LUND UNIVERSITY

A Dynamic Model for DO-BOD Relationships in a Non-Tidal Stream

Beck, M. Bruce; Young, Peter C.

1975

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Beck, M. B., & Young, P. C. (1975). A Dynamic Model for DO-BOD Relationships in a Non-Tidal Stream.
(Research Reports TFRT-3120). Department of Automatic Control, Lund Institute of Technology (LTH).

Total number of authors:
2

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/4e6e8bfe-d47e-4e6e-87ee-162947d59539

Download date: 05. Dec. 2025



A _DYNAMIC MODEL FOR DRO-BOD RELATIONSHIPS IN A NOWN-TIDAL
STREAM,

¥.B. Beck T and p.cC. Young *

ABSTRACT,

Dynémic models for dissolved oxygen (DO)~biochemical )
oxygen demand (BOD) interaction in a reach of river are
not easily verified owing to the difficulties in obtain-
ing data. In this paper a simple lumped-parameter model
is presented and verified by deterministic simulation
against fileld measurements collected over an eighty-day
‘period from the River Cam in eastern England. An impor-—
tant -feature of the model is a pseudo-empirical term in-
troduced to ﬁredict explicitly the significant effects
of algal growth and decay; this is achieved by manipu-
lating data on the hours of sunlight incident on the syg-
tem each day in a low-pass filter manner,

Control Division, Departmént of Engineering, Universi-
ty of Cambridge (presently a visiting fellow, Division
of Automatic Control, Lund Institute of TechnoTOQy,
Sweden}

Control Division, DepartmenL of Lnglneering, Unlver31—
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NOTATION.

CS
D

B

saturation concentration of DO in the reach "{mg/1)}

net rate éi addition of DO to the reach by §h0t0~
Syntheﬁic/respiratory activity of plants and algae
and the decomposition of mud deposits ((mg/1l)/day).

I(tk)'m sustained sunlight effect at day t,.

I = a threshold level forvthé sustained sunlight effect.

Kl = yeaeration rate constant fo; Do (daynl)

K, = BOD decay rate constant (dayul}

K3 = rate constant for the'sedimentatiog of BOD (day“l)

K4 = coefficient for the sunlight effect in the DO egua-
‘tion ' ‘ '

Kg = coefficient for the sunlight. effect in the BOD equa-
tion ' '

L, = rate'of addition of BOD to the reach by local sur-
face runoff ((mg/l)/day) ‘

_Q = ﬁolumétric flow-rate in the reach {cuft/day)

t = independent variable of time (days!

T4 = transportation delay (days)

Uy

~—

concentration of DO at the upstream end (input) of
the reach (mg/l) ’

‘4, = concentration of BOD at the upstream end (input) of

the reach (mg/l)

u3(tk) = sunlight incident on the éystem during day ty

o

Bl

4

(hrs/day)

hypothetically delayed DO input to thé CSTR compo-
nent {mg/l) . .

hY?othetically delayed BOD iﬁput’to £hé'CSTR“b0mp0w
nent (mg/L) :

mean volumetfic hold~up in thé'reach'(cuft}'
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concentration of DO at the downstream end. . {output)

- of the reach {(mg/l)

concentration of BOD at the downstream end (cutput)

-of the reach (mg/l) "’

river water temperature. (°C) -
a mean river water temperature ({°C)

a time constant for the discrete low-pass filter of
the'sgnlight effect (days) '




1, INTRODUCTION.

Although the interaction between dissolved oxygen (DO)
and blochemlcal Oxygen. demand (BOD) has received wuch
attention since the classical study of STREETER and
PHELPS (1925), few investigators have used thelr models
in a truly dynamic context or verified them against field
data. This is understandable since the intensity and du-
ration of sampling and monitoring reguired is often pro-
hibitive, especially in the case of S*Qaf BOD tests. How-
ever, for any forecasting, parameter estimation, or con- -
trol applications two factors are of considerable impox~-
tance. Firstly, a river system is unlikely to be in a
steady state since this implies that the BOD and DO in-
puts and outputs, as well as the volumetric flow-rate,
are time-invariant; therefore a dynanic model should be
assumed. Secondly, it is not constructive to use the mo-
del unless it has been shown to be a reasonable descrip-
tion of the true nature of the system,

The results described in this paper are part of a systems
analy91s progect aimed at the application of system iden~
tification and parameter estimation methods for the solu-
- tion of certain problems of river pollution (BECK (1973)).
A review of the current literature indicated the initial
form of a DO-BOD model which might usefully be tested
against observations from the field. With this in mind
3 . a 4.7 km stretch of the River Cam in eastern England was
chosen and data on the relevant varlables were collected
over an eighty-day period during the summer of 1972. The
inadequacy of the a priori model is demonstrated under
conditions of prolenged sunny, dry weather, during which
significant populations of'a;gae'are established in the
river;-with the onset of dull weather. the DO. level is se-
verely depressed due partly to the cessatlon of photosyn-
thetic actlvity and partly to an increased BOD caused by




mass algal death. It is important, therefore, to deseribe
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explicitly the effects of algae on the DO and BOD and

this is accomplished by a pseudo-empirical relationship
which'loprass‘filterszthé'data on the hours of sunlight
incident on the system during each day.

We shall onlf consider in detail the use of deterministic
computer simulation éomparisons ageinst field data for the
verification of the proposed model. However,-within the
stochastic setting of the problem a more sophisticated sta-
tistical validation of the model has been completed (BECK
and YOUNG) using a technique known as the extended Ralman :
filter (see e.g. JABWINSKI (1970)). Models of this form
have also been verified against field data collected for

. the Bedford-Ouse study™ -(WHITEHEAD and YOUNG (1974)) and
employed in an initial feasibility analysis of operational
DO level control in a reach of river (YOUNG and BECK (1974)) .
Recent work has attempted to replace the original pseudo-
empirical;exp:ession for.algae by a more ambitious combined
DO-BOD~algae model which takes account of both liwing and
dead algal populations; a MONOD {1942) function is hypothe~

sised for the specific growth rate of algae (BECK (1974a) ,
(1974b) ). '

#

A study whose objectives are to examine the present uti-
lisation and future potential of the Bedford-Ouse as a
source of potable supply and recreation; part of the
'work_is concerned with the development of a stochastic-
. dynamic model of a 55 km stretch of the Bedford—-Ouse bet-
ween the proposed new city of Milton Keynes and Clapham,u




2. THE EXPERIMENTAYL STUDY.

Within the general area of water'quality moﬂéllin@, which
includes wastewater tredtment, river guality and potéble
abstraction facilities, field data is at a premium. Angd
if the available manpower is limited only small portions

of a river system can be investigated in depth.

The reach of river chosen for this study is a 4.7 km stretch
of the River Cam (a non-tidal river) near Cambridge on the
edge of the Fenland district of eastern Englaﬁd. Figure 1~
shows the majox physical characteristics of this part of
the River Cam. From the point of view of obtaining measure-
- ments which give a reasonably clear picture of the dynamics

for DO-BOD interaction the defined system has several advan~

tages: o '

{1} The input of the sewage works effluent ensures that
the system is suitably excited (i.e. variations in
BOD and DO can be observed which are not small enough

to be attributable to measuremant error or éhance dig~
fturbance of the system).

(ii) The critical conditions of DO sag often occur in .

reaches of rivers immediately downstream of effluent
outfalls,

{(11i) The weir below the effluent outfall aids the assump~
tion of complete mixing of the effluent with the
stream’ #s it enters the defined system.

. {iv) The short reach between the upper'wéir and the upper
system boundary is a precaution against obscuring
‘the measurements of DO by entrained bubbles ‘and other

localised fluctuations resulting from the action of
the welr. - ‘

{(v) ° Thé geography of théiéurrounding land is such that




there are no major tributaries or pumped land
draingge'inputs.élong the reach™.

The duration of the experiment covers the period between
June 6th and August 25th, 1972, which enabled the collec-
tion of an uninterrupted record of samples for eighty days
when low-flow conditions are predominant in the river.
5~day BOD samples were taken daily from the up tream and
downstream boundaries of the systems with the assistance
of the Water Pollution Research Laboratory and the Great
Ouse River Authority (now part of the Anglian Water Autho- -
rity) continuoﬁs records of DO were receivéd from a port~
able monitor and a permanent station located at these two
points. Volumetric flow-rate measurements are taken from
the weir at Bottisham and river water temperature was ob-
gserved. at both Bottisham and Bait's Bite; other avaiiabié
data include daily sampleszéf‘the‘effluent flow-rate and

- BOD content and some 1mportant meteorological information,
viz. the ‘hours of sunlight incident on the system and lo-
cal rainfall durlng each day. ‘

...................................................

This is partlcularly relevant in the sense that BOD ad-
ditlon to the reach by local runoff from the surroundlng
land is negllgible."
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3. AW INITIAL DYNAMIC MObEL FOR DO-BOD INTERACTION.

A review of the recent literature on DO-BOD modelling
(BECK (1973)) shows that theé major contributions’ {see

e. g. DOBBINS (1964), CAMP. (1965), HANSEL and FRANKEL
(1865)) have developed from the basic model of STREETER
and PHELRPS (1925). Their descriptions of the various bio-
logical and physico~chemical phenomena can be employed

in any of three essential model structures which effec-
tively quantify the degree of fluid mixing in the reach
(YOUNG and BECK (1974} ); these ‘include a second-order
partial differential equation (se¢ e.g. DRESNACK and
DOBBINS (1968)}, a first-order partial differential equa-
tion (see e.,g. DI TORO (1969)j; or a first-order ordinary
differential equation,

Bearing in mind that as control engineers we are largely
concerned with time as the single independent variable
the third option appears to have attractlve potentlal
Thus, if the reach of rlver 1s schematically defined as
in figure 2(a) and then idealised as a comblnatxon of
transportation delay and continuously stirred-tank reac-
tor (CSTR) components, figure 2(b}, the following SO~
called lumped~parameter model is hypotheSLSed for DO-BOD
1nteractlon, : 3 ” :

DO: kp(0) = = (Ky + O(6)/V)xy (£) = Kyxy(t) )
+ (@B /V)u] (E) + RyC (8) + Dy (4)
BOD: %, (£) == (Ky + Ky 4 Q£)/¥)50, (£) b
+'(Q1t}/vjuéct)'+ L, - (11)
with uy(t) = ul(tmwd)7' - j ”' C(i14)
uy () = u, (e-Ty) - ‘ (iv)




where the dot notation refers to dlfferentlatlon with
respect to time t (days) and

Xy = conen. of DO at théléownstream end {output) of the
reach {mg/1)

xé = goncn. of BOD at the downstream énd‘{dutput) of the
reach f{mg/l)

u; = concn. of DO at the upstream end {input) of the
reach {mg/l}

u, = concn, of BOD at the upstream end {input) of the

!/ reach {mg/l)

ui = hypothetically delayed DO input to the CSTR component
(mg/1) _

u§,= hypothetically‘delaye& BOD input to the CSTR.com-
ponent {mg/1)

Tq = transportation delay (days)

K, = reaeration rate constant for DO (dayﬁl

.-1)

)

K2 = BOD decay rate constant (day
K, = rate constant for the sedimentation of BOD (day_l)
Q = volumetric flow-rate in the reach {(cuft/day)
¥V = mean volumetric héld—up in the reachA(cuft)
CS = gaturation concentration of DO in the reach (mg /1)
L, = rate of addition of BOD to the reach by local sur-
face runoff ((mg/l}/day] -
-DB = net rate of additibn of DO to the reach by photo-
synthetic/respiratory activity of plants and algae
and the decomposition of mud deposits [{mg/l)/déy).

The saturation concentration‘of DO can be computed from

the following second-ordexr polynomlal in B the river
water temperature ( C), )

CCg(e) = 14.54 = 0.395(t) + 0.01(6(t))? W

The model is derived from component mass—balaﬁces‘across
the idealised representation of the reach of river and,

-




although it has been discussed elsewhere (YOUNG and BECK
(1374)), it is worth mentioning some of its important
features.

Firstly it is a dynamic model in the sense that it relates
time-varyindg inputs to time-varying outputs at fixed spa~—
tial locations. Tt is unfortunate that Streeter and Phelps
named their independent variable the "time of flow" since
their model concerns time-invariant guantities with varia-
tions in space and in our terminoleogy this is a steady~
state model. \
Becondly, the description of Ty regquires some thought since
it is time-varying according to the flow-rate Q. Normally
-the transportation delay in a reach of river might be de-
scribad by the retenfion—time properties; one solution is
to represent eqn¥. I(iii) and I{iv) 5y.a combination of
discrete-time deiays and first-order continuous-time expo-~
nential lags (see‘e g. BECK (1973)). However, this must be
treated with caution since such a representatlon, together
with the inherent lag properties of eqns. I{i) and I(ii),
can over—estimate the true transportation delay characte-
ristics of the reach. On the other hand a correct combina-~
tion of delay components has been shown to describe close-
ly both the transportation and dispersive £luid properties
of a reach of river when compared against experimental iod-
ide tracer measurements (WHITEHEAD and YOUNG (1974)}. Forxr
longer reaches this type"of delay description may be im-
portant and T, would eventuaily described by

.Tq § V/Q
although in -the present examination of-a'relatively short

- reach the inaccuracy introdﬁced by the simplifying assump-
tions ’




i

uj (£).= uy (£).

uégt} = uz(t?
is negligible.

Thirdly, model I does not include a description of any
diurnal variations in DO, despite the availlability of
adeguate data; they are not essential to the present dis-
cussion, but it is indicated that they prove difficult
to model accurately owing to a variable phase lag ob-

served in their equivalent sinusoidal representation
(BECK (1973)). |




4, A NEW MODEL FOR DO-BOD. INTERACTION WITH THE .FNCLUSION
OF ALGAL POPULATION EFFECTS‘

The experimental input data for the model are shown in
figure 3. an immediately observable feature is the peak-
ing effect in the flow-rate and input BOD records which
results from a thunderstorm on day toee If the output
BOD data are superimposed upon those of the input BOD

in figure 4 it ls possible to deduce that there are ap-
parent discrepancies hetween the normally predicted pro-
cess of BOD decay across the reach given by egn. I. Over
" the so-called “"critical® periods t36 ;’t48 and from teo
ly higher than the upstream _BOD + This would not be ex-
pected to be a function of local surface runoff since
there is little to suggest that L, would be significant-

. B
ly positive over the corresponding periods of dry and

sunny weather (figure 3({c)).

Hence the simulated responses’of model I, shown as.a
dashed line in figures 5(a) and 5(b), fail to adequate~
ly describe the observed effects of the critical periods.

The hypothesis that large algal populations are respon-
gible for the inadequaéy of the model, egn. I, rest upon
the experimental evidence. That the 5-day BOD test it~
self could obscure the true causes of the higher down-
stream BOD's is a possibility; however, the profiles for

Other (usually) isolated instances-of a higher down-
stream BOD are attributable to a transportation delay
within the reach of approximately one day, such that
a rapidly faliing BOD concentration at Bait's Bite is
not observed until a day later at Bottisham;
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the rate of oxygen uptake in BOD samples from both boun-
daries of the reach are similar and there is no evidence
for nitrification (for example} to be occurring at only
one point. On the other hand the output DO measurements
show a characteristic net addition of oxygen and increased
diurnal oscillations which would result from the photosyri~
thetic/respiratory activity of a well-established algal
population; moreover, with the onset of dull.weather these
conditions abrupﬁly cease and DO values axe notably low.
Indeed, similar reports of the.effects of algae are well

. documented in the 1iterature'(e.g; CLAY (1944), GOODMAN
‘and TUCKER (1971)).

Thus, to suwmarise, the following'appears to be occurring
in the experimental reach of rivér. During periods of pro-
-longed dry and sunny weather large, active populations of
algae are established within the reach and theixr interac-
tion with the DO and BOD levels is observed at'Bottisham,'
the downstreanm boundary of the system. Such effects are
.well-known in the case of DO-dlgae relationships [see ..
BAIN (1968), BAILEY (1970), O'CONNOR and DI TORO (1970))
but it is less wideiy observed that algae, either as dead
or decaying material, may, in some manner, exert a bioche-
mical oxygen demand. Secondly, accoxding to the limitations
of measurement accuracy on the DO and BOD it is not possible
‘to detect the corresponding entry of a significant algal
population into the reach at Bait‘é,Bite. However, ﬁhe pre-
sence of a sewage effluent, at relatively low levels of di-
‘lution with the strean, imbues the reach with a nutrient-
rich environment for the rapid stimulation of small "seed"

populations of algae'?a;singvthe‘upstream system boundary.
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.grouth and decay,

Tt is necessary now to establish ‘a means whereby a quan-
titative measure of these effects can be predlcbed As g
first approximation, the only available lnformatlon which
night be used as a pledlctor off algal growth is the mete-
orologiéal data on the hours of incident sunlight per day.
Tt is known that Light intensity is a factor influencing
algal growth kinetics and CHEN (1970) gives an expression
foxr the growth rate df various species of algae in terms.
of the light intensity and nitrogen and phosphorus stream
concentrations. Unfortunately no data are available for \
the latter- two variables, although it might be fairly
argued that they would be in sufficient supply downstream
cf an effluent discharge and therefore not rate-limiting
for the expansion of an algal population. Firstly, as a
consequence. of this, it is required that the prediction

of algal growth be dependent only upon the light intensi-
ty and hence upon the duration of sunlight over each day.
And secondly, the form of the chosen expression should be
capable of discrimination between an isolated event and a
sustained sunny weather period.

These considerations lead to the following discrete, low-
pass filter mechanism for a "sustained sunllght effect”,
- I(tk) '

» o (tk) R
. where ug is the sunlight incident on the system during

day t,. (hrs/day), 8 is an arbltrary mean river water tem-
perature ( C) and T is the time constant of the 1ow-pass
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Fi]ter (days}* Figure 5(c¢) shows the pattern of I{t )
for a = 8% and ¢ = 4 days, the correlation between the
critical periods and peaks in I(tk).ls remarkably precise
between t36 and t

48" )
In order to introduce this sunlightmtemperature effect
into the model, additive terms K4[I(tk) -I) and K (I{Lk)
~I] are inserted into eguaticns I{i) and I{ii} , respective-
Ly, so that the DO-BOD interaction is now described by

Ry (E) = - (K o+ QL) V) xy (£) = Ryx, (£) ]
Q) V) uy (1) + K C ()
+ K (T(e)~F) + Dy | oW

Xyt) = = (K, + Ky + QE) V) %, (1) 5 (@) V) u, (t) | PoIT
P Rg (Tl )-T) +n, . S {dd)

Tlty) = Tty ) + Slug(yy) - SRS E BNCERY:

T e ) ' -
(I{tk}ﬂf]:= 0 for i(tg) < T o : (iv)

Here I is a "threshold" level of the sustained sunlight
effect; in other words, the presence of I indicates the
reguirement for a certain minimum level  of I(tk), i,e.
egn. 1I{iv), before algal populations can become estab-
lished. Similarly the exponential weighting into the

..................................

The temperature coefficient {...} ig included for com-
pleteness and, although its effects are marginal, it '

had been hoped that it might explaln the features of
the second critical period.1
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past introduced by the low-pass filter mechanism embodies
the conceﬁt that prolonged. sunny and waxm weather is re-
guired £0o produce algal ﬁopulations of sufficlent magni-
tude to have any discernible effect on the DO-BOD balance
in the river system. K, and Ky are simple proportionality
constants in this context and they relate the pseudo-en~
pirical sustained sunlight effect to the DO and BOD dyna-
mics,

Figures 5(a} and 5(b) show the improved prediction in out-
put DO and BOD given by the new lumped-parameter differen=~
tial-difference equation IT. Particularly over the first
critical period the model competently describes the net
dally addition of DO in the reach by the photosynthesis/
/xespiration eycle of algae and also the production of a
BOD from dead or decaying algal material. The parameter
values estimated for the model are given in table l*. DB’
which for model II refers only to the withdrawal of OXy-
gen by decomposing mud deposjts,'is notably time-dependent;
this could be a consequence of measurement error on the DO
and BOD (BECK (1973)), although recent results suggest that
flow conditions may be accountable for - such wvariations
(younNG and WHITEHEAD (1974)). On the other hand, L, is
sultably zero and this agrees with the nature.of the phy-
sical system where local surface runoff is collected in

drdlnage dykes and pumped into the river downstream of
Bottisham weir.

Most of the parameter estimates are taken from a more
- complete statistical verification study of the model
(BECK (1973), BECK and YOUNG).




Table 1 - Parameter values for model IT.

14,

K, 0.17 K; 0.32 | v 5.4(10%)
=t Z .
K, 0.32 T 5.0 L 0.0
Kg- 0.0 . 8 8.0 S {?207 for 05t§t19
+ R . ) ' B _' e
Ky  0.3L 1 oo A g lnOidofor bty g
£

No specific units are assigned to these guantities
owing to the dimensional anomoly of egn. IT(iii)..




5. FURTHER COMMENTS OGN DO-BOD-ALGAE MODELS.

Over the past two years the data collected from the Ri-
ver Cam have been the subjectlof considexable analysis.
Only the deterministic simulation aspects are reported
here but cleayly more sophisticated statistical approaches
are warranted if the model is to be properly examined in
an environment where the gsystem ls subject to chance dis-
turbances and random eryors of measurement. Such an app-
roach is the extended Kalman filter and it is particular-
ly useful in identifying and validating the structure of
the model (BECK and YOUNG); once the model étruéture is
defined the analysis can proceed to further "refinsment”
of the parameter estimates using technigques of recursive
time~series analysis [see e.dq. YOUNG (1974), YOUNG and
WHITEHEAD (1974)). -

Indeed, other identification and parameter estimation
studies have vielded moxre information on the nétﬁfe of
DO-BOD-algae interaction..The model of egn. II has been
verified against data from the Bedford-Ouse river (WHITE-
BEAD and YOURG (1974)); in this case  the basic structure
is improved by including a term relating‘to the chloro-
phyll—A content of the stream for ‘the prediction of DO
'productlon by algae,

Now, while it is possible to extend the'original pseudo-
empirical expression, what is really reguired is a more .
fundamental growth and decay model for. algae. Recent
work using maximum likelihood methods of identificatioh'
' (see ASTROM and BOHLIN (1965)] applied to the Cam data
1nd1cate that it LS feasible to describe algal growth

in terms of a MONOD (1942) function, wheve sunlight is
taken to be-thé'rateélimiting factor. 2 combined DO-BOD-
algae model is proposed in whiéh'thg'living and dead al-
gal populations are considered explicitly by'éepérate
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component mass balances across the reach of river. In
QarticularF such a model is able to eliminate the error.
in BOD prediction over the latter twenty days of the‘ex~
perimental éeriod'(see'figure'ﬁ(b}j,_where the effects
of algae* appear to be very sensitive to the retention-
time conditions existing in thé"reach'(BECK (197432,
(1974b)). ~ —_—

" This is not to ignore that such effects could also be
a consequence of either decreased turbidity conditions

‘or increased growths of attached plants over the sum-
mer periocd.
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6. CONCLUSIONS.

A lumped-paramebter diffe?eﬁtialwdiffereﬁce eguation is
presented For the description of the §ynémic interaction
between DO and BOD in a non-tidal stream. A significant
improvement included in the model is a pseﬁdo~empirical
term wihich describes the effects of algal populations on
the DO and BOD and when tested against field data the mo-
del is shown to simulate adequately the major variations
observed in practice.

The model is simple in the sense that it requires only

~the solution of ordinary differential equations as cp¥

posed.to partial differential equations;'this means that
many of the technigues of control éystem synthesis can
be readily applied for analyses of in-stream DO level
maintenance (YOUNG and BRCK (1974)). At the same time the
transportation'dglay and fluid dispersion properties O£

. a yeach of river .can be simulated where hecessary.

The basic structure uf the model appéazs to be applicable
outside the specific systom chosen for. the experimental

study reported here; however, parameter values are dif-
ferent for different systems as evidenced by the results
from the River Cam and the Bedford-Ouse. But no model can
claim to be universally applicable and 1f it is to be used
wisely then some form of prior experiment, within the ob-
vious limitations of manpower and lnstrumentqtaon, is al-
Ways necessarv for model valldatlon.A a
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The experimental reach of river: a part of tﬁé
Rivexr Cam outside -Cambridge. '

A simple model for DO-BOD interaction in a reach
of river; all variables are as defined for eqn I.
(a} single reach of river '

{b) CSTR representation
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The comparison between the upstream, Usy, and down-
streal, x?i BOD dats.

Deterministic simulation respounses for DO-BOD int-
eraction given by model I {dashed line) and model
II {continuous line); experimental observations
are indicated by dots.
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