CHAPTER 119

DENSITY CURRENTS AND TURBULENT DIFFUSION IN LOCKS

by
A Roy Halliwell* and Martin 0'Dell”

ABSTRACT

The paper describes a study of density-currents in locks where
there 1s a net inflow of water 1nto the dock The velocity profiles
occurring are different than might be expected by simply superimposing
the net flow onto a normal density-current profile The differences
are shown to be due to the non-uniform salinity profiles occurring 1n
the docks and a semi~theoretical study 1s presented which 11lustrates

the 1mportance of this salinity profile

The accretion 1n the docks 1s explained by the transport of material
into the docks during the levelling period The quantitative agreement
between estimates based on measurements during the levelling period and
the dredged quantities from the dock are good The locking operation

1s also shown to be an important factor 1n certain cases

An attempt to describe the flow of si11t into the dock using the one-
dimensional diffusion equation has shown that allowance must be made for
the pick up of s11t off the bed of the lock and the settling of s11t (as

the velocities drop) 1f quantitative agreement 1s to be obtained
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INTRODUCTION

It 1s common practice 1n some docks on the Mersey Estuary (and
elsewhere) to have a "levelling" period of about one hour (before high
water) This 1s achieved, of course, by opening the gates at both ends of
the lock communicating with the estuary, the water level 1n the dock having
been run down (1f necessary) 1n order to meet the rising tide level 1n the
estuary Thus, water can be impounded 1n the dock by inward flow, vessels
can enter or leave without delay, and those longer than the lock 1tself

can come and go at this time

In the last few years, the problem of siltation 1n some of the Mersey
docks has been 1nvestigated Velocities, silt-concentrations and salinities
have all been measured during the levelling periods During this period,
there 1s an 1nflux of water 1nto the dock, as the tide rises, but there 1s

also a density-current between the estuary and the less-dense dock water

The observations 1n two particular docks are discussed - Gladstone
and Bromborough In the case of Gladstone the water 1s 1mpounded into the
dock system by means of the levelling process and also by pumping At
Bromborough dock there 1s a fresh water discharge 1nto the dock from a
small river, which along with the levelling process provides the 1mpounded
water Another important difference between the two docks 1s that the
lock at Gladstone 1s long enough to cope with all the ships using the dock
and therefore the levelling process 1s not essential (although of course
1t may be desirable) whereas the Bromborough tock 1s reltatively small and
the levelling period provides the only means for some ships to use the

dock
MEASUREMENTS

The measurements made 1n each of the locks have been similar 1n type,

but partly because the sizes of the locks are very different the detail
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execution of these measurements has been different at Bromborough than at
Gladstone In each case vertical traverses have been made of velocity,
s11t, salinity and temperature using 1n-situ measurement with direct-
reading 1nstruments These traverses have been made throughout the
levelling period and also for different tides (1 e spring/neap) and
different season (1 e summer/winter) In addition to these, measurements
of the s11t 1n suspension near to the river entrance of the lock were made
These were made using the same type of si1l1t-meter as for the traverses,
based on the Tight-extinction method, along with a recorder These
allowed a continuous record of s11t 1n suspension near the lock entrance

to be made

Bromborough dock 15 relatively small, the lock 1s some 70ft wide,
160ft long and 30ft deep The vertical traverses 1n this case were made
using a cantilever truss fixed to a dock transport bogie, the observation-
bogie was driven up to the edge of the Tock, the truss being of sufficient
length to reach the centre of the Tock Two sets of 1nstruments were
suspended from the truss so that traverses could be made at above 25ft and
10ft from the lock wall Each unit consisted of s11t and salinity/
temperature probes attached to a current meter and the unit was lowered
and raised by hand Readings were made at approximately six or seven levels
and each traverse took about twelve minutes to complete In addition to
these, measurements were sometimes taken at fixed levels above the bed so
that an almost continuous record of velocity etc was obtained throughout
the levelling period at these positions  This particular rig had the
advantage of cheapness and more 1mportant sti1l11, 1t allowed the 1nstruments
to be removed from the lTock when necessary, for example the passage of

ships 1n and out of the lock

Gladstone lock 1s some 130ft wide, 600ft long and 50ft deep and

th1s meant that measurements were somewhat more difficult 1n this situation
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than at Bromborough In general, traverses were made by lowering the
1nstruments from a vessel in the lock However, some traverses were made
at about the middle of the lock and on the centre line of the lock by
raising and lowering the instruments from a swinging foot-bridge across

the lock

DENSITY-CURRENT PROFILES

Although there 1s a considerable amount of literature published on
dens1ty exchange flow the authors are not aware of any which deal with the
s1tuation where there 1s a net influx of water across the section In the
case of the Gladstone lock the influx of velocity at the start of the
level (when the tide 1s st111 rising at approximately 5ft per hour) 1s
considerably greater than the density current At high water, of course,
there 1s no net influx of water and the velocities are entirely due to the
differences 1n density In Bromborough lock the density differences are
greater than at Gladstone, while the influx velocities are about the same

as those at Gladstone

When the lock gates are opened to the estuary, at say 1% hours before
high water, water enters the dock through the lock due to the rising tide -

this velocity 1s termed continuity velocity and 15 defined as

plan area of dock x rate of rise of tide )
cross-sectional area of lock

<t

Superimposed upon this continuity velocity there 1s a density-current
between the estuary and the less-dense lock water which produces an outward
flow at the surface and an 1nward flow near the bed Figure 1 shows some
examples of the vertical velocity profile occurring at the centre of the
Bromborough lock during the levelling period on a spring tide The
importance of the continuity velocity at the start of the level can be seen

by comparing figure 1(a) with 1(c)
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The average 1nflux velocity 1s defincd as

H
]p f u dy (2)
(o]

where u 1s velocity into dock at depth y,

H 1s the depth of water

The velocity profile due to density differences alone 1s seen around
the high water period 1n figure 1(c) when the average influx velocity 1s
almost zero (and the continuity velocity 1s zero) The zero velocity
point occurs at a level above the mid-depth position (approsimately 40%
depth) and the velocities out of the dock {in the upper surface layers) are
considerably greater than those entering the dock (i1n the lower layers)

It 1s 1mmediately apparent therefore that the velocity profile due to the
density-current alone 1s not that occurring in the situation 11lustrated 1n
case (A), Figure 2, where the zero velocity point occurs at 50% depth and
the overflow velocity 1s approximately 1 25 x the underflow velocity (see

refs 1 and 2)

Measurements of salinity within the Bromborough dock on a number of
occasions have shown that the salinity profile within the dock 1s 1n fact
far from uniform Two examples are given in Figure (3), and 1t 1s clear
that the starting conditions are more 11kely to be similar to the situation
11lustrated 1n case (B) of Figure (2) than those of case (A) Some model
tests have been made of both cases A and B and these have indicated the
velocity profiles for the two cases are i1ndeed different as 11lustrated 1in
Figure (2) The model tests are sti1l continuing and the results cannot
therefore be discussed in detail in this paper but the profile 1ndicated
for case (B) 1n Figure (2) 1s clearly very close to that measured 1n the
docks on a number of occasions and in particular to that given 1n

Figure 1 (c)
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The underflow velocity occurring 1n the situation 11lustrated 1n

case A (fig 2) 1s given theoretically by

vV, =05V, (3)

and has been assessed experimentally by a number of researchers (e g ref

as
Vu = 0 465 VA (4)
where
Ap )
= (£ gH
vV, (pm gH)
g = the acceleration due to gravity
L the average density of the two Tiquids

Ap = the density difference between the two liquids

H = the depth of the lock

Consider the general case for the situation 11lustrated 1n case B
(f1ig 2), let the freshwater occupy the depth oH before the exchange
flow starts Assume that the exchange flow 1s rectangular block flow
as 11lustrated 1n the sketch below and that the crossover point (or zero
velocity) 1s at depth KH Let the underflow and overflow velocities be
denoted by Vu and VO respectively Then at time At after the barrier 1s

removed the fronts will be 1n the positions 11lustrated 1n the sketch
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The continuity equation gives

_ 1=K
Vo= (2 v, (5)

The gain 1n kinetic energy 1s

b o{lr,) stV s a(oran) { O-0H (v + 1) A‘t} v (6)

u

so substituting equation (5) 1nto equation (6) and assuming pp 15 small

compared to o

gatn n kinetic energy =} o V3 At H (i%ﬁ) (7)
The 1oss of potential energy 1s
Ap(Vo At) 9 KH (a~0 5K)H
- oV, at)g (a=K)H {0 S(Q—K)H} (8)
or
gty [c054?-05 K] (9)

Equating the gain 1n kinetic energy to the loss 1n potential energy

2 2
2 2% (0 =05 o2 - 05K L 2
u { ( TRy } Vs (10)

10and K =05 equation (10) and (5) yields

gives

<
n

[
o
wn
®
—
Q
n

vV, =05 Vv andV =V, (1)

which 1s the theoretical result for Case A and confirms equation (3)
Case 2 a =05 and K =04 equations(10) and (5) yield

v, = 033 VA and V0 =15 Vu (12)
and this represents the model test results of Case B (fig 2)

Case 3 o =02 and K =015 equations (10) and (5) yield
v, = 0075V, and V0 =567V (13)
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Equation (10) shows the 1mportance of the salinity profiles occurring
within the docks. The overflow velocity may not alter very much with
changes 1n salinity profile within the dock, but the underflow velocity 1s

greatly reduced compared with that given by equations (3) or (4)

If the density difference 1s expressed in terms of a difference of
salinity then for the situations 1n Bromborough lock (H=32ft approximately)
and Gladstone lock (H=50ft approximately), the underflow velocity according
to equation (4) can be expressed as

v

u

v
u

0 403 (A 5)¥ at Bromborough
0 507 (4 )} at Gladstone (18)

Using equation (12) the corresponding relationships are

v 0 27 (a5)?

u

Yu

0 34 (a5)? (15)

(allowing for the theoretical value to be reduced by 0 93 in a

similar way to equation (3))

The velocities measured at Bromborough and Gladstone compare very well
with those obtained using equation (1%) whereas the values obtained using
equation (14) which 1s based on equation (4) are considerably 1n error
The profile 1s also more closely described by the modified block flow
11lustrated 1n the sketch and the surface velocity 1s close to the value

given n equation (12)

F1g (4) shows the velocities measured at a fixed level above the
bed These confirm that the resulting velocity during the levelling
process 1s the simple addition of the average 1nflux velocity (or
continuity velocity) and the density-current  The density-current 1s
almost constant throughout the level period and equal 1n this case to
0 75 ft /sec The maximum underflow velocity due to the density difference
15 about 1 0 ft /sec (occurring at a depth of about 65%) and compares very
closely with the value obtained using equation (15) - the value of AS

being approximately 12%
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ACCRETION IN THE DOCKS

The main practical interest of the work was centred on the dredging
requirements for the docks and the possible means of reducing them The
transport of s11t through the lock 1nto the dock was determined from the
measurements of velocity and s11t  For example the variation of silt
concentration with depth for the traverse corresponding to Fig 1(a) 1s
given 1n F1g 6(a) and the resultant transport of s11t 1s proportional to
(velocity x s11t concentration) This figure 1mmediately shows the silt
burdened estuary water entering the dock in the lower layers and the
relatively clear dock water leaving 1n the upper surfaces By integrating
traverses such as these the variation throughout the level period of si11t
transport 1nto the docks has been determined (see for example Fig 6(a))

and thence the total amount of material entering during the level period

In the case of Bromborough, measurements on the 10th December 1969 -

a spring tide - showed that a total amount of 350 tons dry weight of silt
entered the dock during the levelling period The amount of solids in the
material dredged from the docks depends on the type of material and the
consolidation occurring The density of the material in the hoppers of
the dredgers has been measured on a number of occasions and has 1ndicated
that the percentage of solids 1s usually Tess than 40% and that a
reasonable figure 1s 36% so that

dredged tonnage = 2 8 x (tons of dry s11t transported nto the

dock)

This figure also 1mplies that one cubic yard of dredged material weighs
approximately one ton, assuming that the specific gravity of the solids 1s
2 7 Using this value the amount of material entering the dock in the
level period during a spring tide 1n winter conditions 1s approximately

1000 dredged tons

Before any attempt can be made to calculate the total amount of si11t



1968 COASTAL ENGINEERING

entering the docks throughout the year the variation with tide and
season of the s11t 1n suspension 1n the estuary near the entrance 1s
required The s11t concentration varies with tide range and with season
and the s11t pattern at any position can be very different from that
occurring relatively short distances away (see ref 3) Continuous s11t
measurements were therefore made near the entrance to the locks and the
results from these 1nstruments were used to allow for the variations

throughout the year

When this was done for Bromborough Oock the amount entering the dock
during the levelling processes was estimated as 270,000 dredged tons (or
cubic yards) per annum The average amount of material dredged during the
period 1964-68 was 300,000 dredged tons per annum The estimated figure
therefore compares very well with the actual amount, however there 1s
another mechanism by which a significant amount of material can enter the

dock - the locking procedure or operation

During a locking operation the water i1n the lock 1s almost always
of different density than that i1n the estuary At Bromborough the water 1s
usually less saline 1n the lock (due to the freshwater inflow into the
dock) and the estuary water 1s also carrying a high suspended load which
further increases the density difference When the outer gates are opened
therefore a density exchange flow starts with the heavier estuary water
intruding 1nto the lock near the bed and eventually, 1f the gates are
open long enough, replacing almost all the lock water (ref 2) If the
water 1n the lock 1s more dense than that i1n the estuary, for example
near the period of low water, then the heavier lock water leaves the lock
n the lower layers bringing the estuary water into the lock 1n the upper
layers  Whichever mechanism occurs s11t 1s brought into the lock from the
estuary during the locking operation When the 1nner gates (into the

dock) are next opened, then a similar mechanism carries the water and
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s11t from the lock 1nto the dock so that all the s11t carried into the
Tock during the locking procedure 1s eventually deposited on the bed of

the dock

The relatively small si1ze of Bromborough Tock and the large density
d1fferences mean that the time needed for say 80% of the Tock water to be
replaced by estuary water 15 not very great (of the order of 10 minutes)

At Gladstone the Tock 1s relatively large and the density differences are
small so that the time needed for 80% of the lock water to be replaced by
estuary water may be quite large (of the order of an hour) Obviously,
therefore, the locking procedure may be a significant factor for
Bromborough, but 1s uniikely to be so 1n the case of Gladstone Estimates
for Bromborough, allowing for half the volume of water in the lock to be
exchanged during each locking operation, indicate that approximately 75,000
dredged tons per annum enter the dock through this mechanism The estimated
total quantity of material entering the Bromborough dock 1s therefore
approximately 350,000 dredged tons per annum and this, considering the
various assumptions made, compares very well with the actual figure of

300,000 dredged tons per annum (averaged)

A number of estimates have been made for the Gladstone lock and these
have all shown that the average annual dredging figure of 265,000 hopper
tons (1966-68) 1s accounted for to within a few percent by the levelling
process (ref 4) and that the locking procedure does not contribute

significantly in this situation

As a result of this work the levelling process at Gladstone dock has
been stopped - the water now being impounded entirely by pumping - and at
Bromborough (where the levelling period provides the only means of some
ships using the dock) the Tevelling period has been reduced to a minimum
There has been 1mmediate reductions in the gquantities dredged at both

docks
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ONE-DIMENSIONAL TURBULENT DIFFUSION EQUATION

The one-dimensional convective diffusion equation for a soluble

substance 1n turbulent flow 1s (see ref 5)

3¢ dc _ @ dc

VS T e P &Y
where U 1s the average flow velocity across the section
D,  1s the turbulent diffusion coefficient

tx
¢ 1s the concentration of the soluble substance

If a point 1njection of material 1s made into the flow at position
x=0 and time t=0 then the concentration at time t and position x is given by

Taylor as

_(x-ut)?
c = 'ﬁ—ﬁ——'—'}—' e 4Dtt
Ao (4n Dtt)

where M 1s the mass of material introduced
A 1s the cross-sectional area of flow

? 1s the density of the fluid

The solution for a series of point i1nJections can obviously be obtained
by superimposing the solutions for each separate injection This type of
solution 1s well suited to the digital computer and a computer program has been
written {ref 4) incorporating the Taylor solution for finite source
injJections  The program allows for the possibility of injections at various
points along the x-axis (1 e at points other than x=0) and this allows
various 1nitial boundary conditions to be imposed upon the system, 1 e at
t=0, c=c(x) 1s simulated by a series of injections of different strengths at

various points along the x-axis

S11t measurements 1n the estuary at the entrance to the Gladstone

lock presented the attractive possibility of comparing the measured dis-
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tributions of s11t at stations along the lock with computed values

using the computer program The vertical distribution of si1l1t was
simulated by dividing the Tock into five layers with injections being
made into each layer, the magnitude of each i1njection being arranged

to produce the measured vertical distribution of silt occurring at the
time near the river entrance to the lock The technique for determining
a suitable dispersion coefficient for each layer was empirical and to
some extent arbitary (ref 4) Eventually after consulting the various

11terature a value of approximately 100 ft 2/sec was used

Comparison of the field measurements taken with the results obtained
from the computer solution showed that there were large differences in
magnitude between the two sets of curves However, the basic patterns
exhibited by corresponding curves were similar The computed concentra-
tion results showed that the times of the peaks occurring in the 90% and
70% layers agreed reasonably with the observed results The average
difference 1n concentration over the levelling period between the computed
and observed results were determined for each layer and these suggested
that material was being picked up from the bed and being diffused upwards
into each layer, the quantity becoming successively smaller towards the
surface layer This process 1s almost certain to be occurring since on
the day 1n question a layer of fluid mud was present on the lock s111 at

most times during the levelling period

Close to high water the observed concentration 1n the lock decreased
especially 1n the 70% and 90% layers, whereas the computed concentrations
were sti111 slowly increasing This 1s thought to be due to the occur-
rence of flocculation which 1n turn causes rapid settling of the sus-
pended s11t If quantitative agreement 1s to be obtained therefore 1t
would seem that allowance must be made for both pick-up and settling of

s1lt
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CONCLUSIONS

(1) When there 1s a net 1nflux of water superimposed upon a density-
current situation the resulting velocity distribution 1s given (to a
first approximation) by superimposing a uniform velocity throughout the

depth(equa] to the 1nflux f]ow) upon the density-current profile

(2) The density-current profile 1s considerably 1nfluenced by the salimity

profiles occurring within the docks

(3) The practice of levelling 1s responsible for most of the accretion
occurring 1n the docks examined 1n the Mersey Estuary The locking
operations account for some material and of course 1f water 1S 1mpounded

by pumping th1s may also be an 1wmportant contribution

(4) Comparison of field measurements of suspended solids 1n the lock,
with results obtained using a computer solution 1incorporating the Taylor
solution for a finite source 1njection (and dividing the depth of flow 1n
the Tock 1nto Tayers), show that the general pattern of si1lt transport
into the dock can be qualitively described by the sem-theoretical results
However, quantitative agreement 1s poor and this 1s considered to be due
to

(a) the pick-up of s11t off the bed of the lock

(b) the settling of s11t (when flocculation occurs)

neither of these processes being allowed for in the computer solution
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