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ABSTRACT

Field aeaauremeats were uade at a vertical eection aear the centre of the
River Tas estuary over a 12 hour period during a spring tide. f,ean velocity
profilea rere neasured sithin 1.4dn fron the 6ed. Instantaneoua o€an
velocity componeots in the horizontal and vertical air""tioi-.ia
inetantaaeoua concentration of euepended eolids nith a mediao particle
dianeter in the order of 0.04m rere Deaaured aear the bed aad at 0.95n and
1'40n ebove the bed, at which were also neasured the oean coocentration of
suspended solide in the particle aize raagiag between 0.04un to 0.25m.
llean velocity profilee rere logaritluic, and the friction veloeity agreed
well rith the near bed Reynoldi ehear atress io the peak region. The
Reyaolds shear atress wao higher thaa the frietion velocLty-in tue
acceleratiog and deeelerating phases of the curreat.

suapended aolide in the particle eize of 0.04-n yere diatributed unifornly
throughout the depth, but the neaa concentration of coaraer sand decreaaed
with inereaaing distance frm the bed. The nean concentration of coarser
euepended eolide, ite horizontal flux and the turbulent kinetic energy
reveal bystereais in relation yith the nean velocity. No hyateresia-Lffect
was obtained betneen the Reynolde ehear stresa and the turbuleat kiaetic
energyr indicating the applicability of the turbuleot kiaetic eaergy
numerical einulation.

ra practice the results of the etudy preeeoted here can be ueed to calculate
the-veloeity profile, bed Ehear stress and auapeaded aolida flux in the peak
regioo of an estuarine flov. They can thus be ueed in numerical nodele,
ueing the one-dineneional energy Lquation given in Appeadix A, to conpure
the flos Perametere and the auapended solide flux ia-lue acceierating and
decelerating phaaes of a tidal current. rn thie way they are directly
applicable to engineeriag studie8 of eediaeat noyeoent, affecting flood
diecharge capacity or navigatioa, in eaady tidal channels.
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INTRODUCTIOI

In recent years numerical  models have been widely used

to  ca lcu la te  the  t ranspor t  o f  sed iment  and po l lu tan t

in estuaries. These models can produce reasonable

agreement with most measured data, when empir ical

coef f i c ien t ,s  a re  su i tab ly  chosen,  bu t  the  resu l ts  a re

very sensit ive to the choice of these coeff ic ients.

This indicates that a better understanding of the

structure of unsteady f lows is required in order to

improve any predictions which may be attempted for

cases  in  wh ich  there  is  l in i ted  f ie ld  da ta  (Refs  1  to

3 ) .

When the turbulence in a boundary layer f low is

subject to the t ime variat ion of the mean f low, i t  was

shown (nefs 4 and 5) that the relat ionships between

the mean f low parameters and the turbulent parameters,

varying acrosa the f low, is t ine-dependent.  In other

words, the response of turbulence to the temporal

var iat ion of the mean f low varies with t i rne, and i t

was shown (Refs 4 and 5) t t rat  this response is not the

same in the accelerat ing and decelerat ing phases of

the t idal  current. ,  hence the occurrence of

h y s t e r e s i s .

I t  can be assumed in a numerical  model that there is

some form of s imi lar i ty arguoents by the facE that the

turbulence and the mean f low parameters depend on

instantaneous parameters, not on the history of the

f low,  so  tha t  the  f r i c t ion  ve loc i ty l  U* r  and the

roughness height,  zo, can be used as normal ized

quant i t ies  to  spec i fy  the  f low.  Th is  s in i la r i t y

concept ,  wh ich  leads  to  the  quas i -s teady  f low s ta te

o f  a  t ida l  cur ren t ,  i s  on ly  jus t i f ied ,  when phase

shif ts between the mean f low parameters and the

Eurbu len t  parameters  a re  no t  on ly  smal1 ,  bu t  a lso

remain  prac t ica l l y  unchanged across  the  f low.  Th is

can, of course, be ver i- f ied by measuring the mean f low



parameters and the turbulent parameters, namely the

turbulent k inet ic energy and the Reynolds atresses,

throughout the t idal  f low. t{ i th this in nind a ser ies

of f ie ld aeasurements have been carr ied out at a

vercical  sect ion near the centrel ine of the River Taw

(see Fig 1).  The r iver l ras carrying sand in

suspension, and measurements rrere made during two ful l

spr ing t idal  per iods. From the measured data

parameters of the mean f low, the turbulence, and the

suspended sediment,  nere determined together with the

var ia t ion  o f  sa l in i t v .

The object ive of the study presented here is to

determine the terms required for the developoent of

turbulence closure models in the presence of

suspended sediment,  and also to examine the

appl icabi l i ty of  the turbulent k inet ic energy closure

model (see Appendix A) developed by Bradshaw et al

(Ref 7) when the f low paraneters do not obey a

simi lar i ty concept.  Moreover,  i t  is hoped that the

resu l ts  p resented  here  w i l l  g ive  a  be t te r

understanding of the complex f low structure of

es tuar ine  cur ren ts .

2 EXPERII{ENTAL SITE

The estuary of the River Taw is located in southwest

England and discharges to the Bristol  Channel (see Fig

1).  The estuary bed is f ine sand with a median

diaoeter of about 0.20mn, and becomes act ively in

mot ion  dur ing  a  spr ing  t ida l  cur ren t ;  s l igh t ly  f iner

sand was brought up into suspension. Smal l  quant i t ies

o f  s i l t  and  c lay ,  about  50rg /1 ,  no t  su f f i c ien t  to

cause any f locculat ion, were also suspended, which may

have s l igh t ly  inc reased the  mean dens i ty  o f  the

current.  The measurements l rere carr ied out near the

cent re l ine  o f  a  sec t ion  a t  the  eas tern  end o f  the

posrer  s ta t i .on  je t ty  (see  F ig  2 ) .



3 EQLTPUEAT

A streaml ined mast ,  support ing f ive Colnbrook

Electromagnet ic  current  meters (ECM) and f ive

Braystoke current  meters,  qras at tached to the f ront  of

an r rArr  shaped bed-f rame, which was f i t ted wi th a

ver t . ica l  vane to ensure that  the f rane a l igned wi th

the  f l ow  ( see  F ig  3 ) .  The  mas t  was  f ree  to  s l i de

ver t ica l ly  in  the f rame to ensure that  a c i rcu lar  base

p la te  a t  i t s  f oo t  was  res t i ng  on  the  bed .  A  p i t ch  and

rol l  sensor  was a lso mounted on the bed-f rame to

moni tor  the or ientat ion of  the f rame re lat ive to the

bed. The ECt'l heads \rere annular in design with an

overal l  d iaoeter  of  25nm, thei r  output  represent ing a

mean veloc i ty  wi th in a spat ia l  averaging width of

2Omm.

These  senso rs  we re  f i xed  a t  he igh ts  0 .125m,  0 .35n ,

0 .65m,  0 .95n  and  1 .40m measu red  f rom the  c i r cu la r  base

p la te .  I n  add i t i on  t h ree  i n f ra - red  suspended  so l i ds

moni tor ing heads,  adjacenc to three pumped sample

nozzles,  qrere f ixed to the mast  at  e levat ions of

0 .125m,  0 .35m and  0 .95m.  B rays toke  cu r ren !  me te rs  and

pumped sample nozzles were a lso used to g ive f ie ld

cal ibrat ions for  the ECMs and inf ra-red heads.

Signals f rom the ECM heads and inf ra-red suspended

sol ids heads rdere recorded cont inuously on a 14

channel  F l ' l  tape recorder .  A UV chart  recorder  was

used to eosure that  sensors were not  p ick ing up

extraneous noise.  A mul t i -channel  d ig i ta l  counter  \das

employed to regis ter  Ehe revolut ions of  the Braystoke

current  Beters and the p i tch and ro11 sensor over  a

450s  pe r i od .

Pumped samples were taken at  10 to 20 minute in tervals

at  the measur ing point  I  about  15 l i t res were passed

through a 40 pn f i l ter  on each occasioa for  suspended

s o l i d s  a n a l y s i s .



on the other side of the measuring vessel sal ini ty and
temperature prof i les erere measured throughout the

depth at 30 minutes intervals using a roving unit

"Severn" unit .  This unit  comprises a

sa l in i ty / tempera ture  br idge;  the  reso l .u t ion  o f

sa l in i ty  and tempera ture  nere  t  0 .1  (pp t )  ana +  0 . loC
respec t ive ly .

The analogue signals from the EMC heads and infra-red
suspended sol ids heads were passed through Chebyshev

low-pass  f i l te rs  se t  a t  a  cu t -o f f  f requency  o f  10  l l z .

The signals were then digi t ized et 25 l lz,  using an
Intercole Spectra 11 data logging system, programmed

in FORTRAN.

Ia an estuary the mean f los changes i ts direct ion in

each cycle, and the f low may veer around the bed

fea tures  as  the  t ide  r i ses  (Ref  g ) .  The veer ing  f low

is  s low,  w i th  f luc tua t ions  much smal le r  than tha t  o f

turbulence, hence the averaging periods of the

f luctuat ing signals obtained from sensors should be

short  enough to exclude the veering effect,  but

su f f i c ien t ly  long  to  conta in  the  cont r ibu t ion  o f  a l l

turbulent eddies. I . I i th this in mind cont inuous

signals of one accelerat ing phase of the currenc rrere

divided into a sequence of records of 5,  10 and 15

minutes durat ions, and from each record a l inear trend

was removed. I t  is to be noted that the trend oay not

be l inear when the durat ion is long. Various

parameters were then calculated for these three record

lengths and the results are given in Table 1. I t

shows that the mean veloci ty U, remains almost

independent of the record length, but the rms val-ue in
- v

t t re  mean f  low d i rec t ion ,  (u  1 ,  the  ver t i ca l  d i rec t ion
*

(t  I  and the Reynolds stress G ir ,"r""se with

increasing record length. By examining the U*-

variat ioas throughout the cycle i t  was found that the

m g a n  v e l o c i t y ,  U m ,  d i d  n o t  v a r y



l inearly with t ine for che record length longer than 5
minutes .  In  v iew o f  th is ,  and the  poss ib le  veer ing
ef fec t l  5  minu tes  record  lengths  were  used fo r  a l l
ana lyses .

The data analysis revealed that the EMC heads produced
spurious data during the f lood t ide of the 7 June, and
a lso  a t  e leva t ions  0 . l25rn  and 0 .65n dur ing  the  o ther
t idal  per iods, hence these data rrere not included in
the  f ina l  ana lyses .

4 RESULTS

4 . L  V e l o c i r y  p r o f i l e s

The veloci ty prof i le in a steady two-dimensional shear
f low of c lear water over a hydraul ical ly rough bed
obeys a logari thmic prof i le of the fol lowing forn
wi th in  an  e leva t ion  z  *  0 .25D (Ref  10) ,  D  be ing  rhe
boundary 1ayer thickness:

(  1 )

Where U is the mean veloci ty ae elevat ion z,  measured
If r om the  base -p la te  ( see  F ig  3 ) ,  and  U*  =  (  t o /  O ) t  i s

the f r ic t ion veloc i ty ,  to  being the bed shear and p
the  mass  dens i t y  o f  wa te r .  I n  Eq  (1 )  zo  i s  a

roughness height  ind icat ing the bed texture,  and k is
the Karman coastant  equal  to  0.4.  In  a steady

boundary layer  shear f low wi th suspended sol ids i t  was
suggested (Refs 11 and 12)  t t rat  in  the bed region,
( zO .1D)  k  rema ins  cons tan t  equa l  t o  0 .4 ,  and  i n  t he
uppe r  reg ion  (2X- .1D)  t  r ema ins  cons ran t ,  bu t  i t s
value depends on the concentrat ion of  suspended

mate r i a l s ,  de . c reas ing  w i th  i nc reas ing  concen t ra t i on . ,

In  an unsteady shear f low of  c lear  sater  over  a

hydraul ica l ly  smooth bed (Ref  5)  and a rough bed
(Re f  6 )  i t  was  shown  rha t  rhe  ve loc i t y  p ro f i l es  a re

L=i LaL



l ogar i thmic  w i rh  k=0.4 .  The app l icab i l i t y  o f  the

logari thmic prof i le expressed by Eq (1) in the

boundary layer region of the present t idal  f low with

suspension wi l l  be examined.

I t  was mentioned previously Ehat the mean veloci ty

prof i les rrere measured within 1,40rn frou the bed,

s ta r t ing  a t  z=0.125u.  To ta l  water  depths  2m (D(  5 rn

fo r  two f lood  f lows and 4m (D(8n fo r  two ebb f lows.

This inpl ies that the measured height was wel l  s i thin

the logari thnic region by assuming that there is an

analogy between the estuarine f low and steady boundary

layer  shear  f low.

The measured veloci t ies, obtained from the 5 Braystoke

current n€ters were plotted against their  height on a

seni- log paper,  and the results are shown io Figs 4 to

7 ,  ind ica t ing  tha t  the  ve loc i ty  p ro f i les  a re

logari thruic with var ious slopes within L.40o height.

As may be seen the logari thnic layer exceeds the 0.25D

lirni t  ment ioned previously for a steady boundary layer

shear f  low of c lear l rater.  Moreover,  f laoi l ton et al

(Ref 13) have shown thac the log-prof i le agrees

reasonab ly  we l l  w i th  the  measured pro f i le  p rac t ica l l y

throughout t,he water depth D over 852 of the tidal

cycle. l lence Eq (1) was f i t ted to the oeasured

pro f i les  by  a  leas t  squares  regress ion  w i th in  952

conf idence l imits (nefs 8 and 14).  By choosing a

zero-plane (nef 15) for each prof i le ro obtain the

bes t  f i t  w i th  the  cor re la t ion  R2"0 .996,  i t  was

poss ib le  to  ca lcuLate  the  f r i c t ion  ve loc i ty  U*  by

assuming that the Karman constant k=0.4. The results

of these evaluat ions are shown in Figs 8 -1-0, together

with var iat ions of che mean veloci ty U at z = 1.40ro

with the water depth D and the sal iai ty S during the

measur ing  per iods .  In  F iBsr8-10  are  a lso  shown va lues

- 2

of  the Reynolds st ress (uw) obta ined f ron the EMC

heads  a t  z=0 .35m,  0 .95n  and  1 .40n .  F igs  8  and  9  show



that  the values of  U* agree reesonably ldel l  wi th those
J

of (uw) at z=0.35n in the peak regions of the two ebb
f lows;  the  Reyno lds  shear  s t ress  remains  genera l l y
higher than the U* in the accelerat ing and
dece lera t ing  phases .  Hence i t  can  be  conc luded tha t
the height z=0.35n in the peak region of the two ebb
f lows was w i th in  the  cons tan t  shear - layer ,  w i th in
which the Karman constant k=0.4 was not affected by
suspension. Moreover,  the f low in this region can be
considered as quasi-steady f low, with U* and zo as
sca le  quant i t ies  to  spec i fy  the  near_bed f low in  the
peak region. The results shown in Figs g and 10

indicate that U* <( l*-)uin the accelerat ing and
dece lera t ing  phases  o f  the  two ebb f lows.  Th is
inp l ies  tha t  the  f low uns tead iness  a f fec ts  the
acce le ra t ing  and dece le ra t ing  phases  o f  the  ebb f low
by assuming that the effect of  suspension on the
Karman cons tan t  i s  neg l igab ly  sna l l ,  as  was the  case
in the peak region. A sini lar conclusi .on can be drawn
from the results of a simulated two_dimensional t idal
f low of c lear nater invest igated by Anwar et al  (nef
5).  Due to lack of measurements in the large part  of
the  f lood  r ide  shown in  F ig  10 ,  i t  i s  d i f f i cu l r  co
examine the effect of  the unsteady f low on the

relat ionship between Uo ana ( i i l ) ' .  I t ,  however,
I

appears that  che t rend between U* and ( ; ; ) '  is  very
s in i l a r  t o  t ha t  ob ta ined  fo r  t he  ebb  f l ow .  F igs  g  t o
10 fur ther  show that  the ReynoLds st ress decreases

wi th increasing z,  and the (G)"  . r " lo""  are a lmost  the
same at  z=0.95tn and 140m.

F rom the  resu l r s  shown  i n  F igs  g  and  9  i t  i s  d i f f i cu l t
t o  concede  tha t  t he  cons tan t  shea r . l aye r  i n  t he  peak
region d id extend much beyond z o0.35mr a l though the
th i ckness  o f  che  l og - l aye r  was  i n  t he  o rde r  o f  1 .40n .
Hence ,  i t  i s  r easonab le  t o  assume tha t  t he  l og -p ro f i l e
can  ho ld  t o  a  l a rge r  dep th ,  poss ib l y  t o  a  good
apiproximat ion throughout  the water  depth,  as was the



4.2  Turbu lence

In tens i t ies

case of the experimental  results obtained by Hani l ton
e l  a l  as  d iscussed prev ious ly  (Ref  13) .  The va lues  o f
the bed roughness height zo ere also shown in Fig g to
10 shich indicate that the bed roughness is time
dependent ,  Th is ,  in  tu rn ,  can  be  a t t r ibu ted  to  the
suspension of sol ids, which var ied with t ime (to Ue
shown later),  and also changes in the r ipple

dimensions. From the results shown in Figs g to 10 i t
can be deduced that the drag coeff ic ient CO =

(U* /Ur= i+U )  2  i s  a lso  t ime-  dependent ;  a  s in i la r
resu l t  was  ob ta ined e lsewhere  (Ref  6 ) .

Figs 8 and 9, and, to a certain extent,  Fig 10
indicate that the maximum of the Reynolds shear
s t ress ,  and the  f r i c t ion  ve loc i ty  U*  lag  the  peak

ve loc i ty  U - , .  . - , , :  w i th  the  conc lus ion  tha t  the  va lues-  
2=7.40 .

of Ehese perameters, being t ime-dependent,  are not the
same in the accelerat ing and decelerat ing phasee of
the t idal  currenc, hence the hystersis effect which
w i l l  b e  d i s c u s s e d  l a t e r .

The rms horizontal  veloci ty (A+ and rhar of ehe
- *

vert ical  veloci ty (w I  were evaluated from the
measured da ta ;  the i r  tu rbu lence in tens i t ies ,  us ing

(uw)  a t  z=0.35m as  a  sca le  quant i t y ,  a re  d isp layed in
Figs 11 to L2 for rwo spring ebb cides and in Figs 13
for  a  spr ing  f lood  t ide .  F igs  11  to  13  show thar

turbulence intensit ies in both direct ions, being large
at  z=0.35m,  decrease w i th  inc reas ing  z  as  is  to  be

expected. There is no obvious reason for the

subs tan t ia l l y  1ow hor izon ta l  tu rbu lence in tens i ty  a t
z=0.35m o f  the  7  June ebb r ide  (see F ig  11) .  The

horizontal  turbulence intensit ies, embracing as they
do a wide range of eddy sizes, are lower in the

accelerat ing phases than those when the currents rrere
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decelerat ing in the ebb t ides shown in Figs 11 and 12,

inplying that che development of eddies was completed

when the f low passed the peak region. Comparable

information cannot be obtained from the results of the

f lood t ide shown in Fig 13e due to lack of measured

data when the f low was decelerat ing. I t  is

interest ing to note that the vert ical  turbulence

intensit ies, containing nainly the contr ibut ion of

large eddies (Ref 9),  remain almost unchanged in the

acce le ra t ing  and dece le ra t ing  phases  (see F igs  11  and

f2).  These f igures further show that the di f ferences

between the turbulence intensit ies in the vert ical

d i rec t ion  a t  z=0.95n and z=1.40n are  very  smal l ,  th is

is not the case for the horizontal  t .urbulence

intensity,  inplying that the contr ibut ion of snal l

eddies decreased with increasing z.

From the measured instantaneous sol ids concentrat ion

C, using infra-red suspended sol ids heads, the mean
L '

concentrat ion C and i ts rms vaLue were evaluated. I t

was found that e"O.03kg m- 3 at z=0.125m and 0.35n with

the rms values in the order of 0.001kg m- 3 remained

the same throughout the t idal  per iod. Sini lar vaLues

were obtained from some measurenents made near the

free surface. I t  can therefore be concluded thet sand

grains of about 40 1n renained in suspension throughout

the water depth most of the t ime.

From the three pump sample nozzles the mean

concen t ra t i on  C  o f  suspended  so l i ds  f o r  g ra in  s i zes

ranging between 40 p and 250 p was deteroined at



z=0.L25w and 0.95m. Fig 14 shows a typical

cumulat ive size distr ibut ion. The measured mean

concentrat ion C for two spring ebb t ides, and two

f lood t ides are shown in Figs 15 to 18, in which are

a lso  g iven the  var ia t ion  o f  the  mean ve loc i ty  U a t  the

re levant  he igh t  z .  F igs  15  to  18  genera l l y  d isc lose

that the concentret ion C increased with increasing.

mean veloci ty U, reaching a maximum later than Ehat of

U,  i t  then  decreased as  the  ve loc i ty  decreased.

Sini lar patterns can be obtained for the mean sediment

concentret ion C and i ts f lux, UC, in the mean f low

direct ion, and also for the turbulent k ineEic eaergy

q 2  =(u  2  *  ,1  wh ich  are  shown in  F igs  15 ,  16  and 18 .

I t  is noted that due to the uncertaini ty of the

measured data at z=0.L25at as mentioned previously,

the  q '  -va lues  a t  z=0.35m are  g iven in  F igs  L51 16  and

18 by assuming that the turbulent k inet ic energy at

these two heights in the conscant shear stress layer

are  very  c lose .  In  o ther  words ,  F igs  15 ,  16  and 18

disclose that the C, UC and q 2 values are out of ph.ase

with the mean veloci ty U, result ing in the hysteresis

effect which can be seen in Figs 19 for an ebb t ide.

As may be seen, f low parameters given in Figs 19 are

higher in the decelerat ing f  Low9.r those vhen the

f low is accelerat ing. The high q 2 value during the

decelerat ing phase is due to the large value of (G

(see Figs 11 to 13),  causing a large rnovement of the

bed Bater ials,  which, in turn, wi l l  be picked up from

the bed by (w2), rhi"h remained almost unchanged in

the accelerat ing and decelerat ing phases of  the

cu r ren t .  The  Reyno lds  shea r  s t ress ,  t he  f r i c t i on

ve loc i t y  g *  ( see  F igs  8  t o  10 ) ,  and  the  f l ow

parameters shol rn in  F igs 15,  17 and 18 are t ime

dependent ,  hence d imensional  arguments cannot  be used

fo r  t he  es tua r i ne  f l ow  as  d i scussed  p rev ious l y .  On

the other  hand,  i t  is  possib le to use the one-equat ion

tu rbu len t  mode l  ( see  Append i x  A ) ,  i f  a  c l ea r

re lat ionship can be establ ished between the turbulent

10



6 CONCLUSION

kinet ic energy q 2 and G. The values of p are

p lo t ted  aga insr  f r  in  F ig  20  (a ,  b ,  c )  dur ing  rhe

acce le ra t ing  and dece le ra t ing  phases  o f  two ebb t ides

and a  f lood  t ide  a t  z=0.35m.  The resu l ts  g iven  in  F ig

20 do  no t  show a  hys teres is  e f fec t .  So l id  l ines  drawn

by inspect ion in Fig 20 (excluding the last result  in

Fie 20c) reveal a l inear relat ionship betwe"n 7 ar,a

i lF of the fol lowing form:

urt
8 = - :

n
q '

(2 ' )

where  a4 .25  fo r  the  resu l ts  g iven  in  F ig  20  (b  and c )

increases to a "0.45 for the TJune ebb t ide. In a

two-dimensional boundary layer shear f low of

hauogeneous f lu id  a"0 .15  (Ref  7 )  inc reas ing  to  a  { .17

for a two-dimensional heat transfer f low (Ref 17).

The high a-value of the present data is to be

expected, because the rms value of the lateral

veloci ty coaponent nas not included i"  ?.  The

results shown in Fig 20 and Eq 2 indicate that the

one-equat ion turbulent model can be used for estuarine

f low to calculate the mean veloci ty components and the

Reyno lds  shear  s t ress  (see Append ix  A) .

Fie ld measurements ! i lere conducted in  the estuary of

the River  Taw dur ing ihe spr ing ebb and f lood t ides

w i th  t he  f o l l ow ing  resu l t s :

l -  Mean veloc i ty  prof i les were logar i thnic  vr i th in che

measur ing depth of  1.40m f rom the bed.

2 Fr ic t ion veloc i ty ,  wi th the Karman constant  of

0.4,  agreed vel1 wi th the near-bed Reynolds shear

st ress in  the peak region,  but  otherwise the

Reynolds shear s t ress was h igher  than the f r ic t ion

1 1



ve loc i ty  in  the  acce le ra t ing  and dece le ra t ing

p h a s e s .

The Reynolds shear stress, being large near the

bed, decreased with increasing distance from the

bed. The values of the Reynolds shear stresses

\rere pract ical ly the same at elevat ions 0.95n and

1.40n.

In che decelerat ing phase the horizontal

turbulence intensit ies were higher than those in

the accelerat ing phases. The turbulence

intensit ies in the vert ical  direct ion remained the

same in the accelerat ing and decelerat ing f lows.

The turbulence intensit ies in the vert ical  and

hor izon ta l  d i rec t ions ,  be ing  la rge  near  the  bed,

decreased as the distance from che bed increased.

Sand grains of about 40 p remained in suspension

throughout the depth during the measuring t idal

c y c  l e s .

The concentrat ion of  sand gra ins wi th a UO vary ing

between 40 p and 250 1.n, was out of phase with the

mean veloc i ty  var iat ion.  I t  increased and then

decreased wi th the increase and decrease of  the

mean  ve loc i t y ,  p roduc ing  a  hys te res i s .  S in i l a r

hysteresis  pat terns nere obta ined for  the

hor izonta l  sediment  f lux and Ehe turbulent  k inet ic

ene rgy .

Var iat ion of  the turbulent  k inet ic  energy was in

phase wi th the increase and decrease of  the

Reyno lds  shea r  s t ress  w i t hou t  a  hys te res i s

e f f e c t .

L2



APPENDIX A

The turbulent energy closure numerical  s imulat ion is

based on the turbulent energy equat ion, which can be

wri t ten in the fol lowing form for a two-dimensional

uns teady  f low:

|#. dr#"+,T - Pr*$<e*+pFr * pe= 0 o.A)

advect ion produc t ion  d i f fus ion  d iss ipa t ion

in which it is assumed that the Reynolds number is

su f f i c ien t ly  h igh  to  neg lec t  the  v iscous  te rm.  Eq

(1A) indicates the rate of turbulent k inet ic energy

along a streamline. The experimental  results of the

present  s tudy revealed that  the rat io

remains constant  for

be  wr i t t en  as :

a g iven f low,  hence Eq (1A) can

a  = a

PT

*,**, . (u*.r^r+)(fo, - ;# . 9"' = o (2A)

In  Eq (2A)  i t  i s  assumed tha t ,  to  a  f i rs t

approxiuat ion, the di f fusion term is smal l ,  and the

existance of the local-equi l ibr iurn, ie the turbulent

produc t ion  is  equa l  to  d iss ipa t ion ;  wh ich  leads  to

( J ] . 3 / 2

t=t'- , where L can be

length .

approximated to the mix ing

monentum equation in the hor izonta lThe boundary layer

d i r e c t i o n  r i 1 1  b " ,

1 t F *  0 t
p& uP*"

CK

ilJ
PE. p(u

13

dt\
- l - -
@

(3A)



dJ d,I
: * = - = U
c K @

Eqs (Za) and (3A) together ni th the conrinuiry

equat ion ,  ie

(4A)

wi l l  fo rm a  se t  o f  th ree  equat ions  to  ca lcu la te  U,  l I

and a.

I t  is to be noted that a transport  equat ion simi lar to

(11) can be wri t ten for the suspended sol ids transport

to  ca lcu la te  the  f lux  UC in  the  acce le ra t ing  and

dece lera t ing  phases  o f  the  f low.

L 4
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