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13. Abstract 

A new theoretical model for the development of an estuary bed profile under the influence of 
river flow is presented. The model is based on original dependences describing the distribution of the free- 
water surface slope both along and across the mouth reach that were developed by an analysis of experi- 
mental data, A fundamentally new solution is given, which accounts for the turbulent interactions between 
flow jets in the coastal area where the river flow actively interacts with the surrounding water. 

Two variants of the theoretical model were formulated, a one-dimensional and a two- 
dimensional model (a flow plan). Numerical solution of the one-dimensional model allowed prediction of 
bottom deformations with time under the influence of key hydrological factors at different slopes of 
coastal bottom relief. Numerical solution of the flow plan model provided the longitudinal and transverse 
distributions of flow velocities and bottom relief deformations. 

An analysis of the obtained information afforded novel dependences describing the rates of bot- 
tom relief formation and bar crest growth, as well as the final height of the bar crest and the rate of its 
downstream migration. The results of calculations are in perfect agreement with the experimental data and 
field measurements. The results of this work will help choosing the right location and depth of navigable 
channels in estuaries. 
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Technical Objective 
The objective of this work was to create a universal theoretical description of the develop- 

ment and deformations of mouth bars caused by a combination of river and sea hydrological factors. 
The developed model assumes the absence of considerable tidal and sea-wave influence on the mouth 
bar relief Development öf Stich ä theöfy should be considered as a substantial Contribution tö hydrol- 
ogy. 

The proposed numerical model allows prediction of 1) mouth bar deformations due to sea- 
sonal changes in the hydrological regimes of both river and sea and 2) obstruction of the navigable 
channel under the influence of active factors in various combinations. Successful solution of this prob- 
lem opens new horizons in the prediction of mouth bar deformations. 

Background 
The cyclic development of delta branching is extensively studied by drilling and documented 

in archive sources [1], The redistribution of flow in delta branches has an adequate theoretical descrip- 
tion [2,3]. Unlike these processes, the morphological changes in bar relief that occur under the com? 
umeu influence of fiver and sea hydrologieal factors have no analytical solution as yet. Only a few 
rough approximations such as the so-cailed "mouth elongation" can be found in the literature [4]. Our 
extensive experimental studies [5,6,7], examination of actual data on numerous river estuaries (in par- 
ticular, those of rivers flowing into the marginal seas of the Arctic Ocean [7S]); and theoretical calcu- 
lations [9,10,11] constituted the elements öf a universal theory of mouth bar development [7,12,13]. 
Fragmentary realisations of this theoretical model were successful [14,15,16]. 

The theory of the problem 
Navigational traffic in river estuaries requires practical knowledge about the intensity of 

Sedimentation in the estuary, mouth bar development, navigational depth at the bar crest, and the rate 
of migration of bar elements. In the case being considered, the navigation-affeeting parameters of a 
mouth bar totally depend on river factors. The mouth bar development mainly eeeurs at high-water 
periods (floods), when the bar crest reaches its maximum height and the bar itself is maximum shifted 
seawards. This time is least favourable for navigation. Sea factors, especially wind-induced waves, 
usually destroy the bar relief formed by river flow, restructure it, and lower the bar crest. Such defor- 
mations often increase navigational depths. However, the effect of sea factors on the stability and pro- 
file of a navigable channel is ambiguous. The river- and sea-related processes, which are often coun- 
teracting, will be discussed elsewhere. 

Variations of the bar crest height with time, the fate of its vertical deformation and longitudi- 
nal migration, as well as other parameters that depend on annual and perennial changes in river runoff, 
free-water surface slope, and sediment discharge at the upper boundary of the estuary reach will sub- 
sequently be referred to as the "mouth bar regime". 

The estuary area is usually subdivided in two regions [4]: the estuary reach where river fac- 
tors dominate and the coastal area with distinctly sea-type hydrological regime, The upper boundary of 
the estuary reach normally coincides with either the delta head or the section line at which no positive 
set-up can be observed. The lower boundary is a virtual line enveloping either the sea coast or delta 
islets reached by the sea. Section line at which the influence of the river flow disappears separates the 
coastal area from the open sea. 

The theoretical model uses the system of orthogonal curvilinear co-ordinates shown in Fig. 1. 
The origin of co-ordinates is in the centre of the estuary section line, The longitudinal co-ordinate / is 
directed downstream. The upper and lower boundaries of the estuary area (as defined above) were as- 
sumed to be at — GO and + so, respectively. In the one-dimensional model, flow velocities and bot- 
tom deformations are either considered along the stream axis (the isoline of maximum depths) or aver- 
aged across the flow, In the two-dimensional model, the river flow is divided into separate flow jets, 
This approach known as the construction of a flow plan simplifies both the set-up and solution of the 



problem compared to the use of orthogonal co-ordinates. The ordinate axis is denoted b axis. Flow 
velocities are averaged over depth. 

The behaviour of the free-water surface slope 
It is known that the free-water surface slope of a river depends on such parameters as bed 

profile, bed roughness, and flow rate and is mainly determined by the surface drop between the upper 
boundary of the estuary reach and the reservoir level. As water level at the upper boundary greatly 
varies, whereas the sea level is constant, the maximum surface slope should correspond to catastrophic 
floods, and the minimum slope, to low-water periods. 

River flow above the estuary is usually considered to be quasi-uniform, with a constant sur- 
face slope along the river bed. Within the estuary reach, river flow is always non-uniform. Here the 
surface slope is increasing downstream at high-water periods and reaches its maximum at the estuary 
section line (Fig. 1). Location of the maximum slope depends on flood intensity. The higher the flood, 
the more the section line of maximum surface slope is shifted seawards. Within the coastal area, the 
surface slope is first sharply decreased (as the river flow is no longer confined between the banks) and 
then gradually disappears. At low-water periods, a continuous decrease of the surface slope down the 
river is observed virtually everywhere along the estuary reach. Within the coastal area, the surface 
slope is only observable at the bar crest during negative wind-induced set-ups. 

A statistical analysis of experimental results and field measurements provided an analytical 
expression of the surface slope behaviour. The slope depends on 1) the surface slope above the estuary 

area 7_oo, 2) the positive difference AZj^r   between the surface level at the estuary section line 

that would be observed in the case of quasi-uniform water flow within the estuary reach and the reser- 

voir level (Fig. 1), and 3) the morphological index kf of the river bed: 

I = IQe~k^T at7>0, (2) 
where IQ = (1 + Ct] )i_oo *s tne surface slope at the estuary section line, 

üj is the slope amplitude, 

Cfc and Cj£ are the parameters of the estuary reach and coastal area, respectively, that 

determine the degree of the surface slope transformation; 

Kf — A,rpB_<Xl I H _oo is the morphological parameter of the river bed 

where Aj1 is the hydraulic friction coefficient, 

-S-OQ and //-oo are the average width and depth of the bed, respectively, above the 
estuary area, 

1=1/ B_tX) is the relative distance from the estuary section line. 

An expression for the longitudinal profile of the free-water surface is found by direct integra- 
tion of (1) and (2): 

Zw = ZW    -I^B_J-I_nB-o>-^-ekTC*r at 7<0, 
KTLk 

ZW = I_^B_n Ül^g-W  at T > 0 (3) 
kTCk 



where Zn/ and Znz      are the free-water levels (measured with respect to the constant level of 

calm sea) in the river bed and at the upper boundary of the estuary reach (the initial section), 
respectively. 

The slope amplitude Ctj can be determined using the limiting condition of smoothness (the 

section line: 

d^iY 

Ul 

dz^pyl 
or/!,  .   A = /|, 

,      «       ///  I,      «       "->-0       1./—>+0 ■ 

ifiio wiiuiiivjii lOgviiivi  vvlin {LJ aiiu {AJ givwo tuv JxuiuWing CXprcSolGfi iUi uiv oiv^pv aliipiitUu^. 

U-po^-oo   Q'y Q + C| 
(4) 

whence A7,ytr , which is the sum of free-water level drops within the estuary reach and coastal area 

(Fig. ]), is determined: 

AZw- = 
-*»   KM     ci J    kT 

n8 tucOretiCai justification öi tug C^- an« Lt values exists as yet. In the present model, 

these parameters are free variables determined by comparing the experimental data with the results of 
numerical modelling. Either parameter may be greater or less than unity. An analysis of experimental 
uata ana fiem racasurerfierrts showed that the curve representing the free-water surface is smoothed 
during the development of a mouth scour and formation of the bar crest with both the discharge and 
level of water in the initial section being constant. This smoothing can be accounted for by decreasing 

the C-£ parameters. A simple empirical formula was discovered: 

^■k - Q: = Ht ^ A/-"max > 

where HmWi - Hmax/H-oo , 

-^max *s l^e maximum depth of mouth scour, and 

ff^ao is the river depth above the initial section, 

Assuming that Cfc = C% = 1 at t — 0, formula (4) can be transformed to express the 

slope amplitude as a function of time: 

fl/(/) = 04(l + O.5a/(0))CV-l], 

It should be noted that the slope amplitude Qj and parameters CL and C'i may differ for 

each of the jets in the flow plan model. In general, they are gradually decreasing upon transition to- 
wards peripheral jets. 

Flow velocity within the estuary reach 
Water flow within the estuary reach is both non-uniform and unsteady. However, the per- 

formed tests and comparisons (e.g., see [17]) show that the term accounting for the local acceleration 
in the differential equation of motion is negligible compared to other terms even during build-ups and 
recessions öf natural floods. It was shown that the turbulent tangential stress can also be neglected in 
this case [löj. Therefore, the initial equation can be written as follows: 



/ = 
d_ 
dl 

V2> 
+ ■ 

Hlg 
at /<0. (5) 

Here, V and H are the flow velocity and depth for a given cross-section. The solution of (5) can be 
written in this form [5]; 

/ dx 1    -\XT 

V2 = 2g]le *    H dx. (6) 

-00 

For an open bed, the hydraulic friction coefficient Af can be expressed via the Chezy friction factor 

C as Aj — 2g I C   . Using the Manning formula for the Chezy factor and assuming a constant 

coefficient of bed roughness along the flow, we obtain the following equation, in which the hydraulic 
friction coefficient is expressed via its value in the initial section (viz., at the upper boundary of the 
estuary reach): 

/ / 

l^d, = XT^H^\4^ = XT^F(t), 
-00 

H 
-00 

Hmi 

where /ij7      is the hydraulic friction coefficient for the initial section and TYl\ = 4 / 3 . 

Substitution of this expression and that of the surface slope (1) in (6) followed by reduction 
to a non-dimensional form gives 

U = A'kT 
K*^W+Ö/ Je*rHM~)+Q^ 

-00 -00 

(7) 

where U : V2    ^ ..\    { dT 

V: 
0(7>) = J 

00 
H^ , / 

B_ 
and H — 

■oo #_ 00 

As water flow in the initial section is assumed to be quasi-uniform, 

A' =       ^~~°°   —oo _ 1 

The obtained expression (7) is valid both in the one-dimensional and two-dimensional (flow 
plan) models. 

Let us consider the initial stage of bottom relief formation, when the depth is constant along 
the river bed. In this case, (7) takes this simple form: 

I + Cjt 
(8) 

Flow velocity within the coastal area 
Within the coastal area, the river flow spreads unconfmed by the banks, which results in ac- 

tive turbulent interactions between the river flow and the surrounding water mass. This process, as 
well as bottom friction, efficiently quenches the flow energy and decreases its velocity. In this case, 



equation (5) should be complemented with a term accounting for the tangential stress on the lateral 
surfaces of flow jets [10]. 

Methods öf calculating breakdown flows applicable tö river flows äs weil were developed by 
numerous researchers [18,19,20,21,22]. Vast experimental data on the expansion of breakdown flows 
can be found in [19,23], A solution of the problem accounting for the bottom friction and turbulent 
tangential stress in the case of both free^water surface slope and depth varying along the river was re' 
ported in our earlier works [9,10,24]. 

(riven a preferred flow direction, so that the velocity vector is practically eollinear with the 
longitudinal coordinate, the simplest expression for the turbulent tangential stress is 

PVt 
ffl 

a> 
where the turbulent viscosity coefficient Vf is a scalar. 

The uprtOrdate models of turbulence, e.g. the differentia! K — € model, seem to be the best 
löunded from the theoretical viewpoint. However, application of such models to the discussed prob- 
lem would have considerably complicated the analytical expressions for stream velocities with only a 
small gain in accuracy. Therefore, we favoured the hypothesis of V,M. Makkaveev [25] that the tur- 
bulent viscosity coefficient is proportional to averaged velocity, viz. 

vt=hV, 
where A is a function with linear dimensionality. 

To deduce an equation for the velocity distribution in a free turbulent jet, I.M. Köiiövalöv 
[26,27] treated the diameter (width) of the expanding jet as a characteristic dimension and expressed it 

as a linear function öf the longitudinal co-ordinate. The resulting expression for Vf was 

vt = 2a IV (9) 
where Q. is the turbulent exchange coefficient. 

A similar dependence was earlier discovered by Reichardt [28] who analysed the experimen- 
tal data on the velocity distribution in a turbulent jet. The phenomenological theory of Reichardt at- 
tracted serious criticism. Nevertheless, it is in a good agreement with the experimental data and has 
undeniable practical advantages [29]. Assuming the Reichardt—Koriovalov definition of the turbulent 
viscosity coefficient, we arrive at the following differential equation of flow motion that includes all 
the key factors of turbulence; 

2a 
-   d1 

7g)    ä 

rvi\ 
+ h_: /at/>o. 

^ 
Substituting V" = ue -ATF(l) I , and <P = ujlg + Z, one 

3bisinc 

a 
y^O &$> 

db" m (10) 

As river flow practically expands in the coastal area as in an unbounded half-space, the initial condi- 
tions are 

O|/=0 = 0(» = V$ jig+zQj{-B0/2£b^B0/2i 



O, A = 0,iN u/, , 
"=° \b<-Bo/2' 

where J'Q and ZQ are the flow velocity and the Z value, respectively, in the mouth section. 

Following is the solution of (10): 

50/2 _(a-b\2 

7   \2al) 
&■■ 

Flow velocity can be written as 

1 
2OI-[K 

\   <b{a)e da. 
-Boft 

V2 = v£lW+2gz0(ll
xi'-i) + 2g]leÄTomdl 

-ZToF(l) 
(11) 

where E¥ = - 
2 

erf V2 + b/Bp 
V  2al/B0  ) 

+ erf 
I  2a//£n  >/ 

2   "5      ^2 
erfix) = —F= je       öfr is the error function, 

f(0=<'-'J d/ 

/ri 
5Q and //Q are the bed width and depth, respectively, in the mouth section, 

Af  is the hydraulic friction coefficient in the mouth section. 

Changing over to dimensionless values and taking account of the expression (2) for the sur- 
face slope, one can write 

u = [UoSV+(t/oo - ü0)(E>F - i)]e-M
r.°) + 

(12) 

where UQ = —~  

^-oo,0 
^00=^ 

^-oo,0 

FQQ and K_oo Q are the axial flow velocities in the mouth section and at the upper bound- 

ary of the estuary reach, respectively. 

The solution (12) is valid at any point along the river flow where the confining banks do not 
substantially affect the flow motion. In the particular case of the one-dimensional model, flow velocity 
is described by the following expression: 



M ,    (13) 

At the initial stage of bottom relief formation, the depth is everywhere constant, therefore 

■kTT U-- U0I,W + -^L(ekj(l~Ctil -l) 0      l-a'v ; (14) 

There is an alternative non-dimensional representation of (11) for the case of an axial jet; 

-2 
K- = yw<rkT$(r$+A» 
V<t 

1   y 
+ A" Kf\e 

0 
■^)-^W, 

where An __ —o-\J——<. 

'0 T 

Let us consider the physical meaning of parameter A" . As was shown above, A' = 1 in 
An  ... the initial section regardless öf water level. In the mouth section, n.    can be either greater or less 

than unitVä i-s= A   *> 1 during floods and A   < 1 during low-water periods. It follows from (3) 
mal Ljiw jLru'oiii'vv \iiilvi Ciifw uviWvvu luv JLJWC ^- rfae VVCILC*  oui Xtt^w iwv VW  ill   I 

levei is 

^^0    =      fc     ^„ 
IQB-OO _ (l + al)l-ooB-oo 

Substitution of this formula in the above expression for A" gives: 

A"' 
&Zm 

'fing) 
This is a ratio between the excess specific potential energy of the flow in the mouth section with re- 
spect to the reservoir level and the specific kinetic energy of the flow in the same section multiplied by 

Assuming C^ = I, one arrives at a simple relationship between the distribution of velocities 

/T/2 /T   \ 
along the coastal area and the quotient f\Z,ffi  11 KQ  / z-gi. Thus, when the potential energy of 

the flow jet is greater than its kinetic energy, there occurs a partial transition of the former into the 
latter. Accordingly, the flow is accelerated, and its velocity reaches a maximum at some distance 
downstream from the mouth section, Thenä the flow velocity gradually decreases due to turbulent and 

decreases aJons the longitudinal co-ordinate, so that 0. If the potential energy is less 

1=0 
than the kinetic energy, the flow jet velocity abruptly falls as soon as the flow reaches the coastal area. 



Bottom relief deformations 
Bottom deformations of the estuary reach and mouth bar depend on the actual discharge of 

bed load, which is determined by the hydraulic characteristics of the flow in any cross-section of the 
river bed. Our investigations showed the distribution of sediments along the river to be a function of 
flow velocity. The streamwise migration of sediments is practically unaffected by depth changes. This 
together with the fact that the water discharge is constant along the flow trajectory gives an expression 
for the rate of vertical deformations of the river bed and mouth bar: 

€ = ~ 
dH qs_ 
dt     (l-s)B_o0 

U 
urn   ZdU 
H a   2 a J 

(15) 

where qs      is the sediment discharge in the initial section (volume units per unit of bed width) 

and 
8 is the porosity coefficient of bottom sediments. 

The maximum amount of bed load that can be displaced by river flow under given hydrologi- 
cal conditions is determined using the following original formula: 

qs = 0.0065 
(     \V3 

v 

.4s) 
4dVn (16) 

where    Vn    is    the    non-displacing    velocity    defined    by    V.N. Goncharov    [30]    as 

Vn = U5j&log($SH/d), 
V is the kinematic viscosity, and 

d is the size of sediment particles. 

The actual discharge of bed load during different seasons of hydrological year is usually 
smaller than the amount determined from (16). Therefore a correction factor should be introduced in 
the formula of the deformation rate to obtain correct quantitative results. This correction factor can be 
estimated by comparing the actual and calculated data for high-water periods. 

Assuming that the development of the longitudinal bed profile in the estuary reach and of the 
mouth bar both start when the depth is still constant along the estuary area, the initial rate of bottom 
deformations is 

1.5qs 

(1-*)*_«, 
■U a (17) 

Method of calculations 
Since river depth depends on the flow velocity, which in turn depends on the occurring bot- 

tom deformations and varies with both water level and runoff, it was necessary to divide the period of 
time, during which the mouth bar is developed, into short time intervals such that flow velocity could 
be assumed constant during each interval. On every next time interval, the flow velocity was recalcu- 
lated to account for the altered bottom relief, water level, and runoff. 

Calculations were performed using the finite differences scheme, which provided stable solu- 
tions, as well as the required accuracy. 

In the one-dimensional model, the deformation equation (15) was rewritten in this form: 



H(t + At, I) = H(t, I) - EU(t, I) x 

u(uf^-J^-Uu(Uhu(u-^ (18) 

where A/ is the computation step along the longitudinal co-ordinate and At is the time step. 

The dimensionless quotient ß is determined from the initial parameters at the upper bound- 
oni rvftKp pcfnot-ij raar»tv UJ-J   MI  tut  STJLI^UJ. jr   J. vCLv.il. 

P = ?.S0A; = ^ A/ 

(l-^oo^ooA/~yA/ 

A stable solution requires that the parameter E in (18) was sufficiently small. For the actu- 

ally observed flow velocities and depths, the condition E < 1/ 4 is sufficient. 

Calculations of bottom deformations in the two-dimensional (flow plan) model are more 
complicated. Variations of jet width due to changing depth and flow velocity requires to calculate a jet 
depth taking into account the depth of the neighbouring jets. 

The relative width of each jet is 

Bm = l/ MHm-y]Um 

where Bm — Bm( BQ\ is the relative width of an ffMhjet, 

Bm is the actual width of this jet, and 

M is the number of jets in the plan. 

The distance between the flow axis and the axis of the ffl -th jet is bm = =^- 4-   /_] Bfc + -—^. 
2     k=2 2 

A new depth of the jet H'^-it + At \ in the same boundaries is determined from (18). A change in 

the jet width will be then 

''" 8^(t + At)Vm(t) 

Here we assume that H'M+\   .. = 1 outside the jet boundaries and ABQ == 0. New depths in 
2   +l 

new boundaries wÜi be 

H << ■ * A - Bm{t)H'm{t + A*) + ABm(t + At)H'm+l(t + At) 
v        ; Bm(t)+ABm(i + At) 

For numerical calculations, the integrals appearing in (7)and (13) (the one-dimensional 
model) or in (7) and (12) (the two-dimensional model) were replaced by the corresponding sums, and 

the velocity function w was calculated using the values öf hydraulic parameters M and C-fr corre- 

sponding to the end of the preceding time interval. As there appears an infinite integral in (7), summa- 

tion started at / «—10..—2U. The velocity and depth upstream from this point were calculated 
using (8) and (17), respectively. 
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The results of calculations 

Distributions of flow velocities 
Numerous experiments were performed to study the velocity field in a flow expansion area. 

However, most of them either do not conform to our theoretical model or provide insufficient data. 
Thus, data on the local free-water surface slopes that are crucial for our model are absent from most 
of these reports. Therefore, we carried out special experiments to establish the effect of bed roughness 
on the distribution of velocities (averaged over depths) in the flow plan (the experiments used two 

types of bottoms with the hydraulic coefficients Af = 0.008 and Äf ~ 0.014) and to sub- 

stantiate the values of the turbulence coefficient Ü accepted in the model. 

Theoretical and experimental epures of velocity distributions in the flow plan are shown in 
Fig. 2. The experimental epures correspond to velocities averaged over depths. The theoretical epures 
were calculated using (14) with various values of the coefficient Q. The best fit is observed at 

Cl — 0.05 and C'£ = 1. The observed agreement between the calculated and experimental epures 

indicates that both the accepted phenomenological theory of turbulence and generalisations of the type 
(10) are valid. 

At Ct > 0.05, we observed an increase in the flow expansion angle and significant devia- 
tions of the calculated epures from the experiment. Therefore, our attempt to account for the bottom 
roughness by merely increasing the coefficient Ct should be considered as a failure. 

Bottom relief deformations 
We consider the development of a mouth bar in a coastal area with very small bottom slope 

and assume both the initial depth along the estuary reach and runoff to be constant. These conditions 
are readily reproduced in laboratory experiments, and sometimes they can be observed in the nature 
during the formation of a new estuary. The results obtained by solving the one-dimensional model are 
compared with the experiment in Fig. 3. A good agreement is seen, which indicates validity of the de- 
veloped model. 

An analysis of the calculational results based on the above assumptions most clearly shows 
how the key factors affect the mouth bar regime. The distribution of flow velocities along the estuary 
reach and at the mouth bar are shown in Fig. 4. The longitudinal profiles of the estuary reach and 
mouth bar at various stages of bottom relief formation are shown in Fig. 5 with the key parameters 
corresponding to the natural conditions. 

An analysis of the results based on the one-dimensional model indicates that the maximum 
free-water surface slope is located exactly at the mouth section in the initial period of the longitudinal 

bottom profile formation. The greater the surface slope amplitude Clj , the more is the location of 

maximum flow velocities shifted seawards. In the longitudinal bottom profile, the areas of mouth 
scouring and bar crest formation are discerned. The initial location of the bar crest depends on both 

kf and Clj and is shifted further from the mouth section with decreasing the morphometrical pa- 

rameter kf, 

Flow velocity in the neighbourhood of the mouth section increases with time, and the location 

of maximum flow velocity is shifted downstream. The mouth scour is formed at Ü j > 0. The rate of 

its formation increases with both kf and Ctj . The intensity of erosion decreases with time. The lo- 

cation of maximum depth migrates seawards with the velocity that is practically independent from time 

and is mainly determined by the slope amplitude Clj . 

The evaluation of mouth bar relief has two stages: 1) the formation of mouth bar by sediment 
deposition on the initially flat bottom of the coastal area and 2) the seaward migration of the mouth 
bar thus formed, all its key parameters remaining the same. The bar formation takes the time deter- 

11 



mined by KT and Qj , The final relief is formed more rapidly with increasing kp and QT parame- 

ters. 

The depth at the crest of the formed mouth bar is Hcr = HCf./H_o0 = 0.1. .0.12, 

which value weakly depends on kf and Gj . Thus, the depth at the bar crest is slightly decreased 

with increasing these parameters. The formed mouth bar migrates seawards with a constant velocity, 

which mainly depends on Q j and increases with increasing this parameter. An insignificant smoothing 

of the bar crest is also observed. 

In the course of mouth bar formation, the rate of bar crest elevation varies and reaches its 

maximum when the depth at the bar crest is Hcr — 0.4. .0.6. The rate of bar crest elevation in- 

creases with increasing both the morphological parameter kf and slope amplitude Ctj . The location 

of the bar crest with respect to the mouth section is little changed during initial stages of its formation. 

The value of kf determines whether the bar will migrate seawards due to sedimentation on its rear 

slope er approach the mouth section due to preferred sedimentation on the front slope of the bar. The 
rate of seawards migration of the bar crest increases with time and passes through a maximum prior to 
becoming constant. 

Initially, the feaf slope of the ffiöüth bar is vety gefitle, whereas the frontal slope is Steeper. 
The steepness of both slopes increases with time, that of the rear slope increasing more rapidly. A 
similar trend was observed in our experiments [6]. 

The development of a mouth bar in a coastal area sloping towards the sea is shown in Fig. 6. 
A comparison with Fig. 5 shows that the courses of development and final shapes are different for the 
bars formed in, coastal area? with and without bottom slope. 

Calculations for the case when floods of various intensity pass down the river showed that 
the dynamics of longitudinal bar profile is mainly affected by the level and duration of floods, as well 
as by sediment discharge. Most intensive restructuring occurs during catastrophical floods when the 
bar crest is noticeably shifted seawards. Normal floods (not to mention low-water periods) that follow 
the catastrophic ones practically do not induce any significant bottom deformations neither along the 
estuary reach nor at the mouth bar. 

The results of flow plan calculations are shown in Fig. 7. The initial bottom relief was a flat, 
nearly horizontal surface. In full agreement with the experiment, maximum sedimentation in the initial 
period of mouth bar formation occurred in the area of outer jets, where estuary sand bars were 
formed. As the bottom is elevated with time, its relief starts to affect the flow. The sand bars turn 
around and migrate along normals to the flow axis, which development is in agreement with laboratory 
experiments. The bar crest is shifted seawards. The obtained results demonstrate the similarity between 
physical and numerical modelling in this case. 

Cone J usions 
The results of numerical modelling provide sufficient information on the mouth bar regime, 

which is necessary for establishing the navigational parameters of a river estuary. 

The one-dimensional model describes either a non-branched river delta or the estuary of a 
single branch, In the latter ease, the distributions of river nmoff and sedimentation over all delta 
branches, as well as the free-water surface levels at the heads of the branches during each characteris- 
tic season of hydrological year should be available. The described two-dimensional model (flow plan) 
gives the distributions of flow velocities and bottom deformations both along and across the flow. A 
.number of characteristics of the mouth bar formation were established that depend on the hydrological 
river factors and the bottom relief of the coastal area. 
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It should be noted that the development of a mouth bar in coastal areas with sufficiently steep 
bottoms can not be studied without taking account of the flow breakdown from the bottom, which 
phenomenon deserves a separate theoretical treatment. 

In our opinion, a feasible future extension of this work should be a study of the mouth bar 
formation and transformation under the influence of wind-induced waves. 
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Appendix 1. Illustrations 

mouth section 

system of orthogonal curvilinear 
co-ordinates 

Fig. 1.    A system of co-ordinates used in the theoretical model. The longitudinal changes of free-water 
surface slope. 
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Fig. 2.    A comparison of the calculated and experimental velocity distributions along and across the 
coastal area. 

(AT = 0.014,0 = 0.05 and Q = 1) 

Jrig. 3.    A comparison of the calculated and experimental bottom deformation. 

{kj ~ 0.35, Üj = 0.25, I - / is SI hours, 2-355 hours) 
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Fig. 4.    The distribution of flow velocities along the estuary area. 
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Fig. 5.    Bottom deformations along the estuary area. 

(kT = 0.6, ctj =0.5, E = 1.0) 
1-3 

= 1.75 

= 2 



a.t=1   a,t=2 
D,t=2 

Fig. 6.   The effect of initial bottom slope in the coastal area on the evolution of mouth bar relief. 

tog. ?.    Bottom deformations along and across the estuary area (the rlow plan model). 

(kT = 0.6, aj = 1.0, E=1,0, t -1.8) 
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