s—1,

corresponding to a change of LO%.

There are at present still serious shortcomings in the applicability of
sediment transport formulae in general. One of these is the problem
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referred to above of identifying the contribution to ‘Z; due to form drag
on ripples and larger features, which plays no part in moving the sediment.
This has been examined by Smith and MclLean (1977) who showed that the skin
friction velocity U*O over ripples of height L{ and wavelength .A is

related to L{kl measured at a height much greater than }4 by

~ !
y 7
Uy / 0872
2= ] +_Qp_5ﬁ[%a.(%) - 33
u*‘o - 2 A :
where {; is a constant and (:D is a drag coefficient for the ripple.
Typical figures for the S-D Bank can be guessed as F{ = 3cm, ﬁ. = 20cn,

Z . = .05cm due to grains alone using the value for the area of the

o

Marconi current measurements assuming it was unrippled; and using
Smith and MclLean's experimental values of @, = 0.1 and CD = 0.2 assumning

the flow separates over the ripples gives
Q2 2
(Ovﬂ*.o = O'bg{oui%i - 34

in comparison with the commonly used figure of 0.5 taken above. Smith (1977)
acknowledges that this is still a contentious area, and it is likely that

2
errors in the estimation of fju%O well in excess of + 10% can be attributed

to this cause.

He also identifies three other major grey areas in the applicabilitzéf
sediment transport formulae. Expressions for the reference concentration
(264) have been given by a few workers, but these give widely differing
answers. This subject has not been givgn the attention it warrants either
theoretically or experimentally and represents a serious source of error.
The non-linear relationship between sediment transport rate and 7}0 means
that an average value of rz; will give misleading results when used to
estimate sediment transport in naturally occurring situations where ‘Y; is

highly intermittent in both space and time. Lastly there is such a

29



dearth of field measurements of marine sediment transport that none
of the available sediment transport theories can be considered as

thoroughly tested.
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SUMMARY, DISCUSSION AND CONCLUSIONS

The relationship between the bed shear stress T; and the depth
averaged flow velocity C’ has been examined in terms of differences of
(i) phase of the tidal cycle, (ii) direction, and (iii) spatial distribution,
with particular application to conditions in the Sizewell-Dunwich (8-D) Bank

area.

(i) Analytical and numerical models of oscillatory flow over a flatgbed

(Table 5) show that when the water is sufficiently deep 7; leads L) by a
phase variously estimated at between 8° and ASO. In shallower depths comparable
to those around the S-D Bank, however, this predicted phase lead reduces to

1.6° to 1.90, corresponding to 3.2 - 3.8 mins. Field observations in depths
both comparable with and very much deeper than those around the S-D Bank
generally indicate ?; leading C’ by between 90 and 130, corresponding

to 18-26 mins, although some cases have been reported of 7; lagging Cj

Anglysis of current measurements made in the S-D Bank area shows a complicated

A A
picture with f& leading |/ at times of maximum flow, but ?; lagging \j
L i A2
when velocities are smaller. The drag coefficient Cé’: T;/ Y, varies

considerably through a tidal cycle. In areas of mobile sand the changing

ripple pattern will also cause C{ to vary and further complicate matters.

(ii) Under conditions of deep steady flow in the northern hemisphere analytical
models of Ekman veering (Table 6) show that the azimuth of (, is less than that
of C} by an angle variously estimated as 38° %o 1,5°.  In shallower depths
comparable to those around the S-D Bank this reduces to 1.70. When the flow
ig time-dependent the veering is also time-dependent; for a tidal flow in
shallow water the veering at the time of maximum flow is variously predicted to
be between 3.1° and 6°, though at minimum flow this increases to 59° to 69°.
The time dependence makeg the interpretation of field observations of veering
difficult, because estimates have usually been averaged over a tidal cycle.
Observations made in both deep and shallow water generally indicate mean
veering of 59 _ 15°, Analysis of current measurements in the S-D Bank area
at time of maximum flow show veering in the lowest 6.2m of up to 3.30. An
anomolous value of —2.ho in this area may be attributable o secondary flows
associated with the bank. These may be as important a factor in determining
the direction of 7; relative to that of C’ as Ekman veering, though

more difficult to estimate.

(iii) The flow of shallow water over three-dimensional topography does not



appear to have been systematically studied either analytically, numerically
or experimentally, so that two indirect approaches have been used here.
Analytical and numerical work on deep flow over two-dimensional waves and hills
(Table 7) indicates that the maximum qg occurs upstream of the maximum

i} by a distance estimated variously as between .016L and .13L, where L
is the length of the hill or the wavelength of the wave. Laboratory experiments
over a wavy boundary give values between .089L and .1LL. .016L. represents
96m in terms of the S~D Bank, and .1L4l.represents 84,0m. Field observations
in the literature are not easily interpreted in these terms.

The second approach is an analogy with the flow development downstream

of an abrupt change in surface roughness. The interface of the internal
boundary layer which grow downstream of the roughness change reaches the water
surface at a distance 2L5m downstream of the change, using S-D Bank numerical
values.. This displacement of ?; from f? can be interpreted as leading to
a 7% error in the estimation of 7; at the northern edge of the bank. There
will additionally be similar displacements at the boundaries between zones of
different bed roughness in the area. The flow is unlikely to separate in the

lee of the bank.

The value of ;z; obtained from the model represents the sum of the skin
friction acting on the sand grains and the spatially averaged form drag of the
ripples and possibly larger bedforms. The skin friction, needed for insertion
into sediment transport formulae, can only be estimated at present by assuming
an arbitrary partition of the total bed shear stress. The bedload transport
rate is proportional to Q;Vg ( fZ§ - 72;) at high transport rates, where

QCC is the threshold shear stress, so that a 10% error in T; leads to an
error in the transport rate which is greater than 15%. At low transport rates
the error becomes greater than 25%. The maximum shear stress over the S$-D
Bank ig many times the threshold stress, so that it is likely that suspension
is the dominant mode of transport. A plausible form of equation for the
suspended load indicates that a 10% error in T; leads to a LO% error in the
suspended sediment transport rate in conditions typical of the S-D Bank.

The primary effect of a simple phase lead of T; relative to C> is
to cause a shift in the time at which sediment moves, but not in the quantity,

so that averaged over a tidal cycle the net transport is unchanged. Thus only

second order effects, such as the introduction of higher harmonics in 7; .

A
the modification of the model's prediction of L/ , and the need for a non-
stationary sediment transport formula, are feli. As the phase lead is likely

to be only a few degrees in the S-D Bank case, omitting it will probably: not
introduce a serious error into sediment transport calculations. Ekman veering

-



Author

Phase by which
G leads (}

Comments

Analytical Models

Lamb (1975) 1,5° Deep water

after Lamb (1975) 1.9° For S-D Bank values

Smith (1977) 8° Deep water

Bowden et al (ﬁ959) 1.6° Shallow water

Numerical Models
Valjer & Kagan (1969) 20° Deep water
Weatherly (1975) 26° Deep water

Field Observations |
Weisberg and
Sturges (1976) 9% to 13° Shallow estuary
Pingree and
Griffiths (197L) 13° . Deep water
Gordon (1975) -29° Shallow estuary
10s(T) 10° Weymouth Bay - fairly shallow
108(T) Variable S-D Bank area
A

TABLE 5 Phase lead of [, relative to U In some of the

examples phases which were cited for near-bottom currents have been

identified here with ‘(o

A
the bottom have been identified with | .

, and similarly currents well away from




Author

Angle by whichﬁté

is anticlockwise

of C)

Comments

Analvtical Models
Ekman (1905)
Csanady (1967)
after Bkman (1905)

-t

Bowden et al (1y>y

Numerical Model
Weatherly (1975)

n 1

Field Observations
Weatherly (1972)

. Pingree and
Griffiths (197L)

Harvey and
Vincent (1977)

p—

10.9°
59 4o 8°

14.5°

Steady flow, deep water

Steady flow, deep water
Steady flow, S-D Bank values

Oscillatory flow,
shallow water

Oscillatory flow,
shallow water

Oscillatory flow,
deep water

Oscillatory flow,

deep water

Deep water

Deep water

max velocity,

min velocity,

max velocity,

min velocity,

Fairly shallow water

10s(T) 2.1°%(%0 31°%) Lyme Bay - fairly shallow
10s(T) 3.3°(-2.4°%) S-D Bank ares
.A
TABLE 6 Veering of T; relative to U As in Table 5§ near-bottom

currents have been identified with 7:; and currents away from the bed

A
identified with U




Distance max. [p is
h by

Author upstream of max U Topography Comments
Anglytical models
Benjamin (1959) .083L Waves Deep 2-D flow

" " .038L Hill 7 n n
Jackson and Hunt .016L Hill Deep 2-D flow

(1975)
Smith et al (1977)] .13L Hill Deep 3-D laminar flow
Numerical Models
Taylor and Dyer .053L Waves Deep 2-D flow
(1977)
Taylor (1977 a,b) .053L Hill Deep 2-D flow
Laboratory Experiments
zilker (1977) 14T Waves 2-D flow
Smith (1969) .089L to .13L Waves Fairly shallow
2-D flow
Au
TABLE 7 Spatial displacement of ‘(¢ relative to U . L represents

the wavelength in the waves examples, and the distance between the points

at which the height is 1/10 the crest height in the hill examples.



between ;2; and C) will cause a small eastwards component of sediment

transport across the bank on a flood tide and a similar westward component on

an ebb tide. The difference in direction amcunts to only a few degrees

~ in the S-D Bank case, so its omission is also unlikely to seriously affect

gsediment transport calculations. Displacement of 7; relative to &}

due to spatial development of the boundary layer over the bank will result

in increased erosion on the upstream flank and decreased erosion on the

downstream flank. The displacement in the S-D Bank case is equivalent to

a little more than one grid space of the model so that it may well be appreciable,

and the 7% error in T; thus caused will produce an error of roughly 28% in

the suspended sediment transport rate. These latter results, which were

inferred from considerations of deep flow over two-dimensional topography,

are sufficiently significant to indicate the need for further studies of

the more realistic case of shallow flow over three-dimensional topography.
Suppose that the best available three-dimensional model were used instead

of the present vertically-integrated model. We might expect better (though

still imperfect) prediction of the tidal variation of the magnitude and

direction of T; , and of its topographically induced variation including

secondary flow effects. However, the precision obtained in ‘(; would be

out of all proportion to the accuracy of the sediment transport formulae

with which it would be used. Major gaps in the applicability of sediment

transport formulae include the partition of 72 into form drag over bedforms and

skin friction acting on the sediment, the calculation of the suspended sediment

concentration at a reference level, the treatment of non-uniformity effects

0]

in space and time, and the testing of the formulae under field conditions. Th
error introduced by any one of the above weak points in the sediment transport
theory is likely to outweigh the errors introduced by the prediction of 'Z;
using the vertically integrated model.

Thus the numerical model should continue to be developed as at present,
while further work should concurrently be done on the fcllowing topics:
(i) Calculation of {t; and {) from the laboratory velocity profiles over
a wavy bottom tabulated by Smith (1969) to give a direct intercomparison of
the two.
(ii) The development, possibly by Dr B Johns of the University of Reading,
of a three-dimensional numerical model of shallow flow over topography of
some idealised shape.
(iii) Adaptation of Smith's (1977) analytical model of oscillatory flow over
a flat bottom to the case of finite water depth to give a reasonable estimate

A
of the phase lead of q;, relative to K} in the 5-D Bank case.



(iv) Development of a high-order closure numerical model of oscillating

flow over a flat bottom including Coriolis effects, as detailed by Vager and
Kagan (1969) and Weatherly (1975). Apart from giving accurate predictions

of the tidal dependence of the magnitude and direction of TCQ in the S-D Bank
area, this will give insight into the behaviour of the tide on the continental

shelf in general, in particular the temporal and spatial distribution of the

boundary layer.

(v) " Further analysis of the Marconi current meter data. A method similar
to that used by Pingree and Griffiths (197L) would be the most generally useful.

(vi) Analysis of the Braystoke current meter measurements made at three

positions on the bank once the data is in a usable form, using the method above.

(vii) Determination of the distribution of C} and Z. over the whole

S-D Bank area by making measurements similar to thise above.
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