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MANAGEMENT PERSPECTIVE 
This report contains the notes from an invited lecture given at a 

workshop on Environmental Management and Technology held in Hong 
Kong in September, 1990. The lecture provided a description of 

the physical processes which govern the transport of contaminants 
in various aquatic environments and was designed for an audience 
from a wide range of disciplines. It should be a useful 
introduction for those who are interested in physical transport 
PIOCESSES .



PERSPECTIVES DE GESTION' 

'

\ 

Le présent rapport renferme les notes recueiilies lors d'un 

exposé par un conférencier invité 5 un atelier de travail sur 1a 

gestion et 1a technologie environnementales tenu a Hong Kong en 

septembre 1990. La conférence portait sur les processus 

physiques qui régissent 1e transport des contaminants dans divers 

milieux aquatiques et elle s'adressait a un auditoire appartenant 
5 une vaste gamme de disciplines. Ce rapport devrait constituer 

une introduction trés utiie pour tous ceux qui s'intéressent aux 

processus du transport physique. .

1
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ABSTRACT \ 

An introduction into the various physical mechanisms which govern 
the transport of material in the aquatic environment is given. 
These processes are shown to be part of the mass conservation 
equation which is used for the analysis of mixing problems. 
Special considerations for different environments such as rivers, 
lakes and estuaries are described. The role of sediments in 

contaminant transport is briefly discussed.



RESUME 

On donne une introduction aux divers mécanismes physiques 

qui régissent 1e transport de matiéres en milieu aquatique, en 

montrant que ces mécanismes interviennent dans 1'équation de 

conservation de masse, utiiisée pour les problémes de mélange. 

On décrit ies caractéristiques spéciaies pour différents miiieux, 

comme les riviéres, les lacs et 1es estuaires. Le r61e- des 

sédiments. dans 1e- transport des contaminants est‘ briéyement 
examiné.
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INTRODUCTION 

Surface water has long been used as a vehicle for the disposal oi 
industrial and municipal wastes. In most instances, the waste 
discharges contain unacceptably high concentrations of pollutants 
and the receiving water body is used as a means of diluting these 
discharges. In order to achieve standards of water quality which 
would not be detrimental to the aquatic environment, it is 

necessary for the pollutant concentration to be reduced to 

acceptable levels within certain distances from the discharge. 
This leads to the concept of "mixing zone" which is used by some 
regulatory agencies. Outside of this zone, established water 
quality criteria must be met. The zone is thus a limited area 
within which the initial dilution can occur. As the dilution 
rate is controlled by the physical processes of mixing and 
dispersion in the receiving water body, its is important for 
designers of discharges as well as for the regulatory authority 
to be knowledqable in the mixing processes in order to assess 
whether discharges can comply mixing zone criteria and 
standards. This knowledge is also required for water quality 
modelling, for designing of monitoring and surveillance 
programmes and for assessing the effects of accidental spills. 
While the mixing zone concept can be applied to concentrated 
sources of discharge, pollutants can -also enter the aquatic 
environment through diffuse sources such as agricultural runoff 
or atmospheric deposition. Assessing the effects of such sources 
also requires knowledge of the transport and mixing processes. 
Indeed,
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-2, 
sound environmental management requires en understanding of all 
the physical, chemical and biological processes in the aquatic 
environment which. all need to be taken into account for the 
proper assessment of the impact of various waste discharges. 

This lecture is an introduction to "the various physical 
mechanisms which govern the transport and mixing of pollutants in 

the aquatic environment. The intention is to provide the 

audience, who may come from many different disciplines, an 
overview of the basic processes involved; of the special 
considerations for various aquatic environments such as rivers, 
lakes and estuaries; and of the approaches which may be useful 
for the assessment of dilution under different circumstances. 
Hopefully, it will help the audience to achieve an understanding 
of the physics of the process which will be necessary in an 
integrated approach to problems of environmental management. 

THE TRANSPORT MECHANISMS - 

The principal mechanisms for the transport of material in a flow 
field are advection and diffusion. Advection refers to the 

movement of material by the mean motion of_ the fluid and 

diffusion refers to the transport either by molecular motion cr 

by the turbulence associated with the flow. These two mechanisms 

are responsible for the ~distribution of material in the 

environment, whether it be in rivers, lakes or estuaries. If we



have, complete, quantitative information about these mechanisms, 
we would be able to predict the movement and the spreading of any 
waste discharge exactly. However, information on these 
mechanisms are incomplete and simplifying assumptions usually 
have to be made. 

Q¥§_.<_=_-til 

As advection is the transport by the mean current, the flux of 
material due to advection is simply the' product of the mean 
velocity and the concentration, i.e. 

J = uc (1) 

in which c is the timeemean concentration, u is the time—mean 
velocity and J is the advective flux per unit area per unit time 
in the direction of the mean velocity. '

' 

Evaluating the advective flux therefore requires knowledge of the 
whole velocity field. This can range from a fairly simple 
steady, uniform flow situation in a straight canal to quite 
complex tidal flows in stratified estuaries. However, as we 
shall see later on, the three—dimensional velocity field is often 
either not completely known or is not necessary. 
Molecular Diffusion 
Molecular diffusion is the transport due to the motion of the 
molecules of the fluid in collision with one another and with 
molecules of the tracer in suspension. The collision rate
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depends upon the fluid temperature, density and the properties of 

the tracer. Even though the motion of the molecules is random, a 

net transfer of the molecules of the tracer will take place from 
the region of higher concentration to the region of lower 
concentration. This is because there are more tracer molecules 
in the region ‘of higher concentration so that, on the average 
there are more of these molecules moving into than out of the 
region of lower concentration. 

Transport by moleculer diffusion was expressed quantitatively by 
Fick, who used an analogy between this process and the process of 
heat transfer by conduction. According to Fick, the rate of 
transfer of the diffusing substance through a unit cross 
sectional area is‘ proportional to the concentration gradient 
measured normal to the section, i.e. 

__ 8c (2) i" ‘*9; 

in which x is the direction and F is the amount of substance 
diffusing per unit area per unit time in the x direction. The 

proportionality constant D is called the molecular diffusivity 
and it is a property of the diffusing substance and the fluid in 

which it is diffusing.
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Iurbulent_DLffusion 
The spreading of a substance due to the random turbulent 
fluctuations in the flow field is termed turbulent diffusion. In 

the case of molecular diffusion, the molecules perform the random 
motions which transport the tracer. In turbulent diffusion, it 

is the fluid particles which are performing the random motions. 
Mathematically, this transport is represented by the time average 
of the product of the fluctuating components of velocity and 
concentration. Experimental evidence ' has supported the 
assumption that turbulent diffusion transport is proportional to 
the gradient of the mean concentration. Therefore, by analogy 
with molecular diffusion, a turbulent diffusivity is introduced 
and the transport is written as 

.=—]—)__@£ ' (3) J Ur: Qax 

in which j is the turbulent diffusive transport, u‘ and c' are 
the fluctuating components of velocity and concentration, 
respectively, the overbar refers to time averaging and S. is the 
turbulent diffusion coefficient in the x direction. Unlike the 
molecular diffusivity, which is a property of the fluid and the 
diffusing substance, the turbulent diffusivity is a property of 
the flow field and changes with direction and location.
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The spreading of a substance by turbulent diffusion is much more 
rapid than that by molecular diffusion. The value of the 
molecular diffusivity for many solutes in water is of the order 
of 10'” cm“/s.

_ 

The turbulent diffusivity for most natural “flows are several 
orders of magnitude larger. Therefore, even though molecular 
diffusion is always present, it can safely be neglected in 

Comparison with turbulent diffusion when considering the 
spreading of pollutants in the environment.‘ 

§n§§I_FlQfl.Dl§Q§I§i0Q , 

The spreading of materials in the aquatic environment is often
I 

enhanced by a process known as. "shear dispersion" which comes 
about because of the shear or non—uniformity of the currents in 

the horizontal or vertical directions. This effect can be very 
important in rivers or estuaries which have significant velocity 
variations over their widths‘* or secondary flows due to non- 

uniform cross sections and also in lakes and coastal environments 
when the diffusing cloud is large enough so that the mean 
velocities are quite different between the leading and trailing 
edges. Because of the velocity differences, different parts of 
the diffusing cloud are advected at different rates and the shape 
of the cloud becomes distorted. This distortion results in 

increased concentration gradients whichi lead to increased 

transport by turbulent diffusion and the growth rate of the cloud 

can be very much greater than what it would be in a uniform 
current. This process is usually referred to as dispersion.
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Figure 1 presents a qualitative demonstration of the enhancement 
of spreading by dispersion. 
When the transport by current shear can be quantified, it is of 

course desirable -to consider it separately from the other 
transport mechanisms. However, it is often not possible to do 
this in practice and the effect of shear is usually lumped 
together with the diffusion process. The resulting turbulent 
mixing coefficient then embodies the effect of both turbulent 
diffusion and shear flow dispersion. ' 

THE MASS CONSERVATION EQUATION 
The mechanisms responsible for the transport of material in a 

water body have been described in the previous sections. These 
descriptions can help us understand the mixing process but are 
not sufficient as a tool for analyzing mixing problems. Nearly 
all mathematical analysis of the mixing process are based on the 
application of the principle of conservation of mass. 
Considering an arbitrary control volume, the principle requires 
that the sum of the transpOIt of material into and out of the 
control volume due to advection by the total instantaneous 
velocity and due to molecular diffusion must be equal to the 
change in the mass of material in the control volume, resulting 
in the equation
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.g%+v.vc=nV*c <4) 

in which U and C are the instantaneous three—dimensi0nal velocity 
vector and concentration, respectively. 
Because the instantaneous velocity is generally not available, 
equation (4) cannot be applied in practice. To obtain a useable 
equation, we write the velocity U, as the sum of a time—averaged 
velocity plus a fluctuating component. The instantaneous 
concentration is likewise’ split into two parts. Substituting 
these into equation (4) and applying the Reynolds‘ Rules of 

Averaging, we obtain the so called advective diffusion equation. 
In Cartesian coordinates, this is written as 

8.0+ U6c_,_ V8c+ M9c=_ Bub’. _.8;7. c,'_ 8w7c7 (5) 
6!: 3x‘3.v‘3zi3x By Hz 

in which c is the time—mean concentration; c' is the fluctuating
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component of the concentration; u, v and w are the time—mean 
velocities in the x, y and z directions, respectively; and u‘, v' 

and w' are the corresponding fluctuating components of velocity. 
As shown in equation (3), the transport by turbulent diffusion is 

assumed to be proportional to the gradient of the mean 
concentration. Using this assumption, and neglecting the 

molecular diffusion term, equation (5) is reduced to 

6 uflc V61‘: \\,t9c_8 ac-Y 3 3,0 .43. 30 
‘3%*"éF='*"é3»""<'§Z-""62 ‘"15’ “a; ('15) *5 “-‘as’ ‘°’ 

Equation (6), usually after simplification by various 
assumptions, is the basis of most mathematical analysis of 

pollutant transport. It should be kept in mind that the above 
formulation is limited to conservative substances which undergo 
no process other than dilution. Processes such as production and 
decay, chemical reactions and transformations etc. have not been 
considered. ~ 

MIXING IN THE NEAR FIELD A 

For effluents which are discharged into the receiving waters 
through a pipe or some other type of outfall, there.is a region 
in the immediate vicinity of the outfall in which the mixing of 

the effluent is controlled largely by the characteristics of the 
discharge. In this region, the turbulence created by the
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momentum and the buoyancy of the discharge dominates the mixing 
process. Further away from the discharge, when the excess 
momentum and buoyancy have been dissipated, the mixing is 

governed by the flow and the turbulence in the receiving water. 
These regions are often referred to as the "near—field" and the 
"far-field" respectively. The difference in the characteristics 
of the effluent plume in these two regions results in different 
types of analyses being used to calculate the pollutant mixing. 
The extent of the near-field can vary greatly depending on the 
type of discharge. For a large ocean outfall, this region can 
extend for hundreds of metres with significant dilution of the 

discharge. For many small municipal and industrial effluents, 
the momentum and buoyancy are so small that the near-field is 

practically non—existent and the effluent mixing can be 

considered to be entirely governed by the ambient conditions. 
In the near field, where the effluent is discharged ninto the 
water in the form of a jet or a series of jets, the shear which 
is generated between the discharge and the surrounding fluid 
creates eddies which entrain ambient fluid into the jet and 
dilutes the discharge. Often, the effluent is less dense than 
the ambient water and the plume will. rise towards the water 
surfaces until it. has reached the surface or until the excess 

buoyancy is too small to push the plume through a barrier such as 

a thermal stratification. The plume will then spread laterally. 

Normally, the most important information required are the level 

of rise of the plume- whether it will remain submerged or will -
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reach the sur£ace= and the thickness of the plume at that point 
which will give an indication, of the amount dilution. 
Analysis of the mixing in the near iield relies heavily on the 
theory of buoyant jets and plumes. The methods used range from 
simple dimensional analysis to sophisticated turbulence 
modelling.3°-*1 The former tries to' establish, through 
dimensional reasoning, power law' relationships between lthe

\ 
dependent variables such as centreline velocity and plume width 
and relevant parameters such as mass flux, momentum flux or 
buoyancy flux. The latter tries to solve the mass conservation 
equation together with the equations of motion, using some form 
of turbulence closure relationships.“° 
As the topic of outfall design will be discussed in the upcoming 
lecture on "ocean disposal ~of wastewater", I shall not go into 
any more detail about mixing in the near field. However, it is 

pertinent to point out that the problem of initial dilution is 

one in which the designer of the discharge does have considerable 
control because it is affected by the jet discharge geometry such 
as nozzle diameter, spacing, exit velocity etc., in addition to 
external conditions such as water depth, density stratification 
and current velocity. 

MIXING IN THE FAR FIELD 
As one moves away from the source, the excess momentum and 
buoyancy of the effluent discharge becomes dissipated and the 
spreading of the plume becomes independent of the discharge
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conditions. At this point, the current and the turbulence in the 
receiving water control the mixing and spreading of the plume. 
The mechanisms which, are responsible for the mixing process have 
already been described and they are the same for all types of 

receiving waters, whether it be rivers or lakes or estuaries. 
However, the different hydrodynamic conditions which exist in 

these environments often lead to different methods-of analysis. 
Assumptions which are generally acceptable for analyzing river 
plumes may not be appropriate for lakes. Therefore, the 
different types of receiving waters will be discussed separately. 

River Mixing V 

Consider a river receiving a constant source of discharge as 
shown in Figure 2. At a certain distance from the discharge, the 
effluent would have been mixed fairly well throughout the depth 
of the river. From there on the spreading takes place across the 
width until a point downstream where the effluent is well mixed 
across the whole cross section. It is instructive to compare the 
distance 
required 
that the 

vertical 

required for vertical mixing, Le, with the distance 
for mixing across the cross section, Lm. By assuming 
vertical eddy diffusivity is equal to the average 
momentum diffusion coefficient and making use of an 

experimentally determined lateral mixing coefficient, the ratio 

between these two distances can be written as”

\

.
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Lm hr I (7) 
L—v'“Q-»45 (—h-)

i 

in which W is the width and h is the depth. 

Because rivers are typically much wider than they are deep, the 
ratio W/h is usually no less than twenty to thirty and Lm is 

normally at least a few hundred times larger than Lv. Therefore, 
for most natural streams, a tracer will have been well mixed 
throughout the depth before it has spread very much across the 
width. As a result, analysis of mixing in rivers and streams can 
usually be simplified by neglecting any vertical variations and 
considering only the changes in the depth-averaged value of the 
concentration across stream and downstream. For the problem of a 

steady discharge, the normal procedure is to integrate the mass 
conservation equation, equation (6), over the depth to obtain the 
following equation for the depth—averaged quantities in which the 
double overbar denotes depth—averaged value of a quantity 

3% (hue) +-3% (hwc) =-3% (bi,-3%) -3% <11) ‘,8’ 

and wy and cY refer to the deviations of w and c, respectively,
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from their depth-averaged values. The turbulent diffusion term 
in the x direction has been neglected because it is small in ~ 

comparisonwith the advection term. 
The term wYcY represents the transport by shear dispersion which 
was described previously. There is no method of separating its 

effect from the transport by turbulent diffusion and we have no 
recourse but to lump the two together by the following expression 

@,g§.===W)
\ 

The coefficient e, is the lateral turbulent mixing coefficient 
which includes the effects of both diffusion and shear 
dispersion. 
Using the above definition of the lateral mixing coefficient, 
equation (8) can be written as 

8 8 _;Q_ Ba (10) 
-5; (hue) +3; (hwc) - az (e,-5;) 

It should be noted that, for natural streams, there is almost 

always a secondary velocity in the lateral direction. This 

advective transport in the lateral direction should not be lumped 

together with the dispersion term. Otherwise, one would not be
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able to explain such phenomena as the narrowing of a dye plume in 

the downstream direction as shown in Figure 3. 

Because the velocities and depths usually vary from point to 
point, equation (10) has to be solved numerically. The data 
which are required for computing the concentration profiles are 
the depth averaged velocities and depths at a number of cross 
sections, an upstream concentration distribution and the value of 

the lateral mixing coefficient. . 

In order to take into account stream curvature and to eliminate 
the need to measure or calculate the transverse velocity, a 
general curvilinear coordinate system, as shown in Figure 4, can 
be used together with a streamtube concept to transform equation 
(10) in the following simpler equation“° 

Ba: 8 (E 80) (ll) '6E?'&'?E 

in which mu is a metric coefficient, Ez=uh=mxe= is a dispersion 
factor and-q us a cumulative discharge coordinate defined by 

(12) <z=IZ1wm,d=

1
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Equation (ll) includes all the physical mechanisms contained in 

equation (10) and has the advantage of incorporating the stream 
curvature plus being simpler in form. It has been most often 
used for calculating steady state concentration distributions 
from continuous sources. 

The lateral mixing coefficeint, es, which is a required input to 

the solution of equation (10) or (ll), is the most difficult 
piece of information to obtain. There is no theoretical basis on 
which one can predict the value of this parameter and the best 

way to ensure an accurate value is to conduct a dye test on the 

actual river reach in question and use the dye concentration data 

to _evaluate e=.” If a dye test is not feasible, then "it is 

necessary to select a value based on our knowledge of how e= 
varies with river geometry and flow conditions. 

Because the turbulence in a river is generated primarily by the 

bed shear stress and the size of the largest turbulent eddies are 

of the order of the flow depth, the mixing coefficient should 

scale with the shear velocity Ur and the depth h. Data gathered 

by various researchers have shown that the dimensionless mixing 

coefficient, E:/Uuh, varies between approximately 0.25 for 

relatively straight uniform channels to 1.0 or larger for very 

sinuous reaches.fa The sinuosity of a reach appears to have a 

fairly large influence, possibly because of its influence on the 

secondary circulation and the shear dispersion.
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If a pollutant source is not continuous but is introduced into 

the river all at one time, such as in the case of an accidental 
spill, the pollutant patch will -spread laterally and 

longitudinally, as depicted in Figure 5. Before the pollutant 
cloud has travelled the mixing distance, LP’ where it will have 
been fairly well mixed across the whole cross section, the 

concentration has to be calculated from the two dimensional 
equations with, of course, the addition of the time derivative 
term.1*-31 After the cloud has mixed fairly well across the 
cross section, it has been shown that its longitudinal spread can 

be modelled »as a gradient diffusion process and the cross 
sectional average concentration can be described by the equation 

%€+0%g_DL%: (13) 

in which the “ refers to a cross-sectional average and Dc is 

called the longitudinal mixing coefficient. 

The analytical solution to equation (13) for a mass M released 
instantaneously throughout the cross section of area, A, is 

CB M eiml (14)
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From this solution, it can be deduced that the peak concentration 
should decrease as x"“-5 and that the variance of the time- 

concentration curve at a given cross section should increase 
linearly with x. A 

To apply this one-dimensional longitudinal dispersion equation, 
one must have a value for the coefficient Dc as well as an 
estimate of how far downstream one must go before this equation 
is applicable. Unfortunately, there are huge variations in the 

published values of the dimensionless dispersion coefficient,“ 
making the field determination of Dc almost a necessity. The 

downstream distance, Lr, required for the onset of one- 

dimensional mixing has been given as” 

-s 1.8? L’: uuhu (15) 

in which Q is taken as the distance from the point of maximum 
velocity to the farthest bank. However, it has been pointed out 

that, for most engineering applications, the region of interest 

is shorter than L», making it necessary to use a two-dimensional 

analysis or some modified form of oneedimensional analysis which 

take into account the non-Fickian behaviour.=



_l9_ 
LAKE AND RESERVOIR MIXING 
Mixing problems in lakes and reservoirs are more complicated than 
those in rivers mainly because the hydrodynamics are more 
complicated. While gravity drives a river's flow and its 
turbulence is mainly generated by the bottom shear stress, 
factors affecting lake hydrodynamics include wind stress, wave 
action, periodic oscillations, inflows, outflows and, in 

particular, thermal stratification. 

The annual cycle of temperature stratification plays an important 
part in lake and reservoir dynamics. Looking at a lake in a 

temperate _region in spring, one would find that the whole lake 
would be at a uniform temperature of about 4°C. As the weather 
warms, the surface layer is warmed up and currents set up by the 
wind generate mixing and lead to the downward transport of heat. 

As summer approaches, this heating causes the water to be divided 
into an active upper layer of more or less uniform temperature, 
termed the epilimnion, and a deep, cold, relatively undisturbed 
region termed the hypolimnion. These two regions are separated 
by a relatively narrow layer in which the temperature decreases 
rapidly with depth, termed the thermocline. This structure is 

maintained through the summer months until the weather begins to 
cool in the autumn. The cooling of the upper layer meads to a 

steady increase of the thickness of the epilimnion until it 

eventually includes the whole depth. The whole lake is then at
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the same temperature and is freely circulating. This is called 
the fall overturn. This condition prevails until _the onset of 

spring when the cycle is repeated. . , 

Many different processes contribute to mixing in lakes and 
reservoirs.11 During calm conditions, the diurnal’ heating and 
cooling lead to mixing by natural convection in which the cooled 
surface water sinks as a plume downward and warmer water rises. 
Winds create surface waves, producing turbulence which gets 
transported to the lower parts of the epilimnion. Increasing 
wind stress induces a circulating current in both the epilimnion 
and the hypolimnion, causes the thermocline to tilt and creating 
downwelling of surface water and upwelling of bottom water at the 
upwind and downwind shores. The oscillations or seiching caused 
by the periodic wind action can also create turbulence at the 

boundaries. Inflows which have a higher density can travel along 
the bottom, right into the hypolimnion, producing turbulent shear 
and mixing. In general, one would find a two-layered system with 
the epilimnion being well mixed vertically by the wind stress and 
by natural convection and a lower layer of much smaller mean 
motion. This two-layered structure with a thermocline is very 
significant as far as the mixing processes are concerned. The 

density stratification associated with the thermocline inhibits 

downward diffusion because the stable density gradient suppresses 

turbulence. This kind of structure has to be considered when 

designing intakes and discharges. For instance, it may be
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advantageous for power plants to locate the inlet for cooling 
water at the hypolimnion while discharging the heated waste water 
at the epilimnion. In oceanic coastal zones, submerged sewage 
outfalls are often used to discharge wastes at some distance from 
the shore, with the objective of trapping the effluents below the 
thermocline so that further dilution can take place before ‘the 

effluent plume reaches the surface. In lakes, however, this may 
not be a practical strategy. Because dispersion in the 
hypolimnion is relatively weak, the frequent upwelling of coastal 
waters may bring very high waste concentrations to the surface 
close to the shore. 

Because so many processes contribute simultaneously to the 
transport and mixing, it is very difficult to account for their 
effects separately. Therefore, it is usual to consider- their 
combined effect in terms of an effective diffusion coefficient 
and relate this coefficient with some physical parameter. In our 
previous discussion on river mixing, it was shown that the eddy 
diffusivity depends only on the turbulence and has a constant 
value for a particular flow. This is because the eddy size is 

essentially limited by the depth of the river. In large bodies 
of water, e.g., in the open ocean, there may not be any natural 
limit to the size of eddies and the diffusivity depends not only 
on the turbulence but also on the size of the diffusing cloud 
itself. This consideration leads to the well known Richardson's 
4/3 lawag, in which the diffusivity increases as the 4/3 power of

»
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the length scale of diffusion. In lakes and reservoirs, 
diffusion coefficients will increase with the length scale, 
although not necessarily according to the 4/3 law. 

Because the horizontal scales of motion in lakes are much larger 
than the vertical scales, their effects can be considered 
separately and it is often assumed that a pollutant which is 

introduced is subject to horizontal mixing within a relatively 
thin layer in which all vertical variations in concentration and 
velocity can be neglected. Using this approach, the eddy 
diffusivities have been obtained from a large number of dye patch 
diffusion experiments in the Great Lakes in Canada. The results, 
shown in Figures 6 and 7, demonstrate that the horizontal 
turbulence is anisotropic. The diffusivity in the along—flow 
direction is much larger than that in the cross flow direction. 
In these figures, the alongeflow and the cross—flow length 
scales, La and Ly, are taken as equal to three times the variance 
of the concentration distribution in those directions. ’What is 

also evident is the difference between the epilimnion and the 
hypolimnion, with the diffusivities in the hypolimnion being an 
order of magnitude smaller. 

Because of the variability of the flow field as well as the 

length scale dependence of the eddy diffusivities, detailed 

predictions of concentration distributions usually require 

numerical solution of the two-dimensional mass conservation 

equation, with the velocity field provided by some hydrodynamic
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model. However, in some relatively simple situations, analytical 
solutions can be used to obtain good qualitative estimates of 
dilution of continuous effluent plumes in steady, uniform 
currents. 

Considering a source with concentration Ca and discharge rate Q, 
the depth-average concentration in the steady state plume can be 
given by the equation 

»_ Q0 - -gm (16) C“ 
4.11‘/ifi>'m‘°xp( axyx) 

in which x is the direction of the mean current and K, is the 
eddy diffusivity in the cross plume direction, assumed constant, 

By making use of climatological data, one can determine the joint 

current speed and direction frequency and use equation (16) to 
calculate the mean dilution contours for specified current 
"episodes"26,_ e.g., shore-parallel currents or weak current 
regimes, A couple of examples are shown in Figures 8 and 9. 

These calculations, though lacking the sophistication of 
numerical models incorporating diffusivity—length scale 
dependence, can nevertheless provide good first order estimates.
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ESTUARY MIXING 

Mixing processes in estuaries are extremely complicated owing to 
the many factors which affect the hydrodynamics. Estuary flows 
are driven by water surface slope as well as wind stress, and 

internal density variations. In addition, it is oscillatory in 

nature. The mean velocity contains fluctuations of varying 
periods. The resulting flows may be in different directions at 
different depths or at different sides. Often the velocity is 

not aligned with the channel axis. The interaction of advection 
and diffusion in such flows makes the analysis of mixing very 
complicated. In general, the mixing can be related to the action 
of the wind or the tide or can be caused by the river flow.11 

Mixing caused by the wind is usually important only in wide 

estuaries or embayments. A constant wind stress exerted over a 

wide, shallow basin of non—uni£orm depth will generate a large 
scale circulation, with the flow primarily in the direction of 
the wind on the shallow side and against the wind on the deep 
side. This circulating current is a large scale mixing 
mechanism. The interaction of this circulating current with the 

tidal flow also causes additional mixing. 

The tide causes mixing through the turbulence generated by bottom 

friction as the tidal flow moves over the channel bottom. This 

mixing mechanisms is similar to the turbulent diffusion occurring 

in steady river flows. At the same timfl, the tidal wave also
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interacts with the bathymetry and generates large scale 

circulations. These circulating currents will lead to shear flow 

dispersion plus mixing caused by tidal "pumping" and "trapping". 

The shear flow dispersion effect is the same as that discussed 
previously for steady river flows. However, in estuéries this 

effect is usually smaller because the oscillatory nature of the 

flow somehow reverses the effect of the velocity shear. It is of 

consequence only when the period of the tidal flow is similar to 
the time required for cross sectional mixing. 

Tidal pumping refers to the net residual circulation that is 

superimposed on the back and forth tidal flow. It can be caused 

by the earth's rotation which deflects flows to the right in the 

northern hemisphere, or it can be a result of the interaction of 
"the tidal flow with the bathymetry. An example of this 

interaction is the flow at a narrow inlet to a ‘wide bay. The 

inflow is concentrated at the centre, much like a jet entering a 

big basin while the ebb flow is more distributed all around, like 

a flow into a sink. Thus there will be a net inflow at the 

centre and an outflow at the sides of the bay. These currents 
cause mixing in the same way as the wind and gravity induced 
currents. The _pH _ 

phenomenon is called tidal pumping to indicate 
that it derives 

Tidal trapping 

embayments. In 

its energy from the tide. 

occurs when there are side channels and small 
the main channel, tidal elevations and velocities
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are usually not in phase because of the momentum of the water 
which causes the current to continue moving in the same direction 
even after the water level has dropped. In the side channels, 
these are more in phase. A parcel of water moving upstream in a 

flood current can have a portion 'moving into a side channel. As 
the water level drops, this portion can come back into the main 
channel while the rest of the parcel in the main channel is still 
moving upstream. These parcels will now be separated, creating a 

dispersion effect. ' 

The discharge of fresh water by the river into the estuary 
represents a source of buoyancy and this buoyancy flux, together 
with the kinetic energy of the tidal flow, determine the amount 
of density stratification in the estuary. The density gradient 
creates a pressure gradient which drives an internal circulation 
current. There will be a net upstream transport along the bottom 
and a net downstream transport along the surface. In a cross 
section of non-uniform depth, a transverse circulation will be 
set up which will enhance the transverse mixing. The velocity 
gradient across the width of the channel can create large shear 
flow dispersion effects. 

Any or all of the ‘processes described above can contribute 

simultaneously to the mixing in an estuary. Therefore, mixing 
coefficients defined for estuaries would contain the combined 
effects of all these advection and diffusion mechanisms, making
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it very difficult to establish the magnitudes of these 
coefficients based on bulk channel parameters. Measurements of 

the transverse mixing coefficient show that the dimensionless 
coefficient, e=/Ueh, to vary around l.0.“8 

For some estuaries which are long and narrow and not strongly 
stratified, it is possible to use a one—dimensional analysis and 
consider the velocity, concentration and salinity to be a 

function of only the longitudinal distance.' All the other mixing 
mechanisms and cross sectional variations are lumped together 
into a longitudinal dispersion coefficient, K. This coefficient 
may be used in the one-dimensional equation 

80 8c_ 8 
V 

Ba (17) A 8: ‘"1? afax “A Bx") 

in which Q1 is the fresh water discharge and the time derivative 
represents the change per tidal cycle. 

The dispersion coefficient K can be obtained from an equation 
expressing the balance of salt for a steady state condition in 
the estuary. In steady state, the downstream advection of salt 
by the fresh water discharge is balanced by the upstream 
transport by all other mechanisms. This is written as 

Q! _ as (L8) 
."A"""'a;
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in which S is the salinity and Qf/A represents the net downstream 
velocity of the freshwater flow. Using equation (18), the value 
of K can be calculated based on salinity measurements. Many 
observed values of K are in the order of several hundred meters 
squared per »second, which is smaller than the longitudinal 
dispersion coefficients observed in rivers of comparable size.11 

For those types of estuaries in which the onesdimensional 
approach is applicable, the salt balance is a very useful tool 
for many engineering estimates such as the average dilution of a 

given pollution loading or the approximate mean retention time of 

a tracer inside the estuary. However, it must be wkept in mind 
that the analysis should only be used for estuaries which are not 

significantly stratified and which have retention times much 
longer than the time required for mixing across the width. 

When the onesdimensional approach is not applicable, estuary 
studies have to rely on either numerical modelling or physical 
modelling, both of which require considerable skill on the part 
of the modeller as they are sometimes more of an art than an 
exact science. ~ 

TRANSPORT BY SEDIMENTS 
It would be inappropriate to discuss pollutant transport 
mechanisms without some consideration of the transport by
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sediments. Many contaminants are adsorbed onto suspended 
sediments, especially those finer sediments in the silt and clay 
size ranges, and are transported in the particulate phase instead 
of in the dissolved phase. For most metals, for phosphorous, as 

well as for a number of synthetic organic compoundsz“, it has 

been shown that transport by the particulates can be a high 
percentage of the total load. Therefore, unless the sediment 
load is negligible, analysis of pollutant transport or water 
quality modelling must. take into account the transport by 
sediments. This means that, in addition to an equation for the 

mass conservation of the dissolved phase, one would need to solve 
another similar conservation equation for the particulate phase 
which is attached to the sediments. The particulates undergo 
advection and diffusion similar to the dissolved contaminants 
but, in addition, they possess a settling velocity which allows 
them to settle out of suspension and be lost to the water column. 
At the same time there is also the mechanism of resuspension 
which brings deposited material back into the flow. These 
processes must be included in the mass conservation equation. Of 

course, the exchange between the dissolved phase and the 
particulate phase also needs to be accounted for. 

The settling of cohesive sediments is rather complicated because 
of the process of flocculation. The amount of flocculation 
depends upon the rate of collision of the particles and their 
ability to adhere to one another after collision.1’ In natural
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flows, the rate of collision is largely governed by the fluid 
shear. The floc size is continually changing through aggregation 
and disaggregation which makes it difficult to assign a value for 

the settling velocity. vSometimes, the settling velocity is 

obtained through ‘settling experiments in the laboratory. 
However, because the floc size is dependent on the turbulence in 

the flow, there is no guarantee that Athe settling velocity 
determined in the laboratory will resemble that occurring in the 
field. A floc may be able to settle through the water column but 
may not be able to deposit on the bed because the more intense 
turbulent shear near the bed can break up the floc so that the 
particles are re—entrained back into the flow. 

In many water bodies, the bottom sediments have accumulated large 
quantities of contaminants. These contaminants can be brought 
back into the water column through resuspension brought about by 
increased turbulence at the sediment—water interface. This may 
occur because of increased discharge in river flows or increased 
wave action in shallow waters. In estuaries, there may be 
resuspension during flood flow and deposition during slack water. 
There are no reliable methods for calculating the depositional or 

resuspension fluxes. Field measurements of concentrations cannot 
separate these two phenomena. Therefore, the net effect of these 

two processes are usually lumped together in most analysis. 

Analysis of pollutant transport to include the transport by 
sediments requires the simultaneous solution of the equations for
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the conservation of dissolved and particulate concentrati0ns.3” 
This almost always requires numerical modelling. However, it 
must be kept in mind that many of the transport mechanisms for 
cohesive sediments are still poorly understood and that there are 
very few reliable expressions for settling velocities or 
deposition or erosion rates, .especially if organic material is 
present. - 

SUMMARY
_ 

A review of the physical mechanisms responsible for the transport 
of contaminants in the aquatic environment has been prB5ented. 
The major mechanisms of advection, diffusion and shear dispersion 
are each shown to be a component of the mass balance equation 
which is the basic tool used for the analysis of pollutant 
transport. The different aquatic environments such as rivers, 
estuaries and lakes and reservoirs all ‘possess certain distinct 
hydrodynamic characteristics. The mixing processes in these 
environments are each described and 'possib1e simplifications to 
the mass conservation equation are discussed. The role of fine 
sediments in the transport of contaminants and the difficulties 
involved with its analysis are briefly reviewed. 
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Increased spreading caused by shear flow dispersion. 
Plume resulting from a continuous effluent in a river. 
Concentration profiles in a river plume. Note the 
narrowing of the plume due to transverse advection. 
(from Lau and Krishnappan, 1981). 

Natural curvilinear coordinate system. 
Spreading of a dye patch released into a river. 
Variation of eddy diffusivity K, with length scale. 
(from Murthy, 1976). 
Variation of eddy diffusivity K, with length scale. 
(from Murthy, 1976). 

Simulated concentration contours for a shore—parallel 
current regime in a lake. (from Lam and Murthy, 1978). 
Simulated concentration contours for a weak current 
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