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1 INTRODUCTION

1.1 Scope of this Handbook

Problems of excessive depletion of river dissolved oxygen (DO) can often be traced to the
discharge of waste organic matter. Depletion may also occur because of the activity of aquatic
plants. Although a full description of the processes determining river dissolved oxygen
concentration is a formidable task, relatively simple methods can sometimes be used to
provide a useful estimate of the extent of oxygen depletion. These methods make use of
simple mathematical models. This Handbook documents several such methods and indicates,
by worked examples, how they may be applied. Indications of the amount and type of field
work required are also given.

Simple mathematical models are useful for making preliminary estimates of the potential
impact of an effluent on the DO of a river. Such estimates may indicate that an effluent will
not have an adverse effect on river water quality. In this case the discharge may be permitted
provided it will not have an adverse impact on other river water quality standards (e. g,
appearance, bacterial concentration, temperature). On the other hand the estimate may
indicate that further investigation, involving field work and more sophisticated modelling, is
justified. .

This Handbook considers only simple models that may be solved with nomographs,
programmable calculators or small mini-computers. Such models are considered adequate for
making preliminary estimates of potential dissolved oxygen depletion. Full details of more
sophisticated models which include the effects of unsteady discharge and dispersion are not
given here. These latter models are not necessary for making preliminary estimates; it is
anticipated that they will be described more fully in a future revision of this Handbook.

1.2 Constructing a Model

In considering the impact of effluent discharge one needs some means of transforming
known information on the river and effluent into an estimate of downstream DO. This can
best be achieved by using a mathematical model that is based on mathematical descriptions of
the important physical and biochemical processes. (Experience has shown that empirical
models are of only limited use and that physical models are not feasible for most problems of
DO depletion in rivers). Sometimes a combination of several different mathematical models
is used on the one problem; a very simple model being used initially, with greater
sophistication being introduced if required. Figure 1.1 gives the sequence of events which is
used to determine the impact of an effluent on river DO. Note that the decision on whether a
mathematical model is required is made on the basis of the empirical “‘model” that if the river
five day biochemical oxygen demand (BOD;) concentrations are below say 2 g.m.” then
serious DO depletion is unlikely.

In this Handbook it is recommended that investigations of effluent impact commence with
a simple model, the basic Streeter-Phelps model which is described in Chapter 2. Some
management problems can be solved satisfactorily with this model, and useful insights into
many other problems can be gained by first attempting to fit this model. However, if the basic
Streeter-Phelps model cannot be verified, or if the effects of aquatic plants are to be included,
some modification to the model must be used as is discussed in Chapter 3. Additional field,
laboratory and modelling work will then be required.

6
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1.3 Processes Operating

It is necessary that a mathematical model should take account of the important oxygen
transfer processes occurring. Among the many processes in a river carrying waste organic
matter, local and overseas experience has identified those of major importance as listed in
Table. 1.1

Table 1.1 Important oxygen transfer processes

1) 2 3)
Always important Sometimes important  Rarely important or
importance unknown in
New Zealand

Advection Benthic BOD exertion Benthic BOD supply
from resuspension of
mud

Inflows Aquatic plant Nitrogenous BOD

metabolism exertion

Reaeration Dispersion

Aquatic BOD exertion

Advection is defined as the downstream transport of river water at the mean cross-section
velocity. Tributary inflows of unpolluted water may provide significant DO and also dilute
the BOD of polluted river water. Polluted tributaries and waste inflows increase river BOD
and/or decrease river DO. Reaeration is a physical process that occurs whenever river water
is depleted in oxygen; oxygen is transferred, by diffusion, from the atmosphere into the river
water. Aquatic BOD exertion refers to the oxygen consumed by planktonic organisms
engaged in breaking down complex organic material to simple compounds. Oxygen
consumption arises principally from the exertion of “‘carbonaceous” BOD in which organic
carbon material is broken down, ultimately to carbon dioxide. In some situations a further
“nitrogenous”’ oxygen demand is exerted by nitrogen compounds such as ammonia when they
are oxidised to nitrate. Although known to be important in UK and USA rivers, nitrogenous
BOD exertion has not been quantified in New Zealand.

Benthic BOD exertion refers to the action of organisms resident on the river bed and
banks. Aquatic plants consume oxygen continuously in respiration but in the presence of
sunlight also produce oxygen by photosynthesis. The result is a net production of oxygen
during daylight, but a consumption at night; consequently in some rivers DO levels vary
throughout the day being highest in late afternoon and lowest in early morning.

Benthic BOD supply from mud resuspension is probably important in slow-flowing regions
of some New Zealand rivers (e.g., in the Hauraki Plains), but has yet to be investigated in any
detail. Dispersion is only important when inflows vary rapidly with time, for example, during
a slug discharge of BOD.

The basic Streeter-Phelps model described in Chapter 2 includes only the items in column
(1) of Table 1.1. The modified Streeter-Phelps model described in Chapter 3 also includes the
effects of items in column (2).

1.4 Preliminary Modelling

In the authors’ experience it is desirable when tackling a river DO problem to begin by
making a preliminary examination using the simplest possible model together with
approximate model coefficients derived from the literature and any suitable data that are
already available (full data requirements are described in Section 2.2). Such a ““desk study” is
often valuable in deciding how important the problem is, what processes are likely to be
operating, and what field data need to be gathered in order to develop an accurate model.
With reference to Fig. 1.1, for preliminary modelling few (if any) field surveys are conducted
and model coefficients (e.g., deoxygenation and reaeration coefficients) are estimated from
past experience. It is often appropriate to choose “worst case” conditions of low river flow,

8



maximum river temperature and maximum waste discharge when making preliminary
predictions in order to assess whether further investigation is justified. Since model
coefficients may not be known accurately, it is desirable to make predictions using a range of
different values.

1.5 Model Calibration

Once a preliminary ‘“‘desk study” has been conducted and a decision made that further
investigation is justified, then it is necessary to calibrate the model properly.

Calibration is the process whereby values of the model coefficients are estimated. There
are few hard and fast rules about how to estimate the values of model coefficients. Some
coefficients can be measured directly while others which cannot easily be measured must be
adjusted until a good match is obtained between observations and model predictions.

It is common practice to test the sensitivity of the model to changes in coefficient values.
This identifies the “critical” coefficients so that laboratory and field surveys can concentrate
on refining the estimates of these coefficients while paying less attention to other model
coefficients, and helps to quantify the uncertainty in model predictions.

1.6 Model Verification

Verification follows calibration and is designed to check the validity of the model for
prediction. In verification, the calibrated coefficient values are ‘“frozen” and used together
with a set of river data different from that used in calibration to see how well the observations
and predictions match. If good agreement is obtained the model is verified. It must be
stressed that river data used for verification must be a different set from that used in
calibration. Also the model is strictly only verified for environmental conditions similar to
those pertaining to the calibration/verification data.

1.7 Prediction

Predictions are made using a verified model, usually for the “worst case’’ of low river flow
and maximum river temperature and waste discharge since DO depletion for such conditions
is maximal. There are two modes of prediction: prediction of the DO sag curve resulting from
known discharges; or prediction of the maximum allowable discharges that will not cause the
downstream DO to breach a specified standard (often referred to as calculation of
assimilative capacity). In the first case the known discharges are specified and the model is
used directly to predict the sag curve. In the second case an indirect trial and error process is
usually necessary; a first estimate of allowable discharges is made, the model is used to obtain
the sag curve, and then the estimates are refined. This process is continued until a satisfactory
solution is obtained. In some simple cases the assimilative capacity can be calculated directly,
as shown in Section 2.11.

It should be noted that even a carefully constructed and verified model may not make
accurate predictions for environmental conditions significantly different from those under
which it was developed. It is, therefore, desirable to have carried out the calibration and
verification field work for environmental conditions similar to those requiring study.



2 BASIC STREETER-PHELPS MODEL

2.1 Introduction

This model was first developed by Streeter and Phelps (1925) following work carried out on
the Ohio River, U.S.A., and has been used many times since. In its simplest form the model
predicts a “BOD decay curve” and a “DO sag curve’” downstream from an initial point.

/
B I
’ BOD Decay Curve

=
o
(]
@
-
a Bar

C Saturation DO _

s - " "-—"—-—=""""""--"""">"”>-"">”-" "”-" """ — ¥ — —' -

Ca

Go
o D*
a
@ DO Sag Curve
ZC*F
(ad

: >
T t¥ River time of travel, t
Inflow at
initial point

B,, C, = river BOD, and DO just above the inflow

B,, C, = initial river BOD, and DO just downstream from the inflow
s = saturation DO

C*, D* = critical DO sag and DOD

FIG. 2.1 Typical Streeter-Phelps model solutions: single inflow

These curves are typified on Fig. 2.1 which shows that the river BOD continually decreases
downstream from the initial point (where t = 0) and the river DO sag reaches its maximum
at time-of-travel t*—the so-called “critical point”—where the river DO is at a minimum. The
extent of the sag at the critical point is usually of most concern since that is where
environmental stress is greatest.

The basic Streeter-Phelps model assumes that the oxygen balance of any segment of water
moving down a river channel is the result of two major competing processes: removal of DO
by exertion of BOD, and addition of DO by reaeration. The rate of exertion of BOD and the
consequent decrease of DO is assumed to be proportional to the BOD concentration, the
constant of proportionality being the deoxygenation coefficient, k;. It is important to note
that the rate of removal of DO is equal to the rate of exertion of the ultimate BOD, BOD_,
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and it is necessary to estimate BOD,, from say BODs measurements using a conversion factor
(as discussed in Section 2.4). The rate of reaeration is assumed to be proportional to the DO
deficit (DOD)t, the constant of proportionality being the reaeration coefficient, k,. Thus the
basic Streeter-Phelps model has two important coefficients, k;, and k,. An increase in the
value of k; corresponds to a decrease in the critical DO (C* on Fig. 2.1) and also a decrease in
the time-of-travel to the critical point (t* on Fig. 2.1). An increase in the value of k,
corresponds to an increase in the critical DO and also a decrease in the time-of-travel to the
critical point.

The initial BOD, and DO, B, and C, in Fig. 2.1 are calculated assuming that the inflow
mixes immediately with the river flow. This is a reasonable approximation because the
maximum effect of a waste discharge on river DO appears a considerable distance
downstream from the inflow.

The model can also be used for rivers with multiple inflows. All inflows are assumed to be
constant (inflow rate and massflow do not vary with time). Even when this is not the case the
model may still be useful provided time averages of inflow and river data are used.

Various modifications have been made to the basic Streeter-Phelps model and one which is
particularly useful is the inclusion of the effects of benthic oxygen demand. This is discussed
in detail in Section 3.2. Inclusion of the effects of benthic oxygen demand introduces an
additional coefficient, Dg. The basic Streeter-Phelps model is then a special case of the
modified Streeter-Phelps model in which Dy = 0. In the interests of conciseness, calculator
and mini-computer programs are given in the appendices only for the modified Streeter-
Phelps model. The user may specify Dy = 0 in order to retain the basic Streeter-Phelps
model.

The model equations and their solutions are given in Appendix A. River DO studies
almost invariably call for repeated use of a model to assess the effects of alternative
coefficient values or alternative loadings. It is, therefore, highly desirable to be able to solve
model equations quickly and easily. To facilitate this, example programs for solving the
Streeter-Phelps model using HP 41CV and TI 59 calculators are given in Appendix B. A
mini-computer program written in BASIC is given in Appendix C.

In some cases simple nomographs for ¢alculating the main features of the basic Streeter-
Phelps model solutions may be very helpful. This is particularly so in the case of emergency
discharges of waste for which answers are required rapidly. Such nomographs are described
in Sections 2.10 and 2.11.

2.2 Data Requirements

The Streeter-Phelps model requires the following 12 items to be specified by the user of the
model. The first 9 are ‘“‘environmental inputs” that may be directly measured from field
surveys and laboratory work. The last 3 are the model coefficients, for which estimation
procedures are given in later sections. The last of these coefficients is only required for the
modified model discussed in Chapter 3.

2.2.1 Environmental inputs

(a) River Temperature, T (in °C).
(b) Saturation DO, C; (in g.m ). This may be obtained from Table 2.1 for a given river
- temperature, assuming zero sahmty and standard atmosphenc pressure.

(c) Upstream river rate of flow, Q, (in m>.s™). This is the river rate of flow just upstream
from the initial point.

(d) Upstream river BOD,, L, (in g.m®). This is the river BOD; just upstream from the
initial point.

(¢) Upstream river DO, C, (in g.m™), This is the river DO just upstream from the initial
point.

(f) Rate of flow, BODS and DO for each inflow: denoted by Q, (in m>.s?), L, (in g.m>) and
C, (in g.m™) respectively.

tDissolved oxygen deficit concentration (DOD) equals saturation concentration minus DO concentration, i.e.,
D = C, — C (refer to Fig. 2.1).

11



(g) Laboratory BOD decay coefficient, k; (in day™, base e). This is the standard first order
coefficient for BOD exertion in the BOD test. It describes the rate at which BOD is
exerted in the test bottle and used to convert BOD; to BOD,, for inflow and river
samples. Use and estimation of k; is described in Section 2.4.

(h) River velocity, U (in m.s). This is the mean velocity, assumed constant.

(i) River mean depth, H (in m), assumed constant.

Table 2.1 Saturation DO versus temperature (from Wilcock 1982a)

Temperature, T Saturation DO, C,
(9] (g.m?)
10 11.29
11 11.02
12 10.77
13 10.54
14 10.30
15 10.09
16 9.86
17 9.66
18 9.46
19 9.27
20 9.09
21 8.91
22 . 8.73
23 8.58
24 8.41
25 8.26
26 8.10
27 7.95
28 7.81
29 7.68
30 7.55

2.2.2 Model coefficients

(j) River deoxygenation coefficient, k; (in day”, base e). This describes the rate at which
BOD is exerted in the river. An estimation procedure is given in Section 2.5.

(k) River reaeration coefficient, k, (in day’, base e). This describes the rate at which
reaeration of the river occurs. An estimation procedure is given in Section 2.6.

(1) Benthic oxygen demand rate, Dy (in g.m™.day™). This describes the rate of uptake of
oxygen by benthic organisms. Estimation of Dy is discussed in Chapter 3.

Three points of caution must be made about the model coefficients k; and k,.

First, in the literature the coefficients may be quoted to base e or to base 10. It is
imperative that the correct base is identified, otherwise gross errors will ensue. For example,
if k, is the reaeration coefficient to base e and K, is the coefficient to base 10, then k,=2.3 K,.
The same holds true for k; and k;. There is some considerable confusion in the literature on
the base of coefficients (made worse by the lack of a uniform notation). Note that
Eckenfelder (1970, p. 37) quotes three formulae for k,; if one checks the original papers cited
it is clear that the first formula is the base e, whilst the second and last are to base 10. Also,
Fair et al. (1968, p. 33-21) use a value of k, that may be shown to be to base 10 in a model
that requires the coefficient to base e. This Handbook deals exclusively with coefficients to the
base e.

Second, the k; and k; coefficients should never be confused. As noted above, the first
describes BOD exertion in the BOD test bottle, while the second describes BOD exertion in
the river. Early literature on DO modelling (e.g., Phelps 1944) has tended to use k, as the
river deoxygenation coefficient with some success, but this can be explained by the fact that
early work was done on large rivers, such as the Ohio, for which one might expect k; and k.
to be similar. For smaller rivers k; normally exceeds k; since organisms on the bed and banks
of the river have a greater opportunity for “contact” with the organic matter in the river
water.

12



Third, Fair (1939) coined the use of the term river “self-purification constant”, defined by
f = ky/k,, and gave a table of f values for sluggish rivers up to rapids and waterfalls. This
table has been taken up in subsequent texts, e.g., Fair et al. (1968). In the authors’ opinion
this table is entirely inappropriate for New Zealand conditions and will give misleading results,
especially when applied to small rivers. This is because the values of k; and k, used to devise
the table are not appropriate for New Zealand rivers.

2.3 Calculation of DO Sag Curve

Procedures given in this section refer to the programmable calculator and mini-computer
programs given in Appendices B and C. '

2.3.1 Single inflow

The procedure is:

(a) Specify the river temperature, T, in the reach being modelled.

(b) Calculate the saturation DO, C_, from Table 2.1.

(c) Specify the upstream river rate of flow, BOD,, and DO;
Q,.L,.C..

(d) Specify the inflow rate of flow, BODs, and DO; Q,,L,,C,.

(e) Specify the laboratory BOD decay coefficient, k; , and so convert the upstream river
BOD;, L,, to upstream river BOD,, B,, and the inflow BODg, L, to inflow BOD,,
B,, using the method given in Section 2.4.

(f) Calculate the initial river rate of flow, BOD, and DO (Q,,B, and C,) using

2.1)

2.2)

(2.3)

(g) Estimate the river deoxygenation coefficient, k; (see Section 2.5).

(h) Specify the river velocity and depth, U and H, and so estimate the river reaeration
coefficient, k, (see Section 2.6).

(i) Use the program to calculate river BOD,, BOD; and DO at any point downstream
from the initial point.

A worked example using this procedure is given in Section 2.7.1.

2.3.2 Multiple inflows

As described above the model predicts BOD,, BOD; and DO curves downstream from a
single inflow. However, the model can be extended without undue difficulty to the situation
of multiple inflows. To do this the river is subdivided into several reaches, the boundaries
being located at each inflow and/or where a change in a model coefficient occurs. The model
is then applied to each reach in turn starting at the most upstream point. This situation is
depicted in Fig. 2.2. A worked example is given in Section 2.7.2.
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FIG. 2.2 Typical Streeter-Phelps model solutions: multiple inflows

' Legend: refer Fig. 2.1.
Note: (a) Model is first applied to Reach 1 and then to Reach 2.
(b) For Reach 2, B, and C, are given by model results at the downstream end of Reach 1.
(c) For Reach 2, any model coefficient and/or environmental factor (e.g., temperature, saturation DO,
velocity etc.) may change from that applicable in Reach 1.

2.4 Conversion of BOD, to BOD,

For a given k; the ratio of BOD, to BOD;, a, required hy the Streeter-Phelps model, can
be read from Fig. 2.3.

A variety of methods for estimation of k; have been developed and these are described in
various texts (Phelps 1944; Fair et al. 1968; Velz 1970; Eckenfelder 1970; Nemerow 1974).
These methods all employ a series of tests requiring the BOD of similar samples over
different time intervals. It will not generally be necessary to carry out laboratory work to
estimate k; ; this has already been done for river waters and a number of wastes in New
Zealand, and these results are reasonably transferable. A summary of these results for wastes

and river waters is given in Table 2.2.
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FIG. 2.3 Graph of BOD,:BOD; (a) versus k; (from McBride 1982b and reproduced by permission of
the Journal, Water Pollution Control Federation).



Table 2.2 Laboratory BOD decay coefficient values

Sample ky Reference
(day™)

Sewage (primary treatment) 0.23 Cameron (1982)

Dairy factory wastes (raw) 0.44 - 0.62 Barnett et al. (1982)

Meatworks  wastes (primary 0.45—0.60 Heddle (1982)
treatment)

Pulp and paper mill wastes 0.35 M. Piper (Tasman Pulp & Paper
(primary treatment) Co. pers. comm.)

Pulp and paper mill wastes 0.25 M. Piper (Tasman Pulp & Paper
(secondary treatment) . Co. pers. comm.)

Piggery wastes (primary treat- 0.5-0.8 J. Nagels (MWD pers. comm.)
ment) )

Piggery wastes (secondary treat- * 0.37 J. Nagels (MWD pers. comm.)
ment)

River waters (Waikato and 0.4 J. Nagels (MWD pers. comm.)
Waipa)

This table shows that k; can be interpreted as a measure of the stability of these wastes;
increasing the degree of treatment leads to a lowering of k; . The value for New Zealand
sewage is consistent with overseas data for sewage; it corresponds to that given by Velz (1970)
as the ““‘normal’’ value of this coefficient. The value for river waters is higher than expected by
reference to the literature; explanation df this difference must await the results of studies
currently under way. 5

Table 2.2 and Fig. 2.3 are used to determine a value of a. The conversion of BOD; to
BOD, is then achieved by ’

B = oL (2.4)

where B is BOD, and L is BOD;,.

The procedure is thus:

(a) select k; from Table 2.2;

(b) determine « from Fig. 2.3;
(c) calculate BOD, from Eq. 2.4.

2.5 River Deoxygenation Coefficient, k,

For a preliminary “desk study” this coefficient can be estimated from the range of values
observed in other New Zealand rivers (see Table 2.3).

Table 2.3 Values of deoxygenation coefficients in several New ‘Zealand rivers

River Typical low flow k, Reference
(m’.s?) (day™)

Tarawera 25 5.2% Piper (1982), McBride (1982a)
Manawatu 20 0.7 - 12* Currie and Rutherford (1982)
Mataura 14 2% McKenzie and McBride (1982)
Waipa 20 0.7+ McBride and Rutherford (1982)
Waikato 180 1.2 - 1.8% Rutherford (1982)

Waikato 180 0.6 - 0.8t Rutherford (1982)

tEstimated by model calibration and verification using river DO and BOD;.
*Using river BOD; only. There is evidence that BOD; was stored but not exerted and hence these may be over-
estimated.

16



The high k, value for the Tarawera River is attributable to the large population of bacteria
resident on the pumice sediments of this shallow river. For the Manawatu River, high k,
values occur in reaches where large crops of sewage fungus occur. The usual value of k; for
the Waikato River appears to be 1.2 — 1.8 day™; the last entry in Table 2.3 refers to a study
made on the Waikato River during passage of Iarge quantities of milk dumped into the river
in March 1979. It is thought that the coefficient was lower for this study because the river was
not sustaining a sufficient population of bacteria to break the milk down.

Some rivers may be modelled using a single value of k, over their entire length (e.g., the
Waipa River) while others require a different k, for separate river reaches (e.g., the
Manawatu River). The value of k; may also vary substantially with time (e.g., in the
Manawatu River k; is thought to depend on the amount and activity of sewage fungus, both
of which vary with time).

A caveat must be made concerning the k; values tabulated above; they are influenced to
some extent by the assumptions made in the models used in their estimation (notably the «,
k, and Dy values used). Consequently the above estimates should be considered only as
approximate guidelines.

2.6 River Reaeration Coefficient, k,

For most studies this coefficient can be estimated satisfactorily using an empirical equation.
Such equations have been derived from laboratory and field data and express k,* (at 20°C) as
a function of stream velocity, U (m.s™"), and depth, H(m). The equations hsted here for k, all
refer to 20°C, and values at other temperatures in the range 10-30°C may be calculated using

k, = 1.024T'2°1<220 (2.5)

Because equations for k, are derived empirically, over limited ranges of flow conditions,
care should be taken to ensure that the stream conditions match those used to derive the
coefficient. The following equations may be used to calculate k,* (day™), in conjunction with
Table 2.4 (from Wilcock 1982b).

k,* = 3.74 VUH" (2.6)
k220 = 5.01 U0.969/H1.673 (2'7)
k,? = 4.75 U/H'® 2.8)
k,? = 513 U/H® (2.9)

Table 2.4 k, equation numbers appropriate for different river conditions

River Velocxty River Depth, H(m)
U (m.sh)
0.2-0.5 0.5-1.0 > 1.0
0.1-0.5 (2.6) (2.6) (2.6)
0.5-2.0 (2.9) 2.8) . 2.7

Note that Eqs. 2.6-2.9 are only valid for U in units of metres per second and H in units of
metres.

2.7 Worked Examples

In the following worked examples we follow the procedure of Section 2.3. The tables,
figures and equations that are used in the procedure have been grouped together in Appendlx
D, for convenience.
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2.7.1 Single inflow of dairy factory waste

Take a river wlth temperature T =22°C, so that the saturation DO is, from Table 2 1
C, = 8.73 g.m”. The upstream river rate of flow, BOD; and DO are Q, = 4.9 m s
La = 1.3 gm’3 and C, =86 gm” respectlvely The inflow data are Q = 0.1 m’s?!
= 210 g.m™ and C, = 3.6 g.m™. For the river waterk; = 0.4 day from Table 2 2s0 that
from Fig. 2.3, a = 1.16 and from Eq. 2.4 the upstream BOD, is B, = 1.5 g.m>. For the
waste take k; = 0.5 day” from Table 2.2 (the median value for dalry factory waste) so that,
from Fig. 2. 3 a = 1.09 and, from Eq. 2.4, the 1nflow BOD is B, 1 09 x 210 = 230

g.m>. Egs. 21—23thenglvemltlalvalueson 5ms?! B ~6gm G —85gm

Assume that the river deoxygenation coefﬁclent has been calibrated at k; = 2 day. The
river velocity and depth are U = 0.4 m.s! and H = 1.5 m for which Table 2 4 indicates that
Eq. 2.6 should be wused to estimate the reaeration coefficient. Therefore
k, = 1.024% x 3.74 x V0.4/1.5 '* = 1.35 day.

Using the calculator programs in Appendix B the results summarised in Table 2.5 were
obtained.

Table 2.5 Results for example 2.7.1

River Distance River BOD B River BODS, River DO, C
(km) (g.m?) (g.m>) (g.m?)
0 6.00 5.20 8.50
5 4.49 3.87 7.18
10 3.36 2.90 6.43
15 2.52 2.17 6.08
19 2.00 1.72 5.98
20 1.89 1.63 5.97
21 1.78 1.53 5.98
25 1.41 1.22 6.04
30 1.06 0.91 6.19
40 0.59 0.51 6.64
50 0.33 -0.29 7.10
60 0.19 0.16 7.51
70 0.10 0.09 7.84

In this example the critical point is located 20 km from the initial station (see also Fig. 2.4).

2.7.2 Multiple inflows

In this example take the same river as in case 2.7.1 but also with
(i) a meatworks waste 1nflow at 10 km where
Q, = 0.15 m’s?, = 100 g.m> and C; = 0 g.m?;
(ii) a change in rlver depth from H = 1.5mto H = 1 8 m, at 25 km;
(iii) a trlbutary inflow at 30 km where

Q =1m’s! ,L, =1gm?3, C, = 8.7 g.m>. The temperature of the tributary water is
22°C.

Before proceeding we must calculate the BOD for these new inflows. For the meatworks
waste we take a median value of k; = 0.5 day™ from Table 2.2 and so, from Fig. 2.3, o =
1.09 and, from Eq 24,B, = 1. 09 X 100 = 109 g.m>. For the tributary we take the same k.
vaiue as for the river (0 4 day ') and from Fig. 2.3, a = 1.16 and, from Eq.2.4,B;=1.2
g.m>, We must also compute the change in reaeration coefficient. Table 2.4 st111 indicates
that Eq 2.6 should be used, so that the reaeration coefficient downstream from 25 km is

k, = 1.024> x 3.74 x V70.4/1.8"° =~ 1.03 day’!

Using the calculator programs in Appendix B the results summarised in Table 2.6 (also

graphed on Fig. 2.4) were obtained.
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Table 2.6 Results for example 2.7.2

River Distance River BOD,, B River BOD,, L River DO, C

(km) (g.m?) (g-m?) (g.m>)
0 6.00 5.30 8.50
5 4.49 3.87 7.18

10 3.36 2.90 6.43
10+ 6.44 5.55 6.25
15 4.82 4.16 5.22
20 3.61 3.11 4.75
24 2.86 2.47 4.64
25 2.70 2.33 4.64
26 2.55 2.20 4.61
28 2.27 1.96 4.57
29 2.14 1.85 4.57
30 2.02 1.75 4.57
30t 1.89 1.63 5.24
35 1.42 1.22 5.29
40 1.06 0.91 5.43
50 0.59 0.51 5.89
60 0.33 0.29 6.40
70 0.19 0.16 6.87

+ Refers to values calculated for full mixing of the inflow with the river water.
* Reaeration coefficient changed at 25 km to 1.03 day™.

Comparison of the results in Tables 2.5 and 2.6 (as shown on Fig. 2.4) shows that the effect
of the meatworks inflow at 10 km is to about double the river BOD; and slightly reduce the
river DO at the point of inflow. Also the critical point is now located 25 km from the initial
station and the DO has been reduced by about 1.3 g.m™. This critical point occurs just
upstream of the point where the river depth increases to 1.8 m. The effect of this depth
change is to create another critical point 5 km downstream. At the tributary inflow a
substantial addition of DO is obtained by mixing and DO recovery is apparent.

2.8 Preliminary Modelling

As discussed in Section 1.4 it is highly desirable when tackling a new river DO problem to
begin by making a preliminary examination or “‘desk study”. The basic Streeter-Phelps model
is an ideal tool for doing this. For such a “desk study” it is usually sufficient to use whatever
data are already available to estimate the environmental inputs to the model (listed in Section
2.2) and to use literature values for the model coefficients k, and k, (see Sections 2.5 and 2.6).

There may be a large uncertainty associated with some of the inputs and/or coefficients. It
is desirable to select upper and lower bounds for each, make a number of predictions, and
hence estimate likely upper and lower bounds for river BOD and DO concentrations. Often
“worst case” conditions (i.e., low river flow, maximum river temperature, and maximum
waste discharge) will be examined to decide whether a DO problem is likely to occur.

Once a preliminary ‘‘desk study” has been undertaken, the results should be examined
carefully in the light of management objectives. It may be found that management decisions
can be made on the basis of the desk study. In some cases, however, it may be deemed
necessary to refine the predictions.

2.9 Model Calibration and Verification

Once a preliminary analysis of the DO problem has been undertaken and a decision has
been made that further refinement is justified, then the next step is to undertake a careful
calibration of the model (see Fig. 1.1). Note that at this stage modification of the model is
probably not justified.

2.9.1 Field work

For calibration it is necessary to undertake the following field work.
(a) Select a period of steady river flow, usually a low flow when DO depletion is most
noticeable.
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(b) Where possible, select a period when inflows are steady in flow and composition. If this
is not feasible (for example, because the inflow shows a marked diurnal variation)
then it is necessary to make measurements at regular intervals over a long period
(for diurnally varying inflows over at least 24 hours) and average the results
obtained.

(c) Measure river temperature over the reach being modelled. It is desirable to make
measurements at several locations and times and to average the results.

(d) Measure the average DO and BODs at the upstream end of the reach.

(e) Measure the average flow, DO and BOD; of the inflows.

(f) Measure the average river flow, mean depth and mean velocity.

(g) Measure the average DO and BOD; concentrations at a number of sites, at least four,
downstream from the major inflows. These sites should be selected on the basis of
preliminary model calculations so as to describe the DO sag and recovery as
completely as practicable. Surface samples should be taken from as close to the
thalweg as possible, using bridges, boats or even wading (on small rivers). Do not
sample within 20 X river width of a major inflow.

2.9.2 Model calibration

Model calibration now involves deriving the combination of coefficients (k; and k, for the
basic Streeter-Phelps model) which gives the best fit between observed and predicted BOD
and DO. There are no hard and fast rules about model calibration but the authors have found
that the following procedure works fairly well.

(a) Using measured values of U and H, estimate the reaeration coefficient, k,, from Table

2.4 as described in Section 2.6.

(b) Predict river DO concentrations using a range of k, values together with the k, value
estimated in step (a). Select the value of k; which gives the best overall fit between
observed and predicted DO concentrations. Goodness of fit can usually be gauged
adequately by inspection of a graph of observed and predicted DO.

(c) Predict river BODs concentrations using the k; value estimated in step (b), and
compare these with observed river BOD; concentrations. If the observed and
predicted BOD; concentrations match fairly closely then calibration has been
achieved.

It should be noted that a failure to succeed in step (c) may be because river BODs
concentrations do not always accurately reflect concentrations of oxidisable organic matter,
especially where waste concentrations are low and large algal populations exist (say, greater
than 10* cells.cm™). Consequently it may not always be possible to achieve a good fit between
observed and predicted river BOD; concentrations. The user must exercise his judgment in
attempting to match observed and predicted BOD. River BOD, concentrations can normally
be measured most accurately where concentrations are high (i.e., close to the outfall) but
very close to an inflow (say, less than 20 X river width) mixing may be incomplete and a
single sample may give a poor estimate of average concentrations.

2.9.3 Sensitivity analysis

Having undertaken calibration as described above it is informative to make predictions of
BOD and DO for a range of values of k; and k,. In this manner it is possible to gauge the
sensitivity of predictions to uncertainties in the values of these model coefficients so that their
likely range of values can be assessed.

2.9.4 Model verification

In order to test whether or not the calibrated model can adequately predict DO depletion,
the model must be verified. This necessitates conducting the same field work as for
calibration (see Section 2.9.1) under a different set of river flow and/or inflow conditions.
Model coefficients are then “frozen’ at their calibrated values and predictions made of river
BOD and DO. These are then compared with observed river BOD and DO concentrations
and if the fit is considered acceptable the model is said to be verified. If the fit is unacceptable
then it is advantageous to undertake a sensitivity analysis (as described in Section 2.9.3)
which may indicate that a satisfactory match can be obtained using model coefficients
somewhere within their likely range derived during calibration.

Failing this it may be necessary to take account of other factors influencing river DO as
described in Chapter 3.
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2.10 Nomographs for Calculation of Location and Magnitude of Critical Oxygen Sag

In some cases it may be sufficient to calculate the location and magnitude of the critical DO
sag caused by a particular waste inflow located at the initial point. This may be particularly so
when an emergency waste discharge occurs or is contemplated. Simple nomographs may be
used to perform these calculations (McBride 1982b), so long as two criteria are met:
® data required by the model (e.g., velocity, temperature, etc.) are constant;
® inflows downstream from the initial point can be neglected.

2.10.1 Procedure

The following procedure is used.

(a) Specify the river temperature, T.

(b) Calculate the saturation dissolved oxygen, C,, from Table 2.1.

(c) Specify the upstream river rate of flow, BODs and DO; Q,, L,, C,.

(d) Specify the inflow rate of flow, BOD, and DO; Q,, L, C.

(e) Specify the laboratory BOD decay coefficient, k; , and so convert the upstream river
BOD:s, L,, to upstream river BOD,, B,, and the inflow BOD;, L,, to inflow BOD,,,
B,, using the method in Section 2.4.

(f) Calculate the initial river BOD, and DO using

OﬂBa + QiBi

= ool Sk 2.10
o= Bid (2.10)

B

QaCa + QiCi
Cu = ——61—;——6 (2.11)

(g) Estimate the river deoxygenation coefficient, k, (see Section 2.5).

(h) Specify the river velocity and depth, U and H, and so estimate the river reaeration
coefficient, k, (see Section 2.6).

(i) Calculate the dimensionless “self-purification constant”, f, from

f = k/k, (2.12)
(j) Calculate the initial “deficit-load ratio”, R, from
C, —-C

[o]

(k) Using f and R, read the nomographs on Figs. 2.5 and 2.6 to obtain values of R* and 7*.
() Calculate the critical DO from

C* = C, - R*B, (2.14)
(m) Calculate the location of the critical point from
*
x* = 864" (2.15)

where U is m.s™ and k, is in day™.

2.10.2 Worked example

Consider the single inflow case studied in Section 2.7.1, so that
C,=8.73C,B, = 6g.m? C, = 85g.m? k, = 2day’, U = 0.4m.s andk, = 1.35day"".

From the above procedure, f = 1.35/2 = 0.675 and R, = 8.73 — 85 6_ 8.5

= 0.04. From Figs. 2.5 and 2.6, R* = 0.46 and t* = 1.20. Using Egs. 2.14 and 2.15
C* = 8.73 — 046 X 6 = 5.97 g.m>
x* = 86.4 x 0.4 x 1.20/2 = 20.7 km

These answers agree with the calculations made in Table 2.5.

2.11 Nomographs for Calculation of Assimilative Capacity

The Streeter-Phelps river DO model may be used to calculate the maximum allowable
waste discharge in order to keep the downstream DO above a specified minimum level. For
rivers with multiple waste inflows these maximum allowable discharges may be found by
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running the model with numbers of combinations of waste loads from each inflow. For a river
with a single waste inflow, located at the initial point, a simple nomograph approach is
available (McBride 1982b), so long as two criteria are met:

@® data required by the model (e.g., velocity, temperature, etc.) are constant;

@ inflows downstream from the initial point can be neglected.

2.11.1 Procedure

The following procedure is used.

(a) Specify the river temperature, T.

(b) Calculate the saturated dissolved oxygen, C,, from Table 2.1.

(c) Specify the minimum allowable river DO, C*.

(d) Specify the upstream river DO, C,.

(e) Set the initial river DO to the upstream river DO*, i.e.,

C, = C,.

(f) Specify the laboratory BOD decay coefficient, k;, and so calculate the BOD : BODj
ratio, a, for river water (see Section 2.4).

(g) Estimate the river deoxygenation coefficient, k; (see Section 2.5).

(h) Specify river velocity and depth, U and H, and so estimate the river reaeration
coefficient, k, (see Section 2.6).

(i) Calculate the dimensionless ‘“‘self-purification constant”,

f, from
= k,/k, (2.16)
(j) Calculate the dimensionless initial DO deficit, d, from
Cs - C0
d, = T -C (2.17)

(k) Using f and d, read the value of b, from Fig. 2.7.
(1) Calculate the allowable initial river BOD, from

B, = b,(C, — C*) (2.18)
(m) Calculate the allowable initial river BOD; from
L, = Bj/a (2.19)

2.11.2 Worked example

Consider again the smgle inflow case studied in Section 2.7.1. Since T = 22° C Table 2.1
gives C, = 8.73 g. m> The minimum allowable rlver DO is specified as 6 g.m>. The given
dataareC—86gm o 116k 2 day™ andk2—135day
From step (e) we take C = 8.6 gm”

8.73 — 8.6

From the above procedure, then f = 0.675 and d, = TR —¢ = 0.05

From Fig. 2.7, b, = 2. 2 Using Eqgs. 2.18 and 2.19, B, = 2.2 X (8.73 - 6) =6.0 g.m” and
= 6.0/1.16 = 5.2 g.m?

Note that the predlcted 1n1t1a1 B, coincides with that specified for the case in Sectlon 2.7.1.
This is as expected since the minimum DO calculated for that case (5.97 g. m™ at 20 km) is
very close to the spe01f1ed minimum for this example (C* = 6 g.m>). It should also be noted
that this procedure, in step (e), assumes that C, = C,. This assumption is necessary because
C, cannot be specified in advance. However, for all but very large anoxic discharges (e.g.,
Tasman’s pulp and paper mill waste to the Tarawera River) this is a reasonable assumption.
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FIG. 2.5 Deficit nomograph (from McBride 1982b and reproduced by permission of the Journal, Water

Pollution Control Federation)
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FIG. 2.6 Location nomograph (from McBride 1982b and reproduced by permission of the Journal, Water
Pollution Control Federation)
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FIG. 2.7 Assimilative capacity nomograph (from McBride 1982b and reproduced by permission of
the Journal, Water Pollution Control Federation)
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3 REFINEMENTS TO THE STREETER-PHELPS MODEL

3.1 Introduction

In some circumstances DO dynamics in a river cannot adequately be simulated using the
basic Streeter-Phelps model described in Chapter 2. This will normally become apparent at
the stage of calibrating the model. If it is not found possible to calibrate the model, careful
consideration should be given to whether by making certain simplifications, sufficiently good
calibration could be achieved to meet management objectives. For example, if a diurnal
variation in river DO occurs as a result of aquatic plant metabolism, it may be sufficient to
average river DO measurements over 24 hours and hence calibrate the model so that it
predicts mean daily DO concentrations. If, after careful consideration, it is decided that such
simplifications will not allow management objectives to be met, then further refinements to
the model are justified. Such refinements make the model equations more complex and
additional modelling, field and laboratory work is required.

Two refinements to the Streeter-Phelps model are described here. The first considers the
effects of benthic oxygen demand and the second considers the effects of aquatic plants.

3.2 Benthic Oxygen Demand

Below an outfall which discharges waste organic matter into a river it is not uncommon to
find muds and/or slime communities which exert an oxygen demand on the overlying water.

Benthic communities remove material from the water, store it, subsequently break it down
and exert an oxygen demand. Although the size and activity of the benthic community is
related to antecedent waste discharges on time scales of the order of days there may be no
relationship between the instantaneous benthic oxygen demand rate and the BOD
concentration of the overlying water. Consequently benthic demand often cannot be
accounted for by the basic Streeter-Phelps model and the model must be modified. As a first
approximation the benthic oxygen demand rate (expressed in g.m>.day!) may be assumed
constant over the length of a river to be modelled.

A constant benthic oxygen demand rate may occur in a river reach whose depth, velocity
and biological population do not change greatly with distance. The Streeter-Phelps
equations, modified by the inclusion of a constant benthic oxygen demand rate, can still be
solved analytically (as in Appendix A) and hence are comparatively straightforward to use.
Where benthic oxygen demand rate clearly does change with distance, it maystill'be possible
to model the river by dividing it into several segments in each of which benthic oxygen
demand rate is constant and then applying the model to each segment in turn starting at the
most upstream point (see for example Section 3.4).

Benthic oxygen demand rate is most commonly measured on an areal basis (i.e.,
g.m.day™). For inclusion in the model, however, it is necessary to divide by the mean depth
thereby expressing the demand on a volumetric basis (i.e., g.m?.day?). In the following
sections symbol Dy refers to benthic oxygen demand rate expressed as g.m™.day™.

3.2.1 Prediction with benthic oxygen demand

The procedures outlined in Section 2.3 are followed as for the basic Streeter-Phelps mode!
except that the following step is inserted between steps (f) and (g):

“(f’) Specify benthic oxygen demand rate, Dg.”

Appendices B and C explain how Dy is entered into the calculator and mini-computer
programs.

3.2.2 Model calibration with benthic oxygen demand

One approach commonly used is to estimate the benthic oxygen demand rate, Dy, during
model calibration using observed river BOD and DO concentrations. The steps taken are as
follows:

(a) Using measured values of U and H, estimate the reaeration coefficient, k,, from the
method given in Section 2.6.

(b) Predict river BOD; using a range of values of the river deoxygenation coefficient, k,
and select the value which gives the best fit between observed and predicted river
BOD; concentrations. (Note: refer to the caveat in Section 2.9.2 about matching
BOD concentrations).
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(¢) Predict river DO concentrations using a range of Dy values together with the k; and k,
values estimated in (a) and (b) above. Select the Dy value which gives the best fit
between observed and predicted river DO concentrations.

(d) It is desirable to undertake a sensitivity analysis as described in Section 2.9.3 to
investigate how predictions change with changes in the values of model coefficients.

3.2.3 Direct measurements of benthic oxygen demand

Direct assessment of benthic oxygen demand rate can be made in the field, using chambers
which isolate a parcel of water above a particular part of the river bed and enable the rate of
uptake of oxygen to be observed. Alternatively cores of river sediment can be taken back to
the laboratory where the oxygen uptake rate can be measured under controlled conditions of
temperature, light and turbulence. Both in situ and laboratory studies of benthic oxygen
demand require specialist equipment and expertise. Before embarking on such work it is
desirable to seck the advice of someone with experience in the techniques, e.g., Water
Quality Centre, MWD, Hamilton.

3.3 Aquatic Plant Metabolism

In many rivers a diurnal variation in DO is observed, notably during summer. This
variation is attributable to the metabolism of aquatic plants which liberate oxygen during
daylight hours as a by-product of photosynthesis and consume oxygen continuously in
respiration. The rates of both photosynthesis and respiration per unit plant biomass are
strongly dependent on temperature. In addition, the rate of photosynthesis per unit biomass
is strongly dependent on light intensity and hence in rivers has a maximum near midday. By
comparison respiration varies only slightly with changes in light intensity and can be
approximated as constant. Maximum DO concentrations are usually observed in the late
afternoon and minimum concentrations in the early morning. During periods of rapid growth
plants may liberate more oxygen than they consume when averaged over a 24 hour period
and thus they may make a net contribution to the oxygen resources of a river. Conversely,
during periods of decline plants may consume more oxygen than they produce and thus cause
a net reduction in river DO. Much of the time, however, plants produce and consume roughly
the same amount of oxygen over a 24 hour period and hence cause no net change in river DO.

Three plant communities may influence river DO concentrations: phytoplankton (the free
floating microscopic plants), macrophytes (the attached water weeds), and periphyton (the
slimes and other attached microscopic plants).

As a first approximation the effects of aquatic plants may be incorporated into the basic
Streeter-Phelps model by defining three coefficients, in addition to those required for the
basic model.

(a) Net respiration rate, R. This is the net rate of consumption of oxygen per unit volume
(g.m>.day?) averaged over 24 hours. (Note: R can be negative if the plants make a
net contribution to river oxygen concentration). This term is handled in much the
same way as the benthic oxygen demand rate, Dy, discussed in Section 3.2.

(b) Amplitude of diurnal variation, A. This is half the difference between maximum and
minimum DO concentration (g.m™) at any particular site in the river. (Note: it is
assumed that in any reach A is constant).

(¢) Time of the maximum DO, t,. This is measured in hours.

3.3.1 Prediction with aquatic plant metabolism

The procedures outlined in Section 2.3 are followed as for the basic Streeter-Phelps model
with two exceptions:
@ the following step is inserted between steps (f) and (g):
“(f') Estimate net respiration rate, R (g.m’ .day'l).”
@ After step (i) there is added another step:
“(j) Estimate the amplitude of diurnal DO variation, A, and time of peak DO
concentration, t . Then the river DO at any time is
2n(t-t_)
e

C(x,t) = C(x) + Acos [T‘ (3.1)

where C(x,t) = DO concentration at distance x and time t, in hours, C(x) = daily
mean DO concentration at distance x (calculated at step (i)).”
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3.3.2 Model Calibration with aquatic plant metabolism

The steps in calibrating a model which includes the effects of aquatic plant metabolism are

as follows.

(a) Using measured values of U and H estimate the reaeration coefficient, k,, from the
method given in Section 2.6.

(b) Predict river BOD; using a range of values of the river deoxygenation rate coefficient,
k,, and select the value which gives the best fit between observed and predicted river
BOD; concentrations (but see caveat in Section 2.9.2).

(c) Determine the daily mean DO concentration profile (the mean sag curve). If data are
collected at regular time intervals at each site the daily mean DO can be found by
taking the mean of samples. Alternatively, for irregular data, DO concentrations at
each site may be plotted against time and the mean value estimated by eye. Plots of
DO versus time at each site are also used to estimate the amplitude of diurnal
variation and time of peak DO (see step (e) below).

(d) Predict daily mean DO concentration using a range of values of the net respiration rate,
R, together with the k; and k, values selected above. Choose the R value which
gives the best fit between observed and predicted DO concentrations.

(e) For each site, plot DO concentration against time. Estimate the amplitude of diurnal
variation, A (in g.m>), and the time of the peak DO,t, (in hours).

(f) It is desirable to undertake a sensitivity analysis to determine the effects of variations of
model coefficients, as described in Section 2.9.3.

3.4 Worked example using mini-computer program HAND
3.4.1 Introduction

The lower Waikato River (see Fig. 3.1) receives waste inflows from several dairy factories,
abattoirs and municipalities and during low summer flows experiences some depletion of
dissolved oxygen. A study of water quality in the river was made by MWD between 1973 and
1978 (sce for example, Strachan 1979). Included in this study were intensive surveys lasting at
least 24 hours during which river and inflow BOD, DO, temperature and flow were
measured. These data have been used to calibrate and verify a “research” computer model
(Rutherford 1977; Strachan 1979) and are used here to calibrate and verify a modified
Streeter-Phelps model. This was done using the mini-computer program described in
Appendix C.

3.4.2 River Survey Results

Figure 3.2 shows mean, maximum and minimum river DO and BOD; measured over a 24-
hour period 23-24 January 1974 and Table 3.1 summarises the flow and composition of the
major inflows. This shall be called survey #1 and used to calibrate a modified Streeter-Phelps
model. One striking feature of the observed concentrations is the large diurnal variation
which is taken to be attributable to the large number of phytoplankton present in the lower
Waikato River during summer. The mean DO concentrations shown in Fig. 3.2 are the
arithmetic average of seven samples at each site.

As discussed above, the aim of model calibration is to fit the observed mean DO sag by
judicious selection of: river deoxygenation coefficient, k;; benthic oxygen demand rate, Dg;
and net respiration rate, R. The diurnal variation is fitted by amplitude, A, and time of
peak, t,.

When samples of Waikato River water containing phytoplankton are incubated for five
days in the dark during the BOD; test, the algae exert an oxygen demand which would not be
exerted in the river. Thus the Waikato River BOD; concentrations do not accurately reflect
the concentration of oxidisable organic waste matter. Phytoplankton concentrations increase
along the river as a result of algal growth and tributary inflows. The “‘corrected” BOD;
concentrations shown in Fig. 3.2 are the arithmetic average of measured BOD; minus the
minimum BOD; at each site. This correction is made on the basis that effluent discharge to
the river is intermittent and the minimum BOD, may be taken as an estimate of “false’”” BOD
exerted by algae.

Figure 3.2 also shows maximum, minimum and mid-range river DO and BOD, measured
over a 24-hour period 16-17 April 1975, and Table 3.1 summarises the flow and composition
of the major inflows. This shall be called survey #2 and used to verify the model. Only three
samples were taken at each site during this survey: two in the afternoon (near peak DO) and
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Table 3.1 Summary of upstream and inflow data

Intensive Survey # 1

Intensive Survey # 2

9-1 L-3
(m°s™) (g.m™)

C
(gm?) (t.day™)

*

Q L C I*
km (m’s?) (gm? (gm?) (t.day™)

Waikato at Cambridge O 150 0.5 7.7 -
Cambridge Sewage 0 - - - 0.4
Tributaries 24 2 3 5 -
Hamilton sewage 28 - - -~ 6.5
Dairy factory 36 - - - 1
Abattoir 40 - - - - 15
Tributary (Waipa) 46 25 1 6.6 -
Tributary 54 3 5 5 -
Huntly Sewage 62 - - - 0.6
Tributaries 82 3 3 5 -
Tributaries 102 5 3 5 -

190

| L | W |

N
oo

10

0.5

N

4.5

NN =

9.5 -
- 0.4
5 -
- 6.5
5 -
- 11
8 =
5 -
- 0.6
5 =
5 B

* T = massflow of BOD; from inflow, C = DO,L = BOD; and Q = flow rate.
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one early in the morning (near minimum DO). Arithmetic averages of DO and BOD;
samples would be biased estimates of mean values and so mid-range values were used to
provide better estimates. Too few data were available to “correct” BODj; as had been done
for survey #1; instead a constant ‘‘false’’ BODs of 0.75 g. m™ was assumed.

3.4.3 Model calibration

Standard values of k; of 0.40 day’ (river water) and 0.48 day’' (waste inflows) were
adopted (see Section 2.4). Values for k, were estimated from the empirical formulae as
described in Section 2.6. Thus the five model coefficients which remained to be determined
during model calibration were: river deoxygenation coefficient, k,; benthic oxygen demand
rate, Dg; net respiration rate, R; amplitude of diurnal DO variation, A; and time of DO
maximum, t . It was assumed that Dy would be non-zero only in the reach between Hamilton
City (km 285) and Ngaruawahia (km 46) where the major waste inflows occur. The numbers of
phytoplankton per unit volume were known to increase with distance downstream and
consequently it was expected that both R and A would increase with distance downstream.

A three step strategy was adopted for model calibration. Step one was to select values of k;
and Dy to give a good fit to BODs and DO in the reach Hamilton (km 28) to Ngaruawahia
(km 46). Step two was to select R to give a good fit to daily average DO in the reach
Ngaruawahia (km 46) to Tuakau (km 110). Step three was to estimate the amplitude of
diurnal DO variation and time of maximum DO.

Step One

A series of simulations was made with values of river deoxygenatlon coeffrclent k, =1,2
and 3 day™ and benthic oxygen demand rate Dy = 0, 1,2 and 3 g.m’ 3. day’. Note Dy was
assumed non-zero only between Hamilton (km 28) and Ngaruawahia (km 46). Results of
these simulations are shown in Fig. 3.3. Note that at km 46 the sampling site lies upstream
from the tributary inflow. It can be seen that several combinations of k; and Dy gave a
reasonable fit between observed and predicted river DO in the reach Hamilton (km 28) to
Ngaruawahia (km 46). Figure 3.4 indicates, however, that the best match between observed
and predicted river BOD; was obtained with k; between 1.0 and 2.0 day™. Thus a reasonable

VARIOUS K1

BOD5 G/Mse3

—— K=3
c K= 2
-=--K=1

= OBSERVED

KM FROM CAMBRIDGE

FIG. 3.4 Calibration: BOD, simulations to select k, values.

fit between both observed and predlcted river BODs and DO was obtamed with k;, = 1.0
day DB between 2 and 3 g.m>.day” and also with k, = 2.0 day’, Dy between 1 and 2
g.m™.day’. There could be some merit in making Dy higher between km 40-46 than between
km 2840 but this is not done here. Two sets of coefficients were used in subsequent
predictions: k; = 1.0, Dy = 3.0; and k; =2.0, Dy = 2.0.

Step Two

Usmg k = 1.0 and 2.0 day’ throughout the river together with Dy = 3.0 and 2.0
g.m>.day? respectlvely in the reach Hamilton (km 28) to Ngaruawahia (km 46) then further
simulations were made using net respiration rates R = —1, —2 and —3 g.m’ day in the
reach Ngaruawahia (km 46) to Tuakau (km 110). Results are shown in Fig. 3.5. Note that
negative R implies that photosynthesis exceeds respiration and that aquatic plants make a net
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‘contribution to the oxygen resources of the river. On the basis of the fit between observed
and predicted river DO concentrations the following values were selected: R = —1
g.m>.day’! between Ngaruawahia (km 46) and Whangape (km 82) and R =
—2 g.m>.day?! between Whangape and Tuakau (km 110).

VARIOUS R
10

DISSOLVED OXYGEN G/M=a3
Ll
s
1 ]

7t -~ Rz-3
* R= -2z
i -=- Rz -1
= OBSERVED

[ % ] 72 7 120
KM FROM CAMBRIDOE

FIG. 3.5 Calibration: DO simulations to select R values between Ngaruawahia (km 46) and Tuakau (km 110)

Step Three

The final stage of calibration was to graph the amplitude of diurnal variation of DO versus
distance and to calculate that a simple linear regression line A = 0.50 + 0.010x (where
x = km below Cambridge and A = amplitude of diurnal DO variation in g.m™) explained
about 65% of the variation (with seven points). Peak DO occurred close to 1700 hours while
minimum DO occurred close to 0500 hours at all seven sites. Thus t, = 1700. Table 3.2
summarises the calibrated model coefficients. Figure 3.6 shows observed and predicted DO
at the completion of model calibration.

SURVEY #1 CALIBRATION

10
- + OMIN
s OMID
" OMAX

== PMIN (2/2)

DISSOLVED OXYGEN G/Me+3

----- PMIN (1/3)
----- PMEA (2/2)
PMEA (1/3)
6} -=- PMAX (2/2)
—— PMAX (1/3}
5 . . . .
0 24 48 72 86 120

KM FROM CAMBRIDGE
FIG. 3.6 Calibration: observed and predicted DO
Notes (i) OMIN, OMID, OMAX =observed minimum, mid-range and maximum DO.
(ii) PMIN, PMEA, PMAX =predicted minimum, mean and maximum DO.
(iii) (1/3) denotes k; =1 and Dy=3.

3.4.4 Model Verification

The coefficients derived during model calibration (and summarised in Table 3.2) were then
used together with the input data shown in Table 3.1 to simulate river BOD, and DO at the
time of intensive survey #2.
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Table 3.2 Summary of model input -data coefficients

Cambridge- Hamilton- Hoerotiu- Ngaruawahia- Taupiri Whangape-  Mercer-
Reach Variable Hamilton Horotiu Ngaruawahia Taupiri Whangape Mercer Tuakau
0-28 km 2840 km 40-46 km 4654 km 54-82 km 82-102 km 102-110 km
Survey #1 U  m.s?! 0.75 0.75 0.65 0.65 0.50 0.50 0.40
H m 25 25 20 2.0 1.50 1.50 1.25
T °C 21 21 21 21 22 22 23
Survey #2 U m.s? 1.0 1.0 0.70 0.70 0.70 0.50 0.50
H m 25 25 2.25 2.25 2.25 1.75 1.75
T °C 18 18 18.1 18.1 18.1 18.2 18.2
Low flow* k, day’ 1or2 1or2 lor2 lor2 lor2 1or2 1or2
Dy g.m':.day': 0 3or2 3o0r2 (] 0 0 0
R gm”.day 0 0 0 -1 -1 -2 -2
High flow® k, day’ lor2 lor2 1lor2 lor2 lor2 1or2 lor2
Dy gmiday' 0 0 0 0 0 0 0
R gm?day' 0 0 0 -1 -1 -2 -2
(2) Q > 200 m’.s” during preceding 14 days
(b) Q < 200 m*s* during preceding 14 days



Figure 3.7 shows observed and predicted river BOD;. The observed BODs at Huntly (krﬁ
62) is considerably higher than predicted, for reasons unknown. Generally, however,
observed and predicted river BOD; match reasonably well given the fairly large uncertamty

mherent in the former. The value k = 1day™ appears to give a slightly better fit thank, = 2
day,

SURVEY #2 VERIFICATION
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FIG. 3.7 Verification: observed and predicted BOD;

Figure 3.8 shows observed maximum, mid- -range and minimum together with predicted
mean DO. It is clear that the predicted mean DO is approximately 0.5 g.m’ 3 lower than the
observations below Hamilton (28 km) The main dlfference between rlver conditions
prevailing during surveys #1 and #2 is flow rate: 150 m>.s? and 190 m®.s? at Karapiro
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FIG. 3.8 Verification: observed and predicted DO with Dy = 2-3 g.m” day" between Hamilton (km 28)
and Ngaruawahia (km 46)

respectively. The higher flow during and preceding survey #2 might be expected to have had
some influence on benthic oxygen demand. Figure 3.9 shows observed and predicted river
DO making the assumption that Dy = 0 in the reach Hamllton gkm 28) to Ngaruawahia (km
46) rather than the calibration values of 3.0 and 2.0 g.m>.day™. The fit between observed
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mid-range and predicted mean DO concentrations is improved. Also shown on Fig. 3.9 are
the maximum and minimum river DO concentrations predicted from the mean together with
the amplitude of diurnal variation estimated earlier as a function of distance. These
predictions match obgervations quite well.

SURVEY #2 VERIFICATION
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FIG. 3.9 Verification: observed and predicted DO with Dy = 0

The conclusions to be reached from these simulations are

(1) k, can be taken in the range 1.0 — 2.0 day.

(2) Dg needs to be non-zero only in the reach Hamilton to Ngaruawahia and then only
during prolonged periods of low flow. It can be taken to have a value in the range
between 1 and 3 g.m™.day”. After high flows Dy can be taken as zero.

(3) R needs to be negative between Ngaruawahia and Tuakau (implying a net contribution
by pglytopllankton to river DO) and can be taken to lie in the range —1.0to —2.0
g.m™.day".

(4) A can be taken to increase downstream from about 0.5 g.m> to 1.5 g.m™; t, is close to
1700 hours.

These coefficients can be expected to give reasonable predictions of river DO and BOD;
under low flow conditions similar to those prevailing during these two surveys. One major
difficulty when making predictions is to estimate the value of Dy and the best that can be
done on the basis of the currently available information is to assume Dy = 1—-3 g.m>.day™"
when river flow is low and has been low for some time (say two weeks) and to assume Dy = 0
when river flow is high (say above 200 m>.s?) or has been high (say during the preceding two
weeks).
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APPENDICES

Appendix A: Modified Streeter-Phelps Model Equations and Solutions
The modified Streeter-Phelps model equations are

dL

— = —kL Al
dt b (A1)
dD
e ak,L — k,D + Dg (A2)
B =«aL (A3)
with initial conditions
B =B, | _
D = D°0 [ att =20
where
t = river time-of-travel from initial point, days
B = river BOD,
L = river BOD5, g m3
o = ratio of river BOD to BOD;, dimensionless
D = river DOD, g.m?
k, = river deoxygenation coefficient (base e), day
k, = river reaeration coefficient (base e), day’’

Dj, = benthic oxygen demand rate, g. m™.day’!
With Dy = 0 the equations describe the basic Streeter-Phelps model.

The analytical solutions to Equations A1-A3 are
B = Be™ (A4)

k.B D
~kot 170 -kt -kot B kot
D,e T -k [e™1" - e ]+—1€—[1_e 2]:kl#k2 (A5)

2 1 2
D =
kt , B ;. ke (A6)
[D, +ktB Je™ " + ¢ [1-e 7] : k) =k, =k
The river DOD is defined by
D=C —-C (A7)
where
C = river DO, g.m”
C, = saturation river DO, g. m>

The river time-of-travel from the initial pomt can be calculated from given data on river
distance (x in km) and on river velocity (U in m.s. 1y from

= L (A8)
86.4U




Appendix B: Calculator Programs

This appendix gives two programs that both perform the same task: the first is written for
an HP 41CV calculator and the second is written for a TI 59 calculator.

Each program makes the same use of registers. The basic Streeter-Phelps model (Chapter
2) may be solved using these programs by storing a zero in register 08. The modified Streeter-
Phelps model (Chapter 3) may be solved by entering the benthic oxygen demand rate or net
respiration rate in register 08. The registers are

REGISTER
00 C, 01 B, 02 C, 03 Uu o4 k,
05 k, 06 x, 07 a 08 DgorR
where
C, =saturation river DO, g.m?

B, =initial river BOD,, g.m"”

C. =initial river DO, g.m’
U =river velocity, m.s
k
k

= river deoxygenation coefficient (base ¢), day™
= river reaeration coefficient (base ¢), day’
X =initial river distance, km
a =ratio of river BOD, : BOD,
Dy =river benthic oxygen demand rate, g.m'3.day'1
R =net respiration rate, g.m’ .day
Programs are run by selecting an incremental distance (Ax) and then calculating B, L and
C at that distance downstream (upstream).

B.1 Program for HP 41CV

[V

c

Step Key Stroke Step Key Stroke Step Key Stroke

01 LBLALPHADOMODEL 28 RCL 04 55 X
ALPHA

02 STO + 06 29 - 56 RCL 00

03 RCL 06 30 + 57 +

04 XEQ ALPHA PSE 31 STO 13 58 LBL 02

ALPHA

05 x=y 32 RCL 02 59 RCL 07

06 RCL 03 33 RCL 00 60 RCL 01

07 = 34 - 61 RCL 11

08 86.4 35+ 62 x

09 = 36 X 63 STO 01

10 CHS 37 RCL 13 64 R/S

.11 STO 10 38 RCL 11 65 x =2y

12 RCL 04 39 x 66

13 X 40 CHS 67 R/S

14 € 41 + 68 R

15 STO 11 42 RCL 00 69 RCL 12

16 RCL 05 43 + 70 1

17 RCL 10 44 GTO 02 71 -

18 x 45 LBL 01 72 RCL 08

19 ¢* 46 RCL 01 73 RCL 05

20 STO 12 47 RCL 10 74 =

21 RCL 05 48 X 75 X

22 RCL 04 49 x 76 +

23 x =y? 50 RCL 02 77 STO 02

24 GTO 01 51 + 78 R/S

25 RCL 01 52 RCL 00 79 GTO ALPHA DOMODEL
ALPHA

26 X 53 -

27 x=2y 54 RCL 11
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Instructions

Step Action Input Keys Output
1 Key in program - - -
2 Initialise program - GTO . 000 -
3 Store data in registers C,.B,,C,, Uk,, C, STO 00 etc. -
00-08 k,,x,,0,Dp
4 If any change in U, k;, Ax Ax R/S New x dis-
or k, enter into played for 1
appropriate register. second; B at
Select Ax and run new x dis-
program to obtain played
new x and B
5 Run program to - R/S L at new x
obtain new L displayed
6 Run program to - R/S C at new x
obtain new C displayed
7 If no inflow at new x, - - -
go to step 4 or finish
8 If inflow at x calculate B,,Q,,Q,,Q, RCL 01 Q, X New initial
new initial B by Q, ENTER B, B
adding inflow to river X + Q, =+
flow STO 01
9 Calculate new initial L~ RCL 07 -+ New initial
L
10 Calculate new C by C,,Q,,Q,,Q, RCL 02 Q, x New initial
adding inflow to river Q, ENTER C, C
flow X + Q, +
STO 02
11 Go to step 4 - - -
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Example use

The following sequence computes the entries for 10 and 25 km on Table 2.6. The program

has already been initialised.

Key Strokes

Display

Comment

8.73 STO 00 6 STO 01 8.6 STO 02
0.4 STO 03 2 STO 04 1.35 STO 05
0 STO 06 1.16 STO 07 0 STO 08

Registers  loaded
with model data

10 R/S 10 for 1 sec., then B at 10 km before
3.36 inflow mixing

R/S 2.90 L at 10 km before
inflow mixing

R/S 6.43 C at 10 km before
inflow mixing

RCL 015 x 0.15 ENTER 109 x + 6.44 B at 10 km after
5.15 + STO 01 inflow mixing

RCL 07 + 5.55 L at 10 km after
inflow mixing

RCL 02 5 x 0.15 ENTER'0 X + 6.25 C at 10 km after

5.15 + STO 02 inflow ‘mixing
15 R/S 25 for 1 sec. then B at 25 km
2.70
R/S 2.33 L at 25 km
R/S 4.64 C at 25 km
1.03 STO 05 1.03 Change in k, stored
in 05 register.
a
a
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Table B.2 Program for TI 59

Step Key Stroke Step Key Stroke Step Key Stroke
000 2nd Lb¢ 050 04 100 10
001 A 051 =+ 101 X
002 SUM 052 ( 102 RCL
003 06 053 RCL 103 01
004 x=t 054 05 104 )

005 RCL 055 - 105 X
006 06 056 RCL 106 RCL
007 2nd Pause 057 04 107 11
008 x =t 058 ) 108 =
009 + 059 X 109  +/—
010 RCL 060 ( 110 +
011 03 061 RCL 111 RCL
012 =+ 062 11 112 00
013 8 063 - 113 =
014 6 064 RCL 114 x =t
015 . 065 12 115 2nd Lb¢
016 4 066 ) 116 C
017 +/-— 067 + 117 RCL
018 = 068 ( 118 01
019 STO 069 RCL 119 X
020 10 070 00 120 RCL
021 X 071 - 121 11
022 RCL 072 RCL 122 =
023 04 073 02 123 STO
04 = 074 ) 124 01
025 INV 075 x 125 R/S
026 {£nx 076 RCL 126 +
027 STO 077 12 127 RCL
028 11 078 = 128 07
029 RCL 079 +/- 129 =
030 05 080 + 130 R/S
031 X 081 RCL 131 x=t
032 RCL 082 00 132+
033 10 083 = 133 RCL
034 = 084 x=t 134 08
035 1INV 085 GTO 135 X
036 ¢nx 086 C 136  (
037 STO 087 2nd Lb¢ 137 RCL
038 12 088 B 138 12
039 RCL 089 ( 139 -
040 04 090 RCL 140 1
041 x =t 091 00 141 )
042 RCL 092 - 142 =
043 05 093 RCL 143 RCL
044 2ndx =t 094 02 144 05
045 B 095 - 145 =
046 RCL 096 RCL 146 STO
047 01 097 04 147 02
048 x 098 X 148 R/S
049 RCL 099 RCL




Instructions

Step Action Input Keys Output
1 Key in program - - -
2 Initialise program - GTO 000 -
3 Store data in registers C,,B,,C,,Uk; C, STO 00 etc. -
00-08 k25x0’a:DB
4 If any change in U, k; Ax Ax A New x dis-
or k, enter into played for 4
appropriate register. second; B at
Select Ax and run new x dis-
program to compute played
new B
5 Run program to - R/S L at new x
obtain new L displayed
6 Run program to - R/S C at new x
obtain new C displayed
7 If no inflow at new x, - - =
go to step 4 or finish
8 If inflow at x calculate B,,Q;,Q,,Q, (RCLO1 x Q, New initial
new initial B by +Q xB)+ B
adding inflow to river Q, = STOM
flow
9 Calculate new initial L - + RCL 07 = New initial
L
10 Calculate new C by C,Q,,Q,,Q, (RCL02 x Q, New initial
adding inflow to river +Q; xC)+ C
flow Q, = STO 02
11 Go to step 4 - - =
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Example use

The following sequence computes the entries for 10 and 25 km on Table 2.6. The program

has already been initialised.

Key Strokes Display Comment
8.73 STO 00 6 STO 01 8.5 STO 02 - Registers  loaded
0.4 STO 03 2 STO 04 1.35 STO 05 with model data
0 STO 06 1.16 STO 07 0 STO 08
10 A 10 for } sec. then B at 10 km before
3.36 inflow mixing
R/S 2.90 L at 10 km before
inflow mixing
R/S 6.43 C at 10 km before
inflow mixing
(RCLO1 x 5 + 0.15 x 109) ~ 5.15 6.44 B at 10 km after
= STO 01 inflow mixing
+ RCL 07 = 5.55 L at 10 km after
inflow mixing
(RCL0O2 x5+ 0.15x0) +515= 6.25 C at 10 km after
STO 02 inflow mixing
15 A 25 for } sec. then B at 25 km
2.70
R/S 2.33 L at 25 km
R/S 4.64 C at 25 km
1.03 STO 05 1.03 Change in k, stored
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Appendix C: Mini-Computer Program

Description, flow chart listing and worked example are given of a mini-computer program
that can be used to solve the Streeter-Phelps equations (modified to include a benthic oxygen
demand term) in a river which can be approximated as a number of uniform reaches.

Program documentation:

Program name:
Programmer:

Date:
Language:
Computer:

Compatible computers:
Format for input data:

User Notes:

Input/output example:
Program flow chart:
Program listing:

HAND

J. C. Rutherford

Water Quality Centre

Ministry of Works and Development

Private Bag

Hamilton

September 1982

BASIC-11/RT-11 V2

PDP 11/34

Ministry of Works and Development

Hamilton

Those running RT-11 or TSX-Plus operating systems.

Either

(i) free format entered interactively, or

(ii) from disc files created separately.

(1) The program prints messages on the terminal to tell the operator
the sequence of steps required to run the program.

Appended

Appended

Appended
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KKK IOKIKRAK KRR KRK KK KKK
FROGRAM HAND
FREEKKKE KKK AKRK KKK KKK

IS THERE OBSERVED DIATA FILED FOR COMFARISON <YES:? dfbné rMLAA S ‘ves '
ENTER FILE NAME FOR FILED DATA <NO FILE: @ ? DX1!ITRIAL.DAT

FILE HEARER - "SOME TRIAL [IATA FOR HAND®
CORRECT FILE <YES»? Hese dasa. . arere  Srored
pne»v,'ou,r{y ~ 5;& " DK/ TRIAL, DAT !

LO YOU WANT AN INPUT DATA LISTING <NO:? YES (0 a aerde ke )

.

LINE X BODS ) dne [ ir o a Aeader
1 30 3.5 8 ' ‘
2 40 2,5 7.5 dorme  roiaL 274 AR #HAND , X , BodS, 30
3 60 1.5 5
4 75 1.5 5
5 90 1 6
ENTER U/S BOUNDARY (KM) § 7 0 enserect by Wi uder
RERKRKKARRRKKKKKERAKKK
SIMULATION 1
KRKKBEXKKAEAK K KRAAKK
ERRERKXKRKKAKE ERRKE KK
REACH 1
KXKEBKRKAKKKKRKAKA %X
ENTER D/S BOUNDARY (KM) $7 25 o
REACH LENGTH (KM) = 25
ENTER VELOCITY (M/S) ¢ ? 1 ,
ENTER MEAN DEPTH (M) 3 ? 2.5 dHo
ENTER TEMPERATURE (C) ¢ ? 15
SATURATION D0 (G/M~3) = 10.1474 NEW VALUE <RETAIN> : 7 10
-‘-‘-\-—'\__

CALELAR Secl JJ'DM eroperofve b7 Re
? 250 } “der Con  overiorde e @lebarea volie

71 enstred by Ve udr
? 10

ENTER U/S FLOW (MN"3/S)
ENTER U/S BODS (G/M"3)
ENTER U/S DO (G/M™3)

.o oo ee

INFLOW - ENTER T (TRIE) F (POINT) ANEITHER:

»o

CONVERT EBOOS TO EBODU
INFLOW KL ¢/DaY)

$ .48 NEW VALUE <RETAIN: { 7 ,
INCUBATION DAYS ! 5 NEW VALUE <RETAIN: : 7 Yar  ufr @n tnSer  FRede vadices
RIVER KL (/DAY) | .4 NEW VALUE <RETAIN> §{ 7 bnr Are Yz a%ﬁuubv ose  nded
INCUBATION DAYS | 5 NEW VALUE <RETAIN> i 7



6v

ESTIMATED K2 (/DAY) ! 960693 NEW VALUE <RETAIN® ¢ ? .95 he voalww 0960693 NAS  &Fanokd  frona  CLpsh
ENTER K1 (/DAY) § 7 2 Qeol uahc}é/ Lhuqf on  erapirical  €guakom  OnF

ENTER REF TEMF (C) <RIVER TEMWFX» ¢ 7 Yhe Uuder (@ Vel e XAL  CrAnaaed volie |
ENTER DB (G/M~3-DAY) «<G/M"2-DIAY: 3

KKK K HOK KKK 0K KKK KKK R ROK KK 30K KKK KA KKK KK Ak KKK

. . o bnon
DEOXYGENATION COEFFICIENT K1 = 2 /DAY e dioxygenakon cegfficeny, £, | a~ay b A
REAERATION COEFFICIENT K2 = .95 /DAY A  anoMur Rngerotr (4 fona  Another rodlell ng
BENTHIC UFTAKE RATE DE = 0 G/MN"3-DAY ey ik moker ) o GRA @Rk A Raneer ofve
FRKAKKKEER XK KA KR AARKEKKKKKK KKK A KK KRR AR K tomrechon (A 66 Aade
ENTER DISTANCE STEF (KM) <TIME STEF: & % 5
DD YOU WANT ANDTHER REACH <YES>?
KRRKKIKIRR KRR KKK
REACH 2
KRREKLRA KX KKK KKK KK
ENTER D/S BOUNDARY (KM) :? 50
REACH LENGTH (KM) = 25 ;
U/S VELOCITY (M/8) ¢ 1 NEW VALUE <RETAIN: @ ? ———— noK Yhor Uolwer  fom Fhe  previows  Mach
U/S MEAN DEFTH (M) ¢ 2.5 NEW VALUE =RETAIM> { ? are  pronpked b1 AL uder  tan  OverarYe
U/S TEMPERATURE (C) : 15 NEW VALUE <RETAIN> : 7 wirte T redl voalier
SATURATION DO (G/M"3) = 10,1674 NEW VALUE <RETAIN> : 7 10 :
INFLOW - ENTER T (TRIE) F (POINT) <NEITHER: 3 7 P & pomnt Jource N Aoaskd  of Hhe prheana
end G Hach 2 L af Lhorwse RS .
ENTER BODS MASSFLOW (KG/DAY) & ? 100000
CONVERT EODS TO BODU
INFLOW KL (/DAY) § .48 NEW VALUE <RETAIN> : ?
INCUBATION DAYS § S NEW VALUE <RETAIN> t ?
RIVER KL (/DAY) i .4 NEW VALUE <RETAIN:» § 7
INCUFATION DAYS 3§ 5 NEW VALUE <RETAIN> i 7
U/S K2 (/DAY) ¢ ,95 DO YOU WANT NEW ESTIMATE <YES:7 NO qyaAA valuer  [ron e frenioos  reacs,
U/S Ki (/DAY) § 2 NEW VALUE <RETAIN:> § 7 % Forbteol Por  Jid . .
U/S DB (G/M"3-DAY) } 0 I0 YOU WANT TO CHANBE IT <YES>? v s ' L InoRGLany Fnelakons,
ENTER DE (G/M"3-DAY) <G/M"2-DAY> ! T 2 alugl  frona Brviows Savdoapons  oge
pronpred .
KRR RKIKKRRKIKRKIKRRAKAK IR KKK KKK KA KKK
DEOXYGENATION COEFFICIENT Ki = 2 /DAY
REAERATION COEFFICIENT K2 = .95 /DAY
BENTHIC UFTAKE RATE DR = 2 G/MN"3-DAY

FHKHIRRKKRKKKRAOKK KKK K KKK E KRR KK KK KRR KK

CHANGE DISTANCE AND/OR TIME STEFP <RETAINR?
DO YDU WANT ANOTHER REACH <YES:x?
KRR KR KR AOKROIOK KKK ok

REACH 3
KR ACAOKRAOKR A KK K OK K HOKOK K 0K



0s

eNxTeR l/75 BOUNLARY  (KM) 7 75

REACH LENGTH (KM) = 25

U/8 VELOCITY (#M/S) ¢ 1 NEW VALUE <RETAINX & 7 .79
U/S MEAN DEFTH (M) 3 2.5 NEW VALUE ¢ T2
U/8 TEMFERATURE (C) ¢ 15 NEW VALUE i T 17.8
SATURATION D0 (G/M"™3) = 9.64945 NEW VALUE = P 9.5
INFLOW - ENTER T (TRIE) F (FOINT) <NEITHER: ¢ 7 T

ENTER INFLOW FLOW (M"3/8) t? S50

ENTER INFLOW EOLOS (G/M™3) 1?5

ENTER INFLOW DO (G/M™3) 17 5

CONVERT BODS 7O EODU

INFLOW KL ¢/DAY) 3 ,48 NEW VALUE <RETAINX § 7T
INCURATION DAYS § S NEW VALUE <RETAIN: : ?
RIVER KL (/DAY) § .4 NEW VALUE <RETAIN: 1 7
INCUBATION DAYS ¢ S NEW VALUE <RETAIN® ! ?

U/s K2 (/DAY) ¢ .95 00 YOU WANT NEW ESTIMATE <«<YES:»?
ESTIMATED K2 (/DAY) | 1.12047 NEW VALUE <RETAINX ¢ 7 1.15
u/s K1 (/DAY) ¢ 2 NEW VALUE <RETAINx 3t 7

U/s DE (G/M"3-DAY) § 2
ENTER DE (G/M"3-DAY) <G/M"2-DAY> $ 7 1

D0 YOU WANT TD CHANGE IT

KRR KKAHK K IOKK KRR IR ROR KRR K KKK KKK Ok K K KKk

DEOXYGENATION COEFFICIENT K1 = 2 /DAY
REAERATION COEFFICIENT K2 = 1,15 /DAY
BENTHIC UFTAKE RATE DR = 1 G/W"3-DAY

FRRKKKORR KKK KK KR KKK AR KKK RAOR IR KK AR KKK KAk

“YESHT?

CHANGE DISTANCE ANL/OR TIME STEF <RETAIN:?
D0 YDOU WANT ANOTHER REACH <YES:T

HRERRKRKIOKK KKK KK AR KKK

REACH 4

KREREKR KKK KKK K KKK K
ENTER D/S BOUNDARY (KM) 7 100
REACH LENGTH (KM) = 2S5
U/8 VELOCITY (HM/S) i1 .75 NEW VALUE «“RETAINX & 7 .5
U/s MEAN DEPTH (M) ¢ 2 NEW YALUE <RETAIN> ! T 1.5
U/S TEMPERATURE (C) ! 17,5 NEW VALUE <RETAINX @ 7
SATURATION I0 (G/M”3) = 9.64965 NEW VALUE <RETAIN> § ? 9.5
INFLOW - ENTER T (TRIB) P (FOINT) <NEITHER:> ¢ ?
CONVERT EODS TO RODU
INFLOW KL ¢/DAY) ¢ .48 NEW VALUE <RETAIN: & 7
INCUBATION DAYS ! 5 NEW VALUE +RETAINX § 7
RIVER KL (/DAY) ¢ .4 NEW VALUE <RETAIN» § 7
INCUBATION DAYS ¢ S NEW VALUE <RETAIN: ! T
u/s K2 (/DAY) § 1,195 00 YOU WANT NEW ESTIMATE <YES:7
ESTIMATED K2 (/DAY) $ 1.22402 NEW VALUE <RETAINX> ¢ 7 1.235
uU/s K1 (/DAY) 3 2 NEW VALUE <RETAIN> ! 7T

Uss DB (G/M73-DAY) 3 1
ENTER DB (G/M"3-DIAY) <G/M"2-DAY: I 7 Q

L0 YOU WANT TO CHANGE IT <YESH*>T

a #‘Au/ary Py

4

reach

olepys

‘Jomled ar
Koch 3w v

4 A no inflow
change ;  ar do

Updrreann AUUAﬁﬂﬂﬁ/

£ilbonz e So

Sy bty acd
k.z OV S



s

REKKKIKRKKKIRKRIKRRRK KR KK I KKKRKRRK KK KKK KKK

DEOXYGENATION COEFFICIENT K1 = 2 /DAY
REAERATION COEFFICIENT K2 = 1.25 /DAY
BENTHIC UFTAKE RATE OB = 0 G/M"3-DAY

KEKKAKEKKKKKKKKKKKKKKREKKERK R KKK KKK KRR A KK

CHANGE DISTANCE AND/OR TIME STEP <RETAIN:?T

DO YOU WANT ANOTHER REACH <YES>T NO

DO YOU WANT A LISTING <NO-7T Can

DO YOU WANT TO FILE BODS & DO PROFILES <NO>? / At

RO YOU WANT GRAPHS FLOTTED <YES>T

LSF avdfor fle  oredicea Bodc avot  dO

A

dvance SEp o S ko CSpecfied above )
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Flow Chart for HAND

Input observed BOD_ and DO
profiles from disc file

Enter location of upstream boundary |

—

Enter (or change) upstream discharge,

BOD5 and DO concentration

v

P[Increment reach number |

Enter (or change) location of downstream
boundary of the reach

Enter (or change) velocity depth, temperature
(assumed constant in each reach)

Enter (and/or change) saturation DO |

Specify (or change) nature of inflow (point
source, tributary or neither) at the upstream
boundary of the reach, and either: BOD mass—|
flow, or discharge and concentration of BOD5
and DO as appropriate

Convert BOD. to BODu

3

Specify (and/or change) deoxygenation coefficient,
reaeration coefficient and benthic oxygen demand
Lrate (assumed constant in each reach)

Yes

Another reach?

Specify (or change) distance interval at which
predictions are to be made

Calculate BOD5 and DO profiles

| List file and/or graph profiles if required |

——

-4::’#’K;;;;;r simulation? T~—, _ Yes
Stop
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230
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T HAND Program Listing

n2 18-MAY-83 14:100:36

9$=CHR$(13)
9$=CHR$ (32)
IIM X2(50%)
DIM B2(S0%)
DIN D2(50%)
IIN L(20%)
DIM UC20%)
DIN H(20%)
DIN T(20%)
DIN S(20%)
DIM RO(20%
DIN EO(Z0X)
DIH DOC20%)
DIN K1(20%)
IM K2(20%)
DIM K3(20%)
DIN Q1¢20%)
DIM B1(20%)
DIM D1(20%}
DIM F(20%)
DIN I$(20%)
DIN S$C40%)
DIN SB$(60%)
DIM $9$(460%)
DI X$%(S0%)
DIN E9%(50%)
DIN D9%(S0%)
DIN A%(200%)
DIM X(200%)
DIN EB(200%)
DIM D(200%)
DIN X8%(200%)

DIM RBL(200%X)
DIM DBXLC200%)
Z1=1.1433%9
Z2=-92.07877E-03
23=0
Z4=0
0%=0%
S%

K8
K=,

=5

F2%=20%
S1$="

S2%="
Lé="kxxkdkkdokkokkokkkokkkkkk

E$=CHR$(27)

Cé=E$+"[2J"+E$+"LH"

FRINT E$+*<"

F1$=E$+"T43567H"

F2$=E$+°"L3367H"

F3$=E$+"[6i&7H"

FA$=E$+"[(Bi67H"

FS$=E$+"[2767H"

F6$=E%+°*LC11767H"

F7$=E$+"L[2567H"

GO TO 750

ZZ=,5+(X1-X0)XF1X/X8

IF ZZ<07%Z THEN ZZ=-1X \ GO TO 590
IF ZZ:F1%Z THEN Z%Z=-1%

RETURN

ZZ=.5+(Y1-YO)XF2%/Y8

IF Z%Z<0Z THEM ZX=-1%Z \ GO TO &350
IF ZZ»F2% THEN ZZ=-1Z

RETURN

IF INT(Z+.5)<>INT(Z) THEN Z=INT(Z+.5) \ GO TO 480
Z=INT(Z)+.5

RETURN

AL1$=SEG$(Al$»1%Z+17)

IF Al$>="3" THEN Al1$=CHR$(ASC(A1%$)-32)
RETURN

(A WP 2332338237333 32333003033 222302 2030330303233 33333330393 808¢28531
PRINT

FRINT C$iS1$iL$

PRINT S52¢#'FPROGRAM HAND’

PRINT S1$iL$

FRINT

FRINT
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830 PRINT ‘IS THERE OBSERVED DATA FILED FOR COMPARISON <YES>'}
831 INFUT Al$

841 GOSUB 710

842 A%=Al%

843 IF A%$='N’ THEN 1160

850 4= 1,00000CH10

860 D4=-1,00000E+10

870 FRINT

880 PFRINT ‘ENTER FILE NAME FOR FILED DATA <NO FILE> 3§ ‘;
881 INPUT F9%

890 IF F9%=’'‘ THEN 820

200 OPEN F?% FOR INPUT AS FILE 4%

910 LINFUT #4ZsE$

920 B1Z=FOS(B%»’s’y1%)

?30 IF B1Z<>0%Z THEN E$=SEG$(B$s1%Z)R1%Z-1%Z)
?40 IZ=0%

950 FRINT

?60 FRINT ‘FILE HEADER - *‘3B%$j’"’
?70 PRINT ‘CORRECT FILE <YES>’}

?71 INFUT Al$

980 GOSUR 710

?81 A$=A1%

?82 IF A%$=‘N’‘ THEN 820

290 IF END #4 GO TO 1080

1000 LINPUT #4%Z:F$

1010 I%=I%+1%Z

1015 IF END #4 GO TO 1080

1020 INPUT #4ZsX2(IZ)sB2(IZ)sD2(I%>
1030 IF B2(I%Z)>E4 THEN E4=B2(I%)

1040 IF D2(I%)>D4 THEN D4=D2(IZ)

1050 GO TD 1010

1080 K2%=1Z%Z-1%

1090 CLOSE #4%

1100 IF X2(1%)>X2(K2%) THEN SX=1%
1110 FRINT

1120 FRINT ‘DO YOU WANT AN INFUT DATA LISTIHNG <NO:‘;
1121 INFPUT ALl%

1130 GOSUR 710

1131 A%$=A1%

1132 1IF A$<>’Y’ THEN 1160

1133 PRINT N\ FRINT

1140 FRINT ‘LINE’»’X’»’RODS’, L0’
1130 FOR J%Z=1% T0 K2%

1151 FRINT J%sX2(JZ),B2(J%) s D2C¢J%)
1132 NEXT J%

1160 FRINT N\ FRINT N\ FRINT \ FRINT
1180 FRINT ‘ENTER U/S BROUNDARY (KM) ¢ ‘3
1181 INPUT L1

1190 X(0%Z)=L1

1200 0Z=0%+17%

1210 FRINT \ FRINT N\ PRINT C$7S1%;L%
1220 FRINT S2%3’ SIMULATION’ ;D%

1230 FRINT S1%il%

1240 FRINT

1250 NZ=0%

12460 KZ=0%

1270 L3=L1

1280 K1(0%X)=1.00000E+10

1290 RK3(0Z)=1.00000E410

1300 BE3=-1.00000E+10

1310 03=-1,00000E+1¢

1320 FOR 17Z=1% 1D &0%

1330 58%(I%)="

1340 B52%(I%)=" -

1350 MEXT I%

1360 NZ=NZ+1%

1370 FRINT

1380 FRINT Si%;iL$

1390 PRINT 57¢%;5° REACH’ 3 N¥%

1400 FRINT S1%iL$

1410 FRINT

1420 IF 0Z=1% THEN 1780

1430 L=L(NX%)

1440 FRINT 'PREVIOUS D/5 EOUNDARY (KM) 3§73
1450 FRINT Lj

1460 PRINT TAE(40);

1270 PRINT ‘NEW VALUE <RETAIN: ! ‘j
1480 IHFUT A%

1490 IF A$<x7’ THEN L=VALCAS$)

1500 L2=AKS(L3-L)

1510 FRINY ‘REACH LEHGTH (KM) =-jL2
1520 LZ=L

1340 U=U(NZ)

1% 0 FRINT *FREVIOUS VELDCITY (M/S) 3§13
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1540 FRINT Usj

1570 PRINT TAB(40)i

1580 FRINT ‘NEW VALUE <RETAIN> ¢ 73
1590 INFUT A$

1600 IF A%$<x’’ THEN U=VAL(A%)

1610 H=H(NZ)

14630 FRINT ‘PREVIOUS MEAN DEFTH (M) $‘3
1640 FRINT Hs

1650 FRINT TAB(40)3

1660 FRINT ‘NEW VALUE <RETAIN:> $ ‘3
1670 INFUT A%

1680 IF A$<>‘’ THEN H=VAL{(AS$)

1490 T=T(NZ)

1710 FRINT ‘PREVIOUS TEMPERATURE (C) ¢’
1720 FRINT T3

1730 FRINT TAEB(40)3

1740 FRINT ‘NEW VALUE =RETAIN> ¢ ‘j
1750 INFUT A%

1740 IF A$<x‘’ THEN T=VAL(A%)

1770 GO TO 2140

1780 FRINT

1790 FRINT ‘ENTER I'/5 EOUNDARY (KM)
1791 INFUT L

1800 IF F9%<>=‘‘ GO TO 1810

1801 IF L1xL THEN SX=1%

1810 IF L<L1 GO TD 1814

1811 IF L=I.1 THEN 1820

1812 IF S%=14 GO TO 1Blé&

1813 GO TO 1820

1814 IF 5%=0% GO TO 181¢&

1815 GO TO 1820

18146 FRINT ‘7TRBOUNDARY NATA DOES NOT MATCH ORSERVED DATA‘
1817 GO TO BQ40

1820 L2=ABS(L3-L)

1830 FRINT “REACH LENGTH (KM) =‘'{L2

1840 L3=L

1860 IF NX%=1%Z THEN 2090

1870 FRINT ‘U/S VELOCITY (M/S) '3

1880 FRINT Uj

1890 FRINT TAE(40)5

1200 FRINT ‘NEW VALUE <RETAIN:> ¢ ‘)

1910 INPUT A%

1920 IF A$<x’’ THEN U=VAL(AS%)

1240 FRINT ‘U/S MEAN LEFTH (M) ¢’

1950 FRINT Hj#

1260 FRINT TAE(40);

1970 FRINT ‘NEW VALUE <RETAINX $ ‘i

1980 INFUT A%

19920 IF A$«<>’’ THEN H=VALC(A$)

2010 FRINT ‘U/S TEMFERATURE (C) ‘3%

2020 FRINT Ts

2030 FRINT TAE(40)%

2040 FRINT ‘MEW VALUE <RETAIN> § ‘3

2050 INFUT A%

2050 IF A%$<7‘ THEN T=VAL(A$)

2080 GO TO 2140

2090 FRINT

2100 PRINT ‘ENTER VELOCITY (M/S) 1§’

2101 INFUT U

2110 FRINT ‘ENTER MEAN DIEFTH (M) 7

2111 INPUT H

2120 FRINT ‘ENTER TEMFERATURE (C) ¢’

2121 INFPUT T

2140 L(NZ)=L

2150 UINX)=U

2160 H(NZ)=H

2170 T(NX)=T

2180 S=10"(Z1+Z2XT+ZIXkT"24Z4%T"3)
2190 FPRINT ‘SATURATION DO (G/M™3)
2200 FRINT 853

2210 FRINT TAB(40);

2220 FPRINT ‘NEW VALUE <RETAIN> § “3;
2230 INFUT A%

2240 IF A%$='‘ GO TO 2260

2241 S=VAL(AS)

2242 S(N%)=5

2260 REM -- Inflow

2280 FRINT C%

2290 IF NZ%Z>1%Z THEN 2600

2300 IF 0Z%Z=1% THEN 2540

2310 RO=R0(NZ)

2330 FRINRT ‘FREVIOUS U/S FLOW ‘%
2340 PRINT QO3

2350 FPRINT TAE(40)3

.
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2360
2370
2380
2390
2410
2420
2430
2440
2450
2440
2470
2490
2500
2510
2520
2530
2540
2550
2560
2570
2571
2580
2581
2590
2591
2400
2610
2620
2440
2650
2660
2670
2490
2491
2700
2720
2721
2730
2750
2751
2740
2770
2780
2781
2782
2790
2810
2820
2830
2840
2850
2840
2870
2890
2900
2910
2920
2930
2940
2950
2970
2980
2990
3000
3010
3020
3030
3040
3050
3070
3080
3090
3100
3110
3120
3130
3140
3150
S16V
3181
3170
3180
3190
31200

FRINT ‘NEW VALUE <RETAIN> ¢ *3;
INFUT A$

IF A$<>’’ THEN RO=VAL(AS$)
BO=RO(NX)

FRINT ‘FREVIDUS U/8 EODS 1‘;

PRINT EROj

PRINT TAEB(40);

FRINT ‘NEW VALUE <RETAIN: ¢ ‘3;
INFUT As

IF A$<>77 THEN BO=VAL(A$)

DOo=D0 (NZ)

FRINT ‘FREVIDUS U/S DO HA

PRINT DOj;

FRINT TAER(40);

FRINT ‘NEW VALUE <RETAIN> ! *3;
INFUT A$

IF A$<2>’‘ THEN DO=VAL{(A$)

GO0 TO 2600

FRINT

FRINT ‘ENTER U/S FLOW (M"3/5) &7,
INFUT QO

FRINT ‘ENTER U/S RODS (G/M~3) i’
INFUT BO

FRINT ‘ENTER U/S DO (G/M~3) 1/,
INPUT DO

RO(NX)=R0

BO(NX)=R0O

DO(NX)=D0

IF 07%=1% THEN 3150

I$=T1$(NZ)

IF I%$=‘F‘’ THEN 2710

IF I%$=‘‘ THEN 2740

FRINT ‘FREVIOUS INFLOW A TRIE - ENTER F (POINT) N (NONE) <RETAIN>
INPUT A$

GO TO 2740

FRINT ‘PREVIOUS INFLOW A FPDINT - ENTER T (TRIE) N (NDNE) <RETAIM>
INFUT A%

GO0 TO 2760 .
FRINT ‘ND FREVIOUS INFLDW -~ ENTER T (TRIE) F (FOINT) <RETAIN: § -
INFUT A$

IF A%$<>‘‘ THEN I$=A%

IF I$=‘F‘ THEN 3050

IF I¢$<>'‘ GO TD 2790

F=0

GO TO 2580

Q1=Q1(NZ)

FRINT ‘FREVIDUS INFLOW FLOW !-;
FRINT Q1%

FRINT TAE(40);

FRINT °NEW VALUE <RETAIN: ! ‘}
INFUT A%

IF A%<>'" THEN Q1=VAL(A$)
E1=R1(NZ)

FRINT “PREVIOQUS INFLOW EDDNS -3
FRINT E1j

FRINT TAB(40);

FRINT “NEW VALUE <RETAIN> ¢ 5
INFUT A%

IF A$<>77 THEN EBl=VAL(A$)
Di=D1(N%)

FRINT “PFREVIOUS INFLOW Do LA
FRINT D13

FRINT TAE(40);

FRINT “NEW VALUE <RETAIN: ¢ ‘3
INFUT A%

IF A$<>’’ THEN Dl=VAL(a%)

F=0

GO 10 332¢

F=F(NZ)

FRINT ‘FREVIOUS MASSFLOW (KG/DAY) !}
FRINT F3

FRINT TAER(40);

FRINT ‘NEW VALUE <RETAIN: ! “j
INFUT A%

IF At=’‘ THEN 34640

F=VAL(A%)

GO TO 2290

FRINT

FRINT “INFLOW - ENTER T (TRIE) F (FPOINT) “NEITHER> ¢ ‘3
INFUT Ig

IF I$='T’ THEN 3210

IF I%=‘F‘ THEN 3270

F=0

GO TO 2290
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210 FRINT

3220 FPRINT ‘ENTER INFLOW FLOW (M"3/5) i‘,
3221 INFUT Qi

3230 FRINT 'ENTER INFLOW EBODS (G/7M™3) 1%,
3231 INFUT E1

3240 FRINT YENTER INFLOW DO (G/M™3) 17y
3241 INFUT Di

3250 F=0

3260 GO TO 3320

3270 FRINT

3280 FRINT ‘ENTER BODS MASSFLOW (KG/ZDAY) | ’;
3281 INFUT F

3290 Q1=0

3300 E1=0

3310 D1=8

3320 QL(NZ)Y=R1

3330 D1(NX)Y=D1

3340 R1(NZ)=R1

B350 FAINX)=F

3360 I$(NZ)=14

3380 REM -~ Convert KOIS to RODU

3400 FRINT

3410 FPRINT ‘CONVERY RODS TO EODU’
3430 FRINT “INFLOW KL {/DAY) 17}

3440 FRINT K83

3450 FRINT TAE(40)3}

d3460 FRINT 'NEW VALUE «“RETAIN: 1 7%
3470 INFUT A%

3480 IF A$<:’’ THEN K8=VAL(AS%)

3500 FRINT “INCUERATION DAYS §°;

3510 FRINT I3’ ‘iF9$;

3520 FRINT TAER(40)

4530 PRINT “NEW VALUE <RETAIN: ! "}
3540 INFUT A%

3950 IF A$<x’’ THEN I=VAL(A%)

3560 RI=B1/(1-EXP(-I%K3))

3570 F=F/(1-EXF(-I%XK8)

35390 FRINT ‘RIVER KL ¢(/DAY) 73

34600 FRINT K23/ ‘3F94%;

3610 FRINT TAE(40)3

3620 FRINT ‘NEW VALUE <KETAIN: ¢ 3
3630 INFUT A%

3640 IF A$<:’’ THEN K9=UAL(AS$)

3650 FRINT ‘INCURATION DAYS 7

3670 FPRINT I3 ‘§iF9%;

3680 FRINT TAR(40)5

3690 FRINT ‘NEW VALUE <RETAIN» $ *}
3700 INFUT A%

3710 IF A$+x'’ THEN I=VAL(A%)

3720 F1=C(1-EXF(~1%K9))

3730 KO=RO/F1 \ REM Factor F1 retzimed for later use
3740 Q2=Q0+0Q1

3750 E2=(Q1XB1+00%K0+F/B4.4)/Q2

3760 D2=(Q1%D14+QOX00) /02 \ REM Add Inflow
3780 REM -- FReazeration rate

IBOO FRINT

3820 IF 0Z%Z=1% THEN 3910

3830 K2=K2(N%)

3840 FRINT ‘FREVIOUS K2 (/DAY) {3
3850 PRINT K23

3860 FRINT TAECA0Q);

3870 FRINT ‘I YOU WANT IT CHANGED <YES>‘$
3880 INFUT Als

3890 GOSUE 710

3891 At=A1%

3892 IF A$='N‘ THEN 4100

39200 GO T0 3990

3?10 IF N%Z=1%Z THEN 3990

3930 PRINT ‘U/S K2 (/DAY) §7;

39240 PRINT K23

3930 FRINT TARCA40)

3960 FRINT ‘D0 YOU WANT NEW ESTIMATE <YES>’}
3970 INFUT Al

3980 GOSUE 710

3781 A%$=Al$

3982 IF A$=‘N’ THEN 4100

3990 IF U<,5 THEN K2=3,74%XU",S%H"-1.,5
392921 IF U<,5 GO TO 4000

3992 IF U=.5 THEN 3997

3993 IF H<.5 THEN K2=5,13%U%H"-1.,333
3994 IF H<.5 GO TO 4000

3995 IF H<1l THEN K2=4,75%kU%xH"-1.,5
3996 IF H<1 GO TO 4000

3997 K2=5.01%U",9469%H"~1,673
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4000
4020
4030
4040
4050
4060
4080
4100
4120
4130
4150
4160
4170
4180
4190
4200
4210
4230
4240
4250
4260
4270
4280
4290
4291
4300
4310
4320
4340
4341
4350
4370
4390
4400
4420
4430
4440
4441
4450
4450
4490
4500
4510
4511
4520
4521

4522
4540
4541
4550
4540
4580
1581
4590
4591
4600
4510
4620
4630
4640
4650
4640
4670
4680
4650
4700
4710
4770
4730
4740
4750
4770
4790
4791
4792
4R00
4810
4811
4820
4821
4322
4840
4860
4861

K2=K2%1.0247(T-20) \ REM Correct for temrerature
FRINT ‘ESTIMATED K2 (/DAY) 7%

FPRINT K27

FRINT TAER(40);

PRINT ‘NEW VALUE <RETAIN:> { ‘3

INFUT AS$

IF A$<:’’ THEN KZ=VAL(A%)

REM -~ Deoxydenation rate

IF 0%=1% THEN 4210

K1=K1(NZ%)

PRINT ‘FREVIDUS K1 (/DAY) i’5
FRINT K13

FPRINT TAE(40):

FRINT “NEW VALUE <RETAINXx & 73
INFUT A%

GD TO 4310

IF HNZ=1% THEHN 4290

FRINT "U/S K1 (/DAY) 3
FRINT K13

FRINT TAE(40)5§

FPRINT “NEW VALUE <RETAINX { ‘3%
INFUT AS

GO TO 4310

FRINT ‘ENTER K1 (/DARY) 1 '3
INFUT As$

IF A$="’ THEN K1=.,29

IF A$='’ THEN 4370

K1=VAL(A$)

FRINT ‘EHTER REF TEMF (L) <RIVER TEMF: § ‘3
INFUT A%

IF A$<>77 THEN K1=K1%1.,0477(VAL(A$)-T)

REM -- Benthic urtake rate

IF 0%=1% THEN 44480

K3I=K3(NZ)

FRINT ‘FREVIOUS DR (G/M"3-DAY) ! iK3iFF4$}
FRINT TAE(40)3s

FRINT ‘IO YOU WANT TO CHANGE IT <YESX>‘s
IHFUT Al$

GO TO 4520

IF NZ=1%Z THEN 4540

FRINT ‘U/S DB (G/M~3-DAY) {/iK3IiFP4}

FRINT TAE(40) 3%

FRINT ‘D0 YOU WANT TO CHANGE IT <YESX:'}
INFUT Al$

GOSUR 710

AE=A1%

IF A¢$="N’ THEN 4600

FRINT “ENTER DE (G/M”3-DAY) «<G/M"2-DAY> t ’j
INFUT A$

IF A$<Xx77 THEH K3=VAL(A%)

GO TO 44600

FRINT ‘ENTER DR (G/M™2-DAY)Y <ZERO> i ‘3
INFUT A¢

IF A%$='’ THEN K3=0

IF A$<x’7 THEN KIEI=VAL(A$)/H

FRINT

FRINT C$iL$il %

FRINT

FRINT - DEOXYGENATION COEFFICIENT K1
FRINT “ REAERATION COEFFICIENT K2
FRINT - BENTHIC UFTAKE RATE I'E
FRINT

FRINT L$/L%

PRINT

FRINT

K1 (NZ)=K1

K2 (HX)=K2

K3 (NZ)Y=K3

K1 £24

\ 24

K3=K3/24 . REi{ Convert to /hour

REM -- Select comrutation sters

IF 0Z=1% 30 TD 4792

GO TO 4800

IF HNZ=1%Z THEH 48é&0

FRINT

FRINT ‘CHANGE DISTANCE AND/OR TIME STEF <RETAINZ~
INFUT Al%

GOSUE 710

AS=Al%

IF A%=’'' THEH 4910

REH -- A1 = DIlistance ster AZ = Time ster
FRINT ‘ENTER LISTANCE STEF (KM) <TIME STEF: § ‘3
INFUT A%

I
’
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4870 IF A%$=‘‘ GO TO 48820
4871 Al=VAL(A%)
4872 A2=A1/U/3.6
4873 GO TO 49210
4880 FRINT ‘ENTER TIME STEF (HOUR) : ‘%
4881 INFUT AS
4890 IF A%=‘° GD TO 4?10
4891 AZ2=VAL(A%)
4892 Al1=A2%UX3.4
4210 REM  kkokookok okok 50K KR 30K K KKK 0K KK OKOK K K K 30K 5K K K K KK KK A0OK KKK 30K 0K KK A Ok Ok KR Kk X
4930 MZ=INT(L2/A1)>
4940 IF SZ%Z=17% THEN Al=-A1 \N REM Mumber of sters in the resch
4950 KX=KZF1%
4260 X(KZ)=X(K¥%-1)
4970 R(KZ)=HE2XF1
4980 D(K¥)=D2 \ REM Store mixed values
5000 RE#M -~ Celculate ssd in the reach
5020 FOR J%Z=1% TO MZ
S030 KZ=KZ+1%
5040 T1=AZ%JX \ REM Travel time 3lons this reach only
5090 X(KZ)=X(KZ-1)+A1l N REM Increment total distance
5070 REM -- BODS & DO
5090 B(RZ)=R2KEXF(-K1%T1)%F1
5100 IF Ki=K2 THEN D{(KZ)=8-K3/K2-EXF(-K2XT1)X(S-DN2~K3/K2)-EXF{(-K1¥T1)¥T1kK1%ED
5101 IF K1=K2 60 TO 5110
5102 P1=5-K3/K2-EXP(-K2%T1)%(S5-D2-K3/K2-~-K1¥R2/(K2-K1))
5108 F2=EXF(-K1XT1)XK1XE2/(K2-K1)
5109 D(RZ)Y=F1-F2
5110 IF EB(KXZ)>B3 THEN R3I=EB(KX)
5120 IF D(KX)>D3 THEN D3=D0(KX%)
5130 NEXT JZ
5150 REHM —-- Reinitislise
5170 DO=LN(K¥*)
3180 BO=B(KZ}
5190 RO=Q2
5200 IF 5%=1%Z THEN Al=Al1%-1
5210 K1=K1%x24

2=K2%24
5230 K3=K3%24 \ REM Convert back to /daw
53240 FRINT
5250 PRINT ‘DD YOU WANT ANDTHER KEACH <YESx’}$
INFUT Al$
GOSUR 710
At=A1Y
IF Aa%='N‘ THEN 5280

% THEN PRINT ‘SORRY, YOU CAN OHLY HAVE 20 REACHES’
GO TO 5280

FRIMNT C%;

GO TO 1360

FRINT

FRINT ‘DD YOU WANT A LISTING <NOx‘3$
INFUT Al%

GOSUE 710

A$=A1S

IF a$<k=‘Y’ THEN 9350

FRINT C$

FRINT F9$s’X’» RODNG’y 00"

FRINT

FOR J%=1X TO KZ

FRINT JZeXCJZ)»BCIZ) 2 DNCJIAD

NEXT JZ

PRINT

FRINT ‘DO YOU WANT TO FILE BODS & DO FROFILES <NOX>'j
INFUT AlS$

GOSUR 710

A$=Al%

IF A$<:'Y’ THEN 5570

FRINT

FRINT “ENTER OUTFUT FILE NAME (5 CHAR» NO EXTENT)
INFUT F$

F1$=F%+'B.SIT’

F23=F¢+'0.5DT"

FRINT

FRINT ‘ENTER DUTFUT FILE HEADER ¢ ‘¥
INFPUT H$

OFEN F1$ FOR OUTFUT AS FILE BX%
FRINT #8ZsH$s X,»BODRS’

FOR J%=1%Z TO KZ

PRINT #8ZsX(JZL)s s’ »B(J%)

NEXT J%

CLOSE BZ

OFEN F2% FOR OUTFUT AS FILE 9%
FRINT #9%XsH$, XD0"

FOR Ji=1Z TD K%

.
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G530 FRINT #9ZyX(J%) s’ sy D(JIL)

0540 NEXT JZ

5550 CLOSE 9%

5970 REM X***X*X***********X*X******#**X*****X****************t***#****
9590 PRINT C%$i ‘D0 YOU WANT GRAPHS FLOTTED <YES»’j

2600 INFUT Als

G610 GOSUE 710

G611 AS=A1$

5612 IF A$='N‘ THEN 7900
5620 IF SX=0%Z THEN 5710

54630 Z9=X(1%)

5640 IF F9$='' GO TO 5450

5642 IF X2(1%)>Z9 THEN Z9=X2(1%)
5650 FOR IZ=1% TO K%

5660 X(IZ)Y=Z9-X(1%)

5670 NEXT I

5680 FOR JZ=1% TO K2%

5690 X2(J%)=Z9-X2(J%)

5700 NEXT J

5710 XS=X(1%)

5720 IF F9$='' GO TO 5730

5722 IF X2(1%)<X5 THEN XS=X2(1%)
5730 IF INT(X5+.5)<>TNT(XS) THEN XS=INT(X5)+.5 \ GO TO 5740
5731 XS=INT(X%)

5740 X6=X(KZ)

5750 IF F9$='‘ GO TO 5740

5752 IF XZ(K2Z)¥X6 THEN X6=X2(K2%)
5760 B5=0

5770 Eé=E3

5780 IF F9$=‘/ GD TQ 5790

5782 IF B43Eé6 THEN Bé=EA4

5790 D5=0

5800 Dé=I13

WB10 IF F9$=‘/ 6O TO 5820

5812 IF D4xD6 THEN Dé=D4

5820 Z=X6

5821 GOSUE 670

Xé=2

&70

[ &70
G842

5850 v X
H84H0
D870
bBeo

FOR 1%=1% TOQ N¥
IF KICTE)=K1(I%~1%) THEN 5910
X1=X{1I%)
Y X0=X5
X819
Gy 04 GOSUR 570
D908 88%(Z¥y=" )
G910 0F K3(IX)=K3(I%Z-1%) THEN 5920
11 X1=Xcra

2 X0=X5
X8=T9
GOSUR 570
P GPECT ALY
NEXT 17
b X7=Xb6-%5
3940 B7=R&-RS
3960 REM ~- Form rrint rositions
G980 FOR I%=1% TO KX
G981 X1=X(1%)
G982 X0=X5
] X8=3
GOSUE 57¢
ABACIZY=2%
Y1=B(1%)

Gos
BBZ(TZ
NEXT 1%

FOR [X%=1%Z TO K2%
X1=X2(1%)

XKOAUCTLY=2%
YI=R201%)
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6032
6033
4034
6040
4050
6070
4090
6071
6092
6100
6110
6120
6130
6140
6150
46151
6153
6153
6154
6160
4170
6180
6190
6200
46210
4220
6221
6222
6230
6240
6250
6260
6270
4280
6281
6282
6283
4284
6290
4300
6310
6320
6330
4340
63460
4380
6385
6390
6400
6401
6402
6410
6420
6430
6431
6440
6441
6450
6460
6470
4480
64%0
6491
4500
6501
6510
6520
6530
6540
6550
6560
45361
6562
4580
6600
6610
6620
6430
64640
6650
6660
6670
6680
6681

YO=RES
Y8=R7
GOSUE 4620

BRZ(I%)=2%
NEXT 1%

Sort

17 TO KZ
AZCIZ)=XBAL(IX)+200%XE8%(1Z)
NEXT I%

FOR IZ%=1% TO KX-1Z
A9Z=0%Z
FOR J%=I%Z TO 1% STEF -1%

IF ARXL<:0
AFZ=—1%
IF AZ{JZ)Y ==A%(J%+1%) GO TO 51460
FAZ=AZ(J%)

AZCJIZY =A% CIZY 1)

AZ(JILHLZ) =P%

AP7=0%

NEXT J%

NEXT I%

FOR I%=1%Z TO KX
BBX(IZ)=RZ(IX)/200%
ABA(IZY=AXC(IZ)-REBAL(IZ)%200%
NEXT I%

FOR Ix=1Z TO K2%
AZCIZY=XFh(IZ)+200%XBYL(IX)
NEXT
FOR IZ=1%Z T0 K2X%Z-1%

% THEN 5170

I% TO 1% STEF -1%
0% THEM &300
A9%=1%
IF A%Z(JZ)>=AX(J%41%) GO TO 4290
FY=A%(I%)
A%(IZ) =A% (J%+1E)

AZ(JZ+1Z)=F%

APL=0%Z

NEXT J%

NEXT I%

FOR I%=1% TO K2%
BOZ(IZ)=AX(1Z)/200%
XPACIXY=AZ(IX)~RBRPACIXI%XZ007
NEXT IZ

REM ~- Flot roints

GOSUR 72240

k STEF -1Z
FOR G17Z=07% T0 F1%
S$(G1%)="

NEXT GI1%

FOR I1%=J% TO 200%

IF BBX(I1Z)<>I%X THEN 6460

IF X8XZ(I1X%)<0¥ THEN 4450

IF X8XZ(I1X)»>100% THEN 64350

IF S$(XBZ(I1%))= * THEN S$(XBX(I1Z)>)='X" \ GO TO 6450
S$(XBUITILIZY)="%"

NEXT Ii%

JA=I1%

FOR I1%Z=K1%Z TO 50X

IF B2U(IL1%Z)<>1% THEN 46520

IF X?%(I1%)<0% THEN 4510

IF X9%{IX%X)}>100% THEN 4510

IF S$(X9XZ(I1%Z))=* * THEN S$(X?XZ(I1X))=" + 7 N\ B0 TO 4510
S$(XPAITIILY))I="%"

NEXT I1%

FRINT

GOSUE 7420

NEXT IZ%

GOSUER 73530

IF M9%<>0%Z GO TO 4580
FRINT Fé%3

GO TD 5930

REM —-- Rereat for DO dgrarh
X7=T9

X&6=19

X5=y?

n7=né-0s

GX=1%

GO TO 4680

X7=X6—-X%X5

07=06-05

FNR I%=1% TO KZ
X1=X(1I%)
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6482
64683
64684
6650
6691
6692
6693
6694
6700
&£710
6720
6721
6722
6723
6724
46730
6731
6732
6733
6734
6740
6750
6760
6761
67462
6770
6780
6790
6800
6810
6820
6821
6822
6823
6824
6830
4840
6850
6860
6870
6980
6890
6891
68922
6900
6910
6920
6930
6240
6950
69351
6952
6953
6954
64960
6970
6980
6770
7000
7010
7020
7025
7030
7040
7041
7042
7050
7060
7070
7071
7080
7081
7090
7100
7110
7120
7130
7131
7140
7141
7150
7160
7170
7180

X0=X3
X8=X7
GOSUR 570
X8L(IX)=ZX
Y1=D0(I%)
YO=D5
Yg=n7
GOSUE 620
DBL(1%)=7%
NEXT IX%
FOR IZ=1%Z TO K2X%
X1=X2(I%)
X0=X5
XB=X7
GOSUR 3570
XQL(I%)=2Z%
Yi=D2¢(IX%}
YO=D%S
Y8=Dn7
GOSUR &2¢
DRAL(IXY=22%
NEXT I%
FOR IX=17Z T0O K%

AZCIZ)=X8X(1%Z)+200%Z%DI%(IX)

NEXT I%
FOR I7%Z=1%Z TO KZ-1%
APX=0%

FOR J%=1%Z TO 1% STEP
IF A9Z<>0% THEM 4840

AFZ=-1%

~1%

IF AX(JZ)>=AZ{(J%+1%Z) GO TOD 4830

FPE=AZ(JZD
AZ(JLY=aZJ%+17)
AZL(JZY1X)=FZ
APX=0%

NEXT JZ

NEXT IZ

FOR I%Z=1Z TO KZ

D8%(IZ)=AZ(IX)/200%

X8ZCIZ)=AZ(IZ)-DBXL(IZ)%200%

NEXT IZ
FOR IZ%Z=1%Z TO K2%Z

AZ(IZ)=XPZ(IZ)+200ZX L% I%)

NEXT IZ%

FOR IZ=1%Z T0 K2Z-1%

A?x=0%

FOR JZ=1Z TO 1% STEF
0% THEN 8970

-1z

IF AZ(JX)>=A%(JZ+1Z) GO TO 4960

FE=AZ(JIZ)
AZ(JZY=AZCJIA+LY)
AZCJZ+1%)=FZ%
APA=0%

NEXT J%

NEXT IX%

FOR IZ=1%Z TO K2%

DPUCIZ)=AZ(TIZ) /200X

XPZ(IZ)=AR(IX)-NIRZ(IZ)X200%

NEXT IZ
GOSUER 7240
F8%="D00 FROFILES’

FOR I%=F2% Y0 0% STEF -1Z

FOR Gi1Z=07Z TO F1X%
S$(G1ZY=" 7

NEXT G1X%

FOR I1%=4%Z TO 200%

IF D8X%(I1X}<:1I% THEN 7100
IF XBX(I1Z)-0XZ GO TO 7090
IF X8%Z(I1%)>100%Z THEN 7090
THEN S$(X8Z(I1%))="X"

IF S$(X8L(I1Z))="
S$(XBL(ILZY)="%"
NEXT IiX

JZ=11%

FOR I1%Z=K1Z TO 50%Z

.

IF D9%Z(I1%)<>1% THEN 7160
IF X9XZ(I17%)<0% THEWN 7150
IF X9XZ(IX%)>100Z THEN 7150

IF S$(XPXZ(I1%))="
S$(XPZ(I1X))="%"
NEXT I1X

FRINT

GOSUR 7420

NEXT IXZ

’

THEN S$(X?2Z{(I1%))="

+

N B0 TG 7090

F

\ GO 7O 7150



7190 GOSUR 7530

7200 IF M9%=1% THEN 7900

7210 FRINT F6%3

7220 GO TO 6560

7240 REM HOK 50K 30K 40K 30K 08 30K 30K KK KOKK H0K 0K 0K KK KOK K008 K8KONOKKOK KKK R KR KRR IOKKRR Kk &

7260 REM -- Frintind Subroutines
73280 J¥i=1%
7290 K1%=1%

7300 QX=0Z+1%

7310 PRINT C$5R9%3

7410 RETURN

7420 K1%=T1%

7430 IF 1%1%/5>1%/5% THEN 7480

7440 IF GZ<»0%Z GO TO 7450

7441 GY=ES+IZKR?/F2%

7442 IF ARS(GP?)=AES(H7)/10000 THEN G9=0
7450 IF G%<:1% GO TO 7460

7451 GO9=DS+IXKD7/F2%

7452 IF ABS(GY)<AES(D7)/10000 THEN G9=0
7460 PRINT P9$iSEGS(STRE(GY) s 1%y A% 3
7470 IF 1%=0% THEN RETURN

7480 PRINT TAB(SY%)i’ 1’3

7490 FOR L%=0%Z TO Fiz

7500 IF S$(LX)<=’ ’ THEN FRINT TAR(LZESXILX)$S$(LL) S
7510 NEXT L%

7520 RETURN

7530 FRINT TAEB(SZ)S7-17%

7540 FOR J%=1% TO F1%z STEF 5%

7950 FRINT ‘--—-%'3
7960 NEXT JZ%
7G70 WYX

7580 IF S$Z%Z<x1% GO TO 7590
7581 X6=Z9-X3
7582 XU9=Z9-X5

7583 X7=-X7

7590 FRINT 7 X ‘

7600 IF X6210 THEN Uls="#.%¥'

7601 IF X6410 GO TO 7610

7402 IF Xé6+100 THEN Ul%="#%.#%"

7603 IF X&=100 GO 10 7410

7604 Uls='%¥¥¥"

7610 FOR J%=0% 70 F1%Z STEF 5%

7620 X=XS5+JZXxX7/F17%

7630 IF ABS(X)<ARS(X7/10000 THEN X=0
7640 FRINT TAB(OXtIXE-14)5

7650 FRINT USING Ul$rX;

7660 NEXT JZ

7665 PRINT F74¢3F8%

7670 FRINT F1%$/0BESERVED(4) 5F2$5 "FREDICTEDCX) 5P 35§ "COTNOIDENT (X) 7
7680 PRINT F4%5 ‘W=WINDOW’ 3PS <CR>=EXIT iF&$3 SUE-QFTION"§
7700 IMFUT Als

7710 GOSUE 710

7711 At=Al4

7712 IF A$=‘W’ GO TD 7720

7713 M?XA=1¥%

7714 RETURN

7720 FPRINT PO$s8145iF3¢3i518iF4$551%5
7730 FPRINT F4%5 X MIN'}

7740 INFUT XS

7750 FRINT F5%$3 X MAX'#

7760 INFUT Xé

7770 FRINT FS$¢+i51%iF4%551%

7780 FRINT F4%5 Y MIN‘;

7720 INFUT Y2

7800 FRINT FHEF°Y MAX'S

7810 INFUT Y3

7820 IF G%Z<:>0%Z GO TD 7830

7821 ES=Y2

7822 B6=Y13

7830 IF 6%<x*1% GO TOD 7840

7831 D3=Y2

7832 D&=Y3

7840 IF S%=0%Z THEN 7880

7850 IF XS5<=X6 GO TO 7860

7851 T=Xé

7852 X46=X5

7853 X5=1

7B&0 Xb6=79-X6

7870 X5=Z%-X5

7880 RETURN

7700 REM RO ACROR XK K % KK KR KK A OK 3 KKK 3OK 3R KOK K 30K KK 0K K KK K KKK K KKK A0 10K ROk KOk
7920 IF 5%Z=0% THEN 7970

7930 FOR IX=1%Z TD K%
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7940 X(IX)=Z9-X(I%)

7950 HEXT 1%

79460 FOR I%=1%Z TO K2X

79270 X2(IZ)=Z9-X2(I1%)

7980 HEXT 1%

7990 FRINT C$i‘D0 YOU WANT TO DO ANDTHER SIMULATION <NO*’;
8000 INFUT Al%

8010 GOSUR 710

8011 A$=A1l%

8012 IF A$<>’'Y’ THEN BO40

8020 IF 0X<20% THEN 1200

8030 FRINT ‘SORRY, YOU CAN ONLY D0 20 SIMULATIONS
8040 FRINT

BOS0 FRINT ‘PROGRAM TERMINATING-

8040 FRINT

8070 END

READY



Appendix D: Compendium of Equations, Tables and Figures for Procedure of Section 2.3

Equations

For conversion of BOD4(L) to BOD,, (B), use Eq. 2.4

B = ol

where o is obtained from Fig. 2.3,

(2.4)

For calculation of the reaeration coefficient k, at 20° use one of Egs. 2.6-2.9, selected using

Table 2.4, and correct to river temperature using Eq. 2.5.
k, =

20
k2

20
k2

20
k2

20
k2

1.02 4T—20k220
= 3.74/U/H"?
5 01 UO.969/H1.673
4.75 U/H'Y?
5.13 U/H!'*

where U = mean river velocity (m.s™);

H = river depth (m)

Tables and Figures
Copies of Tables 2.1-2.4 and Fig. 2.3 follow.

Table 2.1 Saturation DO versus temperature (from Wilcock 1982a)

Temperature, T Saturation DO, C

(C) (gm?)
10 11.29
11 11.02
12 10.77
13 10.54
14 10.30
15 10.09
16 9.86
17 9.66
18 9.46
19 9.27
20 9.09
21 8.91
22 8.73
23 8.58
24 8.41
25 8.26
26 8.10
27 7.95
28 7.81
29 7.68
30 7.55
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Table 2.2 Laboratory BOD decay coefficient values

Sample k; reference
(day™)
Sewage (primary treat- 0.23 Cameron (1982)

ment)
Dairy factory wastes (raw) 0.44-0.62  Barnett et al. (1982)
Meatworks wastes (primary  0.45-0.60  Heddle (1982)

treatment)
Pulp and paper mill wastes 0.35 M. Piper (Tasman
(primary treatment) Pulp & Paper Co.,
pers. comm.)
Pulp and paper mill wastes 0.25 M. Piper (Tasman
(secondary treatment) Pulp & Paper Co.,

pers. comm,)
Piggery wastes (primary 0.5-0.8 J.  Nagels (MWD,

treatment) pers. comm.)

Piggery wastes (secondary 0.37 J. Nagels (MWD,
treatment) pers. comm.)

River waters (Waikato and 0.4 J. Nagels (MWD,
Waipa) pers. comm.)

Table 2.3 Values of deoxygenation coefficients in several New Zealand rivers

River Typical low flow k, Reference
(m’.s™) (day™)

Tarawera 25 5.2 Piper (1982), McBride (1982a)
Manawatu 20 0.7-12* Currie and Rutherford (1982)
Mataura 14 2t McKenzie and McBride (1982)
Waipa 20 0.7t McBride and Rutherford (1982)
Waikato 180 1.2-1.8% Rutherford (1982)

Waikato 180 0.6-0.8+ Rutherford (1982)

“Estimated by model calibration and verification using river DO and BOD;.
*Using river BOD; only. There is evidence that BOD; was stered but not exerted and hence these may be over-
estimated.

Table 2.4 k, equation numbers appropriate for different river conditions

River Velocity  River Depth, H(m)

U (m.s™)
0.2-0.5 0.5-1.0 >1.0
0.1-0.5 (2.6) (2.6) (2.6)

0.5-2.0 2.9 (28 (2.7
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10

FIG. 2.3 Graph of BOD_ :BOD; (a) versus k; (from McBride 1982b and reproduced by permission of
the Journal, Water Pollution Control Federation).

P. D. Hasselberg, Government Printer, Wellington, New Zcaland—1983
94559B—-83PT
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12.

13.

14.
15.

16.
17.

18.

19.
20.
21.

22.

23.
24,

1
2
5
6
7
8

WATER AND SOIL TECHNICAL PUBLICATIONS

. Liquid and waterborne wastes research in New Zealand. Sally Davis ($1)

Sampling of surface waters. M. Kingsford, J. S. Nielsen, A. D. Pritchard, C. D. Stevenson
($1)
. Water quality research in New Zealand 1976. Sally Davis ($1)

. Shotover River catchment. Report on sediment sources survey and feasibility of control.
1975 (out of stock)

Late Quaternary sedimentary processes at Ohiwa Harbour, eastern Bay of Plenty with
special reference to property loss on Ohiwa. J. G. Gibb ($1)

Recorded channel changes of the Upper Waipawa River, Ruahine Range, New Zealand.
P. J. Grant (out of stock)

. Effects of domestic wastewater disposal by land irrigation on groundwater quality of the
central Canterbury Plains. G. N. Martin and M. J. Noonan ($1)

. Magnitude and frequency of floods in the Northland-Auckland region and their application
to urban flood design. J. R. Waugh ($1)

Research and Survey annual review 1977. (out of stock)

. The problem of coastal erosion along the ““Gold Coast”, western Wellington, New ‘

Zealand. J. G. Gibb (out of stock)
The Waikato River: A water resources study. ($12)

A review of the habitat requirements of fish in New Zealand rivers. Compiled by
D. F. Church, S. F. Davis, and M. E. U. Taylor ($3)

The Ruahine Range: A situation review and proposals for integrated management of the
Ruahine Range and the rivers affected by it. A. Cunningham and P. W. Stribling ($5)

A Survey of New Zealand peat resources. A. Davoren ($10)

Effects of urban land use on water quantity and quality: an annotated bibliography.
I. Simmers ($5)

Research and Survey annual review 1978. (free)

Investigations into the use of the bacterial species Bacillus stearothermophilus and
Escherichia coli (H,S positive) as tracers of groundwater movement. L. W. Sinton ($1.50)

A review of some biological methods for the assessment of water quality with special
reference to New Zealand. Part 1. ($3)

The frequency of high intensity rainfalls in New Zealand, Part I. A. I. Tomlinson (free)
Regional flood estimation in New Zealand. M. E. Beable and A. I. McKerchar ($8)

Coastal hazard mapping as a planning technique for Waiapu County, East Coast, North
Island, New Zealand. J. G. Gibb ($5)

A review of some biological methods for the assessment of water quality with special
reference to New Zealand. Part 2. ($4)

Hydrology of the catchments draining to the Pauatahanui Inlet. R. J. Curry ($3)
Potential for contamination of the Heretaunga Plains aquifers ($10)

WATER AND SOIL MANAGEMENT PUBLICATIONS

. Regional planning and development. ($1)

. Wetlands. ($1)

. Forest operations guideline. ($2)

. A guideline for the construction of access tracks and firebreaks. ($2)
. A guideline to skifield development. ($2)

. A wetlands guideline. ($5)
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1977
1977

1978

1978

1978

1978

1978
1978

1978
1979

1979

1978
1978

1980
1979
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1980
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1981
1981
1982
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