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The above equations, or variations theresf, form the basis of
most mathematical models for the BOD and DO in rivers and
lakes. By ipgnoring the dispersion terns and the source/sink
terms the equations reduce to the well known Streeter - Phelps

equations:

JdL ol

3t + U 5x © - K1L U,9a
aD aD "

35t . U S; s P‘ll. - K?D 4,9n

Where the dispersion term is ignored, analytical solutions to
the equations 4.8 can be used for steady state conditions (e.g.
Thomann (1972) includes both carbonaceous and nitrogenous oxygen
demands, photosynthesis, respiration, benthal demand and
distributed sources and sinks in the solutions for L and D), but
for non-steady state conditions and where dispersion 1is

significant it is simpler to use numerical techniques.

Rational method

Velz (1970) describes a 'rational method' for determining the
dissolved oxygen sag curve, His method involves an accounting
system in which the dissolved oxypen 'assets' and 'liabilities'
(oxygen demands) are calculated by means of various formulae and
techniques, some of which have been mentioned in the preceding
paragraphs., Longitudinal dispersion is not taken into account,
but the method is well suited to including point inputs and
outputs to the systoam, Subdivision of the study reach 1into

roughly homogeneous sub-reaches is required.

Velz advocates the use of the rational method rather than that
of analytiecal solutions to the Streeter-'helos equation, in that
it is more flexible and accounts for other factors such as
sludge deposits and scour in a more rational manner. However
later variations of the Streeter-Phelps equations, such as the

coupled equations 4.8, can take these other factors into account
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and, if also applied to homogeneous sub-reaches, they amount to

rery much the same thing as the rational method,

Other models

Other models such as Beck and Young's continuously stirred tank
reactor (Beck and Young, 1975) and De Boer's moving cell model
(De Roer, 1976) deserve mention but will not be deseribed
further, since thev are too far removed from the coupled

equation type model used in this study.
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CHAPTER S

THE KLIP RIVER MODEL

Introductory remarks

A number of models have been developed in other countries for
modelling the natural purification of the stream, most of them
based on the Streeter-Phelps model but with additional
source/sink terms included. Other models such as Velz's
rational -method (Velz, 1970), Beck and Youne's continuously
stirred tank reactor model (Beck and Young, 1974) and De Bocr's
moving cell mude! (De Boer, 197€) have also been attempled with

sSome success.

For the Klip River model it was .:cided to use the modified
Streeter-Phelps equations H.8 as most erserience in other
countries has been with this type of model. Solution. of the
equatiors for non-steady state conditjons was achleved through
finite difference techniques but although the river could be
divided into separate rea~nes, a constant flow war assumed
throughout the study reach. Thus no attempt was made to couple
the model to a hydrological prun-off model. Modifications
allowed the model to be used for either COD or BOD and a
refinement for the diurnal variation in photosynthetie

production of DO was included (see Appendix A3).

Deseription of the model features

Coupled equations

Simulation of the BOD and DO variacions in the “iver was
achieved by the use of finite difference approximations c¢¢ the
coupled equations 4.8, which are repeated below for convenience
and their components analysed with respect to the Klip River

model.
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BOD concentrations

In the model L is the ultimate or 20 day BOD value in milligrams
per litre, Calibration of %% mod2l depended on how well these
calculated values of L could Fi'% the values observed at the
various sampling points aleng the river as described in

chapter 6.
Dissolved oxygen concentrations

In the above equations D is the dissolved oxygen deficit in mg/l
and calculation proceeuss using this instead of actual
concentrations. Output from the program is however specified in
terms of dissolved oxygen concentrations calculated from CB-D,
where Cﬂ is the saturation concentration for the prevailing

conditions,

The value of Cﬂ for each run c¢f the model is specified by the
user and no allowarnce is made for variationa due to
temperature. This was considercd satisfactory as variations ol
Cs with the temperatures experienced were less than 1,0 mg/l

which is well within the accuracy of the model.

As with BROD, calibration of the model also depended on the fit

of the calculated DO values apainst the oboerved values,
Disperaion term
Ine longitudinal dispersion term was ineluded in the model for

completeness sake in ipite of the fact that various

investigators have found that this term is generally neglipible

: okl
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through the calibration process, but formulae such as those
given in section 4.6.4 can be used if adequate knowledpe of the

stream geometry is obtainable.

Sources and sinks

The terms S and P in equations 4.8 attempt to account for any
sources and sinks of BOD and DO not specifically determined by
the other terms in the equations. As discussed in chapter U,
COD sources and sinks, such as sludpe scour and deposits, and DO
sourcec and sinka, such as photosynthesls and respiration, are

assumed to be accounted for by this torm,

Some field tests were ca ried out to determine the relative
importance of the net photosynthesis effect of agquatic plants
and are described in chapter ©b, In addition the diurnal
variation of photosvnthesis may be allowed “or by assuming that
the photosynthetic produstion of DO follouwed n half sinusoidal
curve as shown in section 4.6.5, Te accour’ for respiration as
well, another sink term was included giving a uniform rate of DO
consumption as respiration takes place throurshout day and
right. Details of how the sinusoidal variation was accounted
for in the model are given in Appendix A3, The time of day at
the start of the simulation as well as the mecnth must be

specified if this option is used.

The effect of immediate oxypen demands, as described in section
4.4,3, cannot be handled by the present model, Although
provision for this would not be a difficult task, berause the
Klip River study reach began far enouph below the sewage outfall
for this effect to have disapprared, it was not considered
necessary. Similarly no provision was made for any point
sources and sinks of BOD or DO along the study reach as Lhere
were no known locations of such points. In other words, the
ncdel at present is restricted to a single input of BOD and DO

at the upstream end.

Wy
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Use with chemical oxygen demands (CCD)

Provision was also made for usirg COD instead of BOD values,
Since a porticn of the COD is generally relatively inert, it was
necessary to allow for this in the model. In order to do this

the following simplifying assumptions had to be made:

(a) The inert proportion of the COD input at the upstream end

of the study reach remained constant.

(b) In order to calculate the initial conditions at the start
of the simulation it was assumed that a straight line
variation existed between the inert proportion of the COD
at the upstream end and the inert proportion of COD at the

downstream end.

It is therefore necessary to specify the upstream and downstream
inert proportions of the COD; however, although the upstream
proportion {3 wused to adjust all inputs to biodegradable
fractions only, the downstream proportion is used only to
calcoulate the initial conditiona. LULince in a finite difference
grid the effect of the choire of 1initial conditjons is
dissipated after a number of time stepuy, the cholce of the

downatream inert proportion is not critical to the calculation.

The inert fraction which is subtracted from the input is then
treated separately as a conservative substance underpoing
convection and dispersion only; hut. allowance is made for an
additional inert source/sink term In each reach, If no inert
source/sink term is specified then the propram automatically
splits the normal COD source term into inert and biodepgradable
fraction according to the proportions specified for the upstream
input. This is »aly done however if the term is a source, 80
that of a sink of inert COD exists along a reach, it must be
specified. The inert fraction is added to the biodegradable

fraction for the output COD,
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Depletion of dissolved oxygen

Program KLIP6 allows [for complete depletion of dissolved
oxygen. Under such ecircumstances the biodegradation rate cannot

proceed faster than the rate of oxygen replenishment, i.e.

K1Ll,n s KQLS + P %)

Equation U4.8a therefore become:

.2 .
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Where Cq = saturation concentration of DO

Model parameters

The parameters to be determined in the model are therefore as

followss

Parameter Symbol Method of determination
Dispersion coefficient f Calibration, caleculation

from empirical formulae,
or tracer studies

Average velooity U Calculation from flow
and channel geometry or
tracer studies

Deoxygenation coefficient. K Calibration or laboras
Ltory studies (not
racommended )

Reaeration coefficient ¥ Calibration cor calculas
tion from veloeity and
ahannel peometry

BOD sources and sinks S Calibration

DO sources and sinks P Calibration

e
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and
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Where B1 = At (222X,
ax
TA\ { t ;
B2 = (1-288L . %:— - Kyat)
¢ ax” . )
Bl = fu——“;
AxX’
Li & = BOD concentration at locatior 1 and time n (mg/l)
Al
g S DO coacentration at location i and time n (mg/l)
’
3 2 Longitudinal dispersion coefficient ("2/(~')
U s Average velceity (km/
3 s BOD decay ccefficient (1/day,
K2 s Reaeration coefficient (1/day )
(b) Two=-step explicit method
Problems associated with the standard finite difference
method are discussed in Appendix A2 and, in order to
overcome some of these problema, the two-step explicit
method was used in program version KLIPE (this is also
derived in Appendix A2). In this method the computation
proceeds in two atages where the following equations apply:
BOD:
step ( ct ste . = ’
Step 1 (convection step) lj'm1 11_1'n
l'v,n . I'(),nol
Step 2
s l’AI l + A + A1 | +at'S) S.4a
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Oxygen depletion

If the dissolved oxypen in the river {s depleted and the
potential rate of BOD removal is not less than the rate of
re-oxygenation, then equation 5.2 comes into effect, with the
following finite difference approximation replacing equation

5.4a,

Li,n*l e A2 L1_1'n+A2A Li'n+A1 Li#l,n - (chsi P+S) At!
Where A2A = 1.2 &%

ax
and C_ E saturation concentration for DO

The computer program KLIP6

The simulation model was programned in Fortran IV for the
IBM 360 computer at the University of the Witwatersrand. A
listing of the program appears in Appendix D2, The structure of
the final program versinn, Kin'P6, ia shown in fizure 5.1, with a
summary of the program serments in table 5,1, Fipure 5.2 is an

overall flow diagram of the computational procedure,

Computational procedure

(a) Data input and initialisation

Data is read in from a file by the main program segment and
simultaneously reworked to a suitable form for
computation. Initial values are determined from the
observed data by linear extrapolaticn to time ¢t = o, and
then linearly interpolating between these initial values to
obtain initial values at the space locations on the finite
difference grid. Alternatively, initial values may be read

in for each of the sampling stations and these are then




used for interpolating initial values at the grid points.
Upstream input values of BOD and DU are linearly
interpolated at the tire steps of the finite difference

grid from the input BOD and DO values supplied in the data.
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TABLE 5.1 KLIP6 Summary of program segments

SEGMENT

DESCRIPTION

b

{
anin progr

|
;:'.ubx‘outine
te
Subroutine

'Subroutine

|
|
|
|
|

Subroutine

tSubrauLlne

|
|
[Subroutine

[Subroutine
Subroutine
Subrecucine

|Subroutine

am

WRTDTA

BODCAL

DOSAC

INERT

WRITE

INTER

PLC

YAXIS

PLTPOS

FLTPT

and at the times specified, Calls YAX'S and PLTPOS. |

Reads all data input into the program and seta up
initial values for the finite difference calculation.
Calls subroutines WRTDTA, BODCAL and PLTPT.

Lists the important input data used for each run.

Major part of program operation. Perforas BOD finite
difference caleculations, calls subroutine DOSAG and,
if v ired, subroutines INERT and WRITE. Control is
onl;, returned to tae main program when all
calenlations ure complete,

Performs finite difference calculations for dissolved
oxygen. This subroutine is called at each time step

after the BOD calculation has been completed.

where COD is used the “inite difference calculations
for the inert fraction are carried out by this
subroutine. As with DOSAG it is called at each time
step after completion of the BCD ealculation.

Produces a Labulation of the observed and aimulated
BOD and DO values apainst distance downstream at the
intervals specified for the outputs. This subroutine
is called only at the ocutput times requeated. Calls
subroutines PLOT and INTER.

Interpolates the simulated BOD and DO concentrations
at the space intervals requesated for output from the
values calculated at the finite difference grid points.
Plots the output data from WRITE on the line printer
it required. Calls subroutines YAXIS and PLTPOS,.

Draws the Y-axis on the plotting grid to the selected
scale.

Calculates the plotting position for each point to be
plotted.

jProduces a tabulation and plot against time of

lobserved and simulated values at wach sampling print
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(b)

Calculation of simulated BOD 2nd DO

Subroutine BODCAL performs the BOD calculations as well as

calling subroutines DUSAG, INERT and WRITE. Calculstion of

concentrations at time t+at proceeds as follows:

(1)

(2)

(3)

()

(5)

The upstream BOD value is obtained from the input BOD
for time t. The BOD values at all other points for
time t are assigned from the initial values or the

results of the previous calculations.

Step one of the two-step explicit method, as outlined
in section 5.3(b), is then carried out for the BOD

concentrations.

The finite difference coefficients for the reach (A1,

A2 and DENOM) are calculated from the reach parameters.

The BOD concentration at time t+at is calculated from
step two of the two-step procedure for each grid point
along the river, If the end of a subreach is
encountered, the calculation returns to (3) and
calculates new coefficients before continuing. The
calculation ends one point beyond the end of the study
reach., A pseudo-point is calculated beyond this final

point by extrapolation of the last two points.

Subroutine DOSAG is called tc initialise or calculate
the DO concentrations at time t+at in a similar manner
to the above procedure. However, if the diurnal
variation option for photosynthesis is requested, an
additional calculation is made at each point to
determine the photosynthetic DO contribution. Upon
completion of the DO calculations the computation

returns to BODCAL.
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(6) If the time step just calculated is at or close to a
user-requested output time the computed BOD and DO

concentrations at that time step are printed.

(7) Should COD values, instead of BOD, be used then the
subroutine BODCAL may subtract a specitied percentage
of the input COD as non=biodegradable. The
biodegradable fraction is then tréated as with the BOD
above, but, after DOSAG is called, subroutine INERT is
called which calculates the non-biodegradable COD
concenirations at time t+ At for dispersion and
convection only. This COD option 1is called by
assigning any non-zero "alvs to I1ICOD. When output is
required, the non-biodegradable and biodegradable

fractions are added together.

(8) If the dissolved oxygen level is completely depleted,
then the calculation proceeds as described in

section 5.3.

The above computation procedure continues for each time
step until one step beycnd the last time at which output is
requested,

Qutput of simulated results

OQutput from the program is controlled by the ocubroutine
WRITE. The tim2s at which output is required are specified
by the user and may include the time t=o at which the

initial conditions are printed.

The output process has a number of options for presentation

of results at the requested time:

1 Tabulation of computed concentrations of BOD and COD
at requested intervals along the length of ¢ river,

along with the observed values at each station.

e e
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2 A graph plotted on the line printer showing the above
computed and observed values,
3. Both 1 and 2.

"

In addition to or instead of the above options for the

computed values along the length of the river, a plot
and/or tabulation of the observed and simulated values
against time at each sampling point may be requested.

This output presentation is the most wuseful for

calibration purposes.

, g i ‘

options ~rre specified by the values
The scale of the BOD axis for

The above output

assigned to IPLT and IPLT1.
the plotted output is selected by the value of ISCALE and
is limited to the four scales available in the plotting

subroutines. The DO scale is fixed.

Before the results of a computation at any time t can be

printed or plotted it 1is necessary to interpolate the

concentrations at the specified space intervals from those
This is done by subroutine

calculated at the grid pointa.
INTER. The observed concentrations at time t must also be
interpolated from the observed data and this is carried out

in subroutine WRITE. 1In addition, subroutine WRITE stores

both the simulated and observed values at time t for each

station for use in option 4 above.

S

.
v St

The plotting of the results in options 2 and 3 on the line

printer is carried out by subroutine PLOT together with

subroutines PLTPOS and YAXIS. The plotting in option 4 is
controlled by PLTPT, PLTPOS and YAXIS.

The times for which the results are printed will not

normally correspond exactly with the requested output

times. This is because the program simply selects the

““‘!‘T’_"““_‘]'—_]M-I]]‘—rrﬁ-;‘ =

results at the time step nearest to the requested time for

R
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output. The time printed at the top of each se- of results
is that for the time step.

Application of the model

In order to apply the model, the study reiwch is divided up into
a number of subreaches - three in this case For each reach the
following details must either be known <o must form part of the

input for adjustment by the calibration process:

Length of subreach

Mean velccity

Longitudinal dispersion ccefficient
BOD decay coefficient

Reaeration noefficient

Net. sources or sipks for BOD

Net sources or si:xks for DO

Subdivisions into reaches must therefore be carried out with the

above requirements in miuad, that is, each reach should be as

homogeneous as possible with respect to the above

characteristics. The length of reach is determined purely by

these characteristics since the space intervals for the finite

difference computation are computed internally from the time

interval and the velocity.

Calibration of the model is by means of a visual fit between
simulated and observed BOD and DO concentrations along the

length of the river. It is necessary, therefore, that the

location of sampling stations should conform fairly closely to

the ends of the subreaches, in order to be able to adequately

compare simulated and observed values and make the necessary

adjustments to the parameters for each reach accordinily.
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CHAPTER 6

FIELD WORK

Dascription of study reach

The Klip River ris»s on the Witwatersrand in the vicinity of
Roodepoort and then flows due south until near Lenasia from
where it flows east and- then south again until it eventually
flows into the Vaal River in the vicinity of Vereeniging. On
its course it is juined by the Klipspruit just upstream of the
Golden Highway bridge, and the Natalspruit, which drains the
East Rand, Jjoias it Jjust before Lhe town of Daleside (see
figure 6.1),

Through much of the upper caichment the Klip River's course is
through heavily reeded vlei areas. In many of these vleis the
river is confined to a fairly well defined channel winding its
way through reed beds up to a kilometre or more wide and only
spreading out into the flat densely reeded flood plains during
high flows. In others the river may spread out through larfe

portions of the reed bed under even fairly low flow conditions.

Much of the flow in the Klip River originates from industrial
and mining areas and a number of sc¢wagze works dircharge their
effluent into the various tributaries. Theae flows, topether
with natural and urban runoff, result in high total dissolved
solids loads which is a problem currently being studied by the

Hydrologica) Research Unit for the Water Research Commission.

The reach selected for purposes of modelling the BOD and
dissolved oxygen was a section of the vriver extending
approximately 5,8 kilometres downstream from where the
Johannesburg-Vanderbi jlpark nighway (Colden Highway) crosses the
river, and in an area known as Olifantsvlei. Just upstream of
the Golden Highway bridge is a large vlei at the confluence with
the Klipspruit from the north. A portion of the water from the




LENASIA

@

Y

\Q
,A(

Figure — 6.1

r; ﬁ

T
- v

[TMATURATION|
L EQUDS

2y o
,"i \ )6\

{ ) <5

{ wlly' ¢

g

s Wias PIMVILLE

" ﬁ From Kligspru

e bn‘ WOPRE

\-# . /| Fran Clifantsviel
N\ 7| WOrks

» il
/A

EEWAGE IRRIGATE D]
| LANDS

.

Seae

p
7 Y Yyvy
4 bA PV Cultivated
7 SV VY
$ VYUV YVVY
o RAAL
yvyvy

/

LOCATION OF STUDY REACH AND SAMPLING POINTS .

SCALE'- 150 000.

Reeds and Vieis

lands




e

59

Klipspruit has been diverted into an open ponded area which
discharges via a sluice gate back into the main river

immediately upstream of the bridge.

Downstream of the bridge the stream follows a clear channel for
about 700 metres until the first heavily reeded vlei. The
channel through this vlei is fairly well defined, although some
deviations into the reeds occur, and after about a kilometre of
reeds the river channel becomes clear again, A second major
vliei area is encountered about 3,75 kilometres from the bridge.
Here the channel gradually disappears as it proceeds along the
southern side of the vlei discharging water at numerous points
into the reeds on its left bank. Finally the channel becomes a
small earth canal which continues to spill water over its left
bank with very little flow eventually continuing in the canal.
The river flow is thus well dispersed throughout the reeds and
only begins to reform into two channels and then one channel
again after about 1,3 kilometres. (It is near thic point that
early in 1979 an embankment was constructed across the vlei for
a new highway, thus considerabiy altering the pattern of flow.)
This vlei area continues until about a hu.dred metres downatream
of the Misgund Rcad bridge from where the channel ugain becomes
fairly clear of reeds and marks the downstream limit of the

study reach.
Sewage purificavion works

Two sewage purification works belonging to the Johannesburg
municipality discharge effluents which afrfect the waters of the

study reach.

The Olifancsvlei sewage works discharges most of its effluent
into the middle of the heavily reeded Klipspruit a few hundred
metres upstream of the confluence. A much smaller flow of poor
quality effluen: from the Klipspruit sewage works also
discharges at this point, The balance of the Olifaatsvlei
effluent is transported to the south bank of the Klip River to




maturation ponds and irrigation lands. Effluent from the
Klipspruit works is alsc used for irrigation on lands adjacent
to the north bank of the river downstream of the Colden Highway
bridge. The final effluent from the maturation ponds is
discharged into the Klip River upstream Of the bridge and it is
conceivable that a certain amount of return flow from the

srrigated areas also ends up in the river,

Ihe BOD of the water in the Klipspruit below the ou.tr~ll is
likely to be considerably reduced by the ' ime it reaches the

Golden Highway bridge due to the vlei and ponded area acting as

maturation ponds.
Division into sub-reaches

From the above discussion and with due regard to channel cross

sections it was possible to subdivide the study reach into three

more or less homogeneous sub.,eaches,

Reach 1 - From the start of the study reach at the old
Golden Highway bridpe to chainage 1 750 m.
Mainly heavily reeded vlei area althouch the

channel through the reeds is fairly well defined,

Reach 2 - From chainage 1 750 m to 3 750 m. Well defined
channel without reeds,
Reach 5 = Fron chainage 3 7650 *o 5 800. Heavily reeded

vlei area. River channel only clearly defined in
parts and generally the river spreads out through

the reeds.

The above reaches are indicated on fipure 6.2.
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