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ABSTRACT

The objective of this study is the development of a
runoff routing procedure, applicable to steep channel networks
in the tumbling flow regime, and suitable for incorporation
into more comprehensive mathematical representations of the
runoff process. '"Steep" is meant in the sense that degradation
into existing, coarse deposits (e.g. Pleistocene materials,
slide debris, scree) 1s assumed to be the major channel-forming
process. JSimilarity considerations show that under these
circumstances two relatively easily available parameters,
such as channel slope and drainage area, or channel slope and
width are adequate to define the geometry and hydraulic per-
formance of the channels.

The hydrologically significant aspects of channel flow
are storage per unit length (area) and discharge, with the
relation between the two defining the channel performance under
steady conditions. This function, A = £(Q), can be obtained
in the field by observing the dispersion of slug-injected tracers
through fixed test reaches over a range of discharges. Measure-
ments of this type were made on thirteen test reaches, covering
a wide range of channel size and slope.

The data from all test reaches can be closely approxi-
b

mated by exponential relations of the form A= a, QtA.’ As -
indicated by the similarity considerations; the constants a,
and bA of this stéady flow equation are predictable from basin-

parameters.” The details of the statistical link between various
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basin parameters and the above constants are discussed in
Day (1969) on the basis of the stéady flow data of this study
supplemented by exténsive_additional measuréments.

Runoff concentration is an unsteady flow process, which
can only be defined with a single flow equation if the flow
system 1s truly kinematic. In order fo investigate whether
this holds for steep channels, all test reaches were located
below lakes with outlets suitable for minor discharge modifi-
cations. Small, step-like surges (positive and negative) were
created at the lake outlets and thelr propagation through the
test reaches was observed with accurate water level gauges.
These surge tests indicate consistently that the channels act
as kinematic flow systems but With»@ertain dispersive effects
added and with a markedly higher-than-kinematic wave celerity at
very low stage, which is probably the result of dynamic waves in
pools.

Due to the frequent occurrence of super-critical flow,
dispersion cén only be the result of storage in pools. The
differential equation for a kinematic channel with storage in a
large number of identical storage elements is derived and
solved in linearized form for step-like input corresponding to
the surge tests. The dispersion coefficient, which has dimen-
sions L, is the only free parameter of the solution. Comparison
with the field data shows that mean water surface width provides

a good estimate of this parameter.
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As a computationally simpler alternative, a routing
model which replaces the actual channels by a sequence of truly
kinematic channels and deep pools with weir outlets, both
obeying the same steady—fiow equation,is also considered. Rules
for determining the two free parameters of this solution are
developed on the basis of the field data.

Both routing methods provide approximately equal fit to
the surge test data and they both appear to be suitable compon-
ents for an operational channel runoff model. Being based mainly
on the above steady flow equation, both methods are non-linear.
This is supported by the field data, which show no tendency

towards linearity, except possibly at very low stage.
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1. ~ NOTATION AND ABBREVIATIONS

1.1 Notation

A

DA

2)'

Cross séctional'area of flow in a channel (m
Initial area.
Area at formative discharge.

3A/dt.

Constant in the following regressions:

log A = f(log Q)
log v = f(log Q)
log T = f(log Q)
log (ag2/3/9"/3) = £(ag?/3/,°73).

Riemann Function

Coefficient in the above regressions (same
subscripts). '

Without subscript: Time constant (5).

Concentration of tracer (g ce™H).

Concentraticn of tracer in reservoir 1.
. -1
Wave celerity (ms 7).

Constants.

Bed material size (m).

Mixing coefflcient, for one dimensional dispersion
2 -1 :
over x (m"s 7).

h.

Flood wave dispersion coefficient'(mzs—

Drainage area (km?).



o} Depth of flow in channel (m).

Ay Depth measure, defined as A/WS.
E Exciting.voltagéjof conductivity bridge (volts).
e Base of natural logarithms, 2.7183.
() Function of A(x,t).
) Unspecified function.
fX( ) Protability density function.
G Conductivity (mhos).
g Acceleration of gravity (ms_g).
8 (py - £,08/9 4
Ew (o _,?W)g/fw
H Stage reading (ft))-
h Elevation difference between stream and

gauge stilling well (ft)).

Ii(u) Modified Bessel Function of the first kind
of order i and argument u. With Ji(u)

being a Bessel Function cof the first kind
J

I, (w) = J, (-1 u).
i Integer, countér.
J Integer.
k() - Function of g(x,t).
L Tracer loss rate (% per min.).
1 ‘Length of test reach (m)

1i,iﬁ0,l,2 Second crder interpolation polynominals.

M Mass of tracer (g).



n

.n

dJ

[

nn

Integer, number of reservoirs or storage
elements.

Manning's n.

1.

Polynceminal approximation of C(t), (g ce
> o /2

Abbreviation for (2h0c/A°Wr)"

Discharge (mss_l).
Initial discharge.
Fermative discharge.
Qgtflow from reéervoir i.
Measured discharge.

Discharge from upstream reservolr.

Relative discharge, Q/QD, subscripts as for Q.

Adjustable resistance (ohms).

Input impedance of recorder.

Constant resistance.

Volume of reservoir 1.

Argument of /7 -function, parameter of / -
distribution.

Slope

Friction slope

Valley slope

Mean water travel time (min.)
Lag to tracer peak (min.).
Lag between pools.

Reservoir filling time (s).

Lag to the first arrival of tracer (min.).



Y.
i

1=1,2,3

Mean tracer travel time (min.).
Time coordinate (min. or s).
Starting time.

End time.

Bessel function argument.

Potential difference, voltage (volt).
Velocity (ms_l).
Mean velocity.

Velocity at channel forming discharge.

width (m).
Channel width between high water marks.
Water surface width.

Exponent in exponential relation between
A and Q, Q e< A"

Shape factors.
Length coordinate along channel (m).

Length coordinates of critical sections.

Parameters of Storage Model based on
/7 —-distributicn.

Abbreviation fer exponént (w - 1)/w.

Exponent in exponential relation between
) Z
WS and @, WS o< Q



=

- Relative change in discharge during a surge test,

Q/Qp-1.

Non-dimensional dispersion coefficient.
Gamma Function.

Abbreviations for térms in ¢ andlsti.
Finite step.

Slope angle.

Parameter of /7 -distribution.

Length of a réservoir (m).

Viscosity.

Kinematic viscosity (mgs_l).

Dummy length variable (m).

3.1416.

Specific mass (g cc_l).
Specific mass of bed material.

Specifiic mass of water.

Proportion of channel length occupied by
reservoir.

Dummy time variable (min. or s).



1.2"Abbreviati0ns‘

B1 Blaney Creek.

Br Brockton Créek.

C.I. Constant injéction.

cce Cubic centimeter.

d Derivative.

& Fartial derivative.

D Total derivative for a mecving observer.
DO Downmsurgep downstream of

ft Feet.

X 1000 chms.

km Kilometer.

Lo ‘ Longitude

Lat Latitude

1 Liter

log x Natural logarithm of x.
loglox Logarithm to base 10.

mm Millimeter.

m Meter.

mir. Minutes

NaC1 " Sodium chloride, common salt.
NTS National topographic series.
Ph Phyllis Creek.

P1  Placia Creek.

RhWT Rhodamine WT;_fluoréscent dyé manufactured by

Du Pont.



R-square, the fraction of total sample variance
explained by a regression.

] . Sy P \ ' \' . N
Sodium dichromate, hago7CP2 2H2Q.
Seconds.

Up-surge, upstream of

Time-concentration curve measured here.



2. " INTRODUCTION

Runoff concentration dénotes thé process which trans-
forms rainfall or snowmelt over a basin to stream discharge
at the bésin outlet. This transformation is an important and
complex problem of hydrology, which has received considerable
attention, but remains without a'satisfactory, génerally
accepted solution. Hydrologists are often interested in peak
flows at certain locations along a stream, but it is a
fortunate accident if adequate stream flow records happen to
be avallable for the desired site. In many cases, meteoro-
logical records have to be used to estimate peak rates of
rainfall or snowmelt, which are then transformed to stream-
flow.

Two different approaches towards the precipitation-
runoff transformation appear to be feasible, with the added
possibility of combinations between the two. The simulation
approach avoids the detailed physics of the runoff process
by simulating it, or certain parts of it, with systems which
may be classified into "black box" systems) concéptual
models, or electric analogués; The alternative may be called
the physical approach, as it involvés dividing thé runoff
process into cléarly identifiablé sﬁbprocesses; which are

dealt with on a physical basis. Amorocho and Hart (1964)



discuss the various possibilities in detall.

The popularity of the ”bléck box" systéms approach,
of which the Unit Hydrograph is the prime example, 1s a result
of the widely held belief (or hope) that linear systemsl
represent most basin responses adequately. The theory of
linear systems is quite advanced and it lends itself to an
almost unlimited number of mathematical exercises.

Recently the number of non—believefs has been growing2
as evidence is accumulating that most basins have sufficiently
sﬁrong non-linear effects to render the linear approximation
dangerous (leading to underestimates of peak flows).

There are, however, further and better reasons for the
use of "black box"systems. Some of the runoff concentrating
processes take place over the entire basin area and may be
extremely variable, rendering detailed physical description
impractical (at least at present). A pure "black bdx“ type
systems approach to such a process, ignoring the physical
aspects entirely, may lead to good results. The non-

linearities of a basin may also be concentrated in a few

1To be linear, a system has to satisfy the following
conditions:

Assuming f7 (t) and fp (tf) are the responses to inputs
f3 (t) and f) () respectively, then (f1 + fp) is the response
due to input (3 + ). The mathematical formulation of linear
systems leads fo linear differential equations.

2Numerous papers in the Proceedings of the International
Hydrology Symposium, held at Fort Collins, Sept. 6-8, 1967 and
in the Proceedings of the Symposium on Analogue and Digital
Computers, Tucson, 1968, can be cited as evidence of this
trend.
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procésses,.so that even linear systems may giVe good approxi-
mations to othérs.

Much of thé most recént work on rﬁnoff simulation is
based on simple conceptual models of thé total runoff process,
such as linear or non-linear reservoirs, in series or in
‘parallel, systems of uniform permeable soil layers, or systems
based on one-dimensional dispersion. (Overton, 1967; Sugawara,
1967; Diskin, 1967).

The major difficulty with all simulation approaches
lies in the problem of parameter identification. Most systems,
even quite primitive ones, have enough free parameters to
permit close fitting to a particular set of rainfall-runoff
data. The somewhat more severe test of representing runoff
events of different magnitude from the same basin without
requiring parameter adjustments, is also met by many of the
recently proposed simulation systems, but to be really useful
the parameters should have fixed relations with identifiable
basin characteristics. This condition is not met by any
presently available simulation model.

The physical approach consists essentially of identify-
ing the processes that contribute significantly to the
precipitation-runoff transformation, formulating thé differential
equations governing them, searching for practical solutions,
and finally dévéloping field and officé procedures which supply

the free parameters from readily avallable data.
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Such a truly physical’tréatment of the total runoff
process woﬁld avoid the identification problém; but it is
unfortunately qﬁite'impossible at préSént, not so mﬁch for
lack of understanding of the major processes as due to the
complexity of most basihs and the difficulty of separating
the processes from each other. However, some important
processes are both separable and fairly well understood, so
that the physical approach has become possible and, by avolding
the identification problem, has superceded simulation.
Examples of such processes are the propagation of flood waves
in prismatic chahnels, surface runoff from pavedAsurfaces,
evaporatién from large, deep lakes, and infiltration infto
uniform soils.

In conclusion it appears to the writer that the most
profitable direction for new research on runoff processes
lies in the physical field, aiming at a gradual replacement of
simulation models with more closely representative physical
models. The research project which forms the basis of this
thesis was designed in accordance with this belief.

2.2 Separation of the Runoff Process into Land Phase and

Larson (1965) suggests the separation of the runoff
process into two phases; a land phase, which transforms rain-
fall or snowmelt to runoff supply (Larson's term for channel

inflow), and a channel phase, transforming runoff supply to
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basin outflow. Figure 1 illustratés this division. The land
phase is similar to thé total runoff procéss fme;Very small
basins and includes all thé COmpléx interacting processés which
can take place over the éntire basin area, but should remain
constant over regions of similar topography, vegetation and
soil characteristics (e.g. evapo-transpiration, infiltration, .
interflow, etc.). In basins with negligible water losses

out of the channel system, which includes most basins in the
humid zone, the chaﬁnel phase 1s dominated by the single
process "wave propagation in open channels".

For representation of the land phase the simulation
approach appears to be best suited under the present circum-
stances. The parameters can be evaluated on the basis of
rainfall-runoff data from small test basins (small in the
sense that the channel phase 1s negligible) ih the region of
interest. Parameter consistency is not an absolute necessity
due to the assumption that the 1and.phase'is regionally con-
stant.

Under conditions of heavy rainfall on fairly imperm-
eable or thoroughly wet basins with high drainage density,
the land phase may even bé réducible.to "Rainfall-Overland
Flow-Runoff Supply" (Figuré 1) with small 1ossés and negli-
gible time lag. Thé efféct of the land phasé on the ocutflow
hydrograph in the vicinity of thé péak may thén be'négligible.
In most cases oné has to assume that thé land phase controls

the volume of runoff and contributes in a non-negligible
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manner to the shape of the hydrograph.

Larson's basic assumptions which, i1f proven, cértainly
will justify the two—phasé approach, aré that the channel
phase accounts for the différencés between basins due to size
and shape and that the dominant process in that phase (wave
propagation) may be fully representable from readily avail-
able data. He envisaged this roughly as follows: Maps
show the channel network in plan; channel dimensions and
roughness can be obtained in the field or on large scale alr
photos. Alternativeiy maps can be used to make rough esti-
mates of channel forming discharge and the considerable body
of knowledge on felations between size, performance and dis-
charge of self-formed channels will permit estimates of the
necessary parameters. Once the dimensions of the channel
system are estimated, standard methods of flood routing should
give good representations of the channel phase.

The two phése approach cannot be considered operative
at present. The usefulness of the concept hinges on the
physical representation of the channel phase. If this can be
done, then the concept does represent a step forward by
removing one part of the runoff process from the realm of
speculation and simulation. Larson does not seem to have
realized this cléarly; as his channel phase 1s based on long
disproven concepts such as using a single constant value of
Manning's n for largé flow ranges in many natural channels

or assuming flood wave movements at mean water velocity, and
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he never investigates the crucial question whether the
pafameters of his channel phase representation, as obtained

by curve fitting, are related to the field values.

2.3 The Objective of This Study

For several reasons, the two phase approach appears a
" priori to be particularly suitable in mountainous areas. The
channel system 1s generally well developed and easilily traceable
on maps. In addition to a plan of the channel network with
contributing drainage areas, maps also supply channel slopes,
one of the most important parameters in any type of flow
routing. Soil cover is offten thin and lying on steep,
impermeable léyers, resulting in a fast-acting and therefore
less important land phase. If runoff originates mainly in
glaciers and snowfields, the land phase can be replaced by an
ice-phase, supplying water to the channel system at discrete
locations, but the general approach remains valid.

The major obstacles to applying the two-phase concept
in mountainous aréas are:

i) The present lack of information on the formative
laws and hydraulic performancé of steep channels character-
ized by alfernating super- and sub-critical flow and by energy
dissipation dué to rapid changes in cross section and slope,
(Peterson and Mohanty (1960) introduced the very descriptive
term "tumbling flow" for this floW'regime; Photographs 1 to
6 illustrate tumbling flow;) and

ii) The lack of a realistic routing method, which does
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not require virtually unobtainable information on the channel
systém.

| The présent thesils répresents an attempt to sclve fhese
problems by investigating the physical laws governiﬁg steady
and unsteady flow in steep channels and by trying to state
them in such a form that all parameters can be obtained from
data readily available even in ungauged basins. The details
of the link between the flow parameters and map measures are
discussed in Day (1969). His 1links are statistical but based
on considerations of dynamic similarity.

The problems were approached empirically, starting with

field measurements and concluding with analysis of the data,

a sequence which has been maintained in this write-up.

2.4 Assumptions regarding Readily Available Data

The design of this project is based on the assumption
that ungauged basins have (i) map..coverage, (ii) high altitude
alr photo coverage and (1ii) data on precipitation and runoff
for at least one location in the same climatic region.

Some of the channel phase models developed subsequently
require a very rough estimate of mean annual peak flow, or
a high flow of some other freguency. Item(iii), combined
with map information, should pérmit such an estimate to # 50%.

Map coverage suppliés thé following information:

(i) a plan of the channel network, (ii) contributing drainage

areas all along each channel, and (iii) channel slopes. The
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accuracy of this information depends primarily on the scale

and contour interval of the maps, but other factors, such
as the procedures used in map making and the height and
density of ground cover in the case of maps made from air
photos, may also be important (Morisawa, 1957; Scheildegger,
1966).

The standard Canadian map scales are 1:50,000 with 50
f't contour interval and 1:250,000 with 500 ft contbur inter-
val. Only a small fraction of the Canadian Cordillera has
1:50,000 coverage but this includes most developed areas and
highway routes.

To gain some idea of the degree to which these two map
. scales represent drainage networks in south-coastal B. C.,
three of the basins used in this study (Furry Creek, Phyllis
Creek, Blaney Creek) were analysed morphometrically for stream
orders, number of streéms and mean stream lengths. One basin
(Blaney Creek) could also be analysed on maps to a scale of
1:2400 which, based on a few spot checks, appear to give a
reasonably true representation of the drainage system, 1nclud-
ing first order streams which contain some flow during most
of the wet season. (The Slesse and Ashnola basins could not
be included in this analysis because they lie partly in the
United States, where the accuracy and scale of the map
coverage is significantly different.)

The results of the morphometric analysis are shown in

Table 1 and on Figure 2. The channel network measurements are
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TABLE I

COMPARISON OF MORPHOMETRY BASED ON THREE MAP SCALES

Map Scale Stream Furry Creek Phyllis Creek Blaney Creek
Tanq Order No. of Mean (km) No. Mean (km) No. Mean (km)
ype ' Streams . Length Streams Length Streams Length
1:250,000 1 Ih 1.62 3 1.35 2 3.75
NTS 2 3 1.75 1 3.25 1 2.00
3 1 6.50
1:50,000 1 34 0.785 6 0.79 12 0.63
NTS 2 10 0.985 2 1.27 3 1.18
3 2 3.800 1 2.05 1 .10
b 1 4,100
1:2400 1 86 0.23
UBC Research 2 21 0.44
Forest, 3 h 0.56
Topography ! 2 2.38
and Forest 5 1 1.90

Cover.

Notes:

- Figure 2 shows the same data graphically.

- The channel network 1s based on the blue lines shown as the maps with additions
on the contour picture.

- P1a01d Creek is part of the_Blaney Creek basin.

based

6T
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based on the blue lines of the maps with some additions. and
extensions based on the contour ﬁicture; (Morisawé, 1957).
Lakes are réplaced by stréam ségments. Sincé running water
18 not a chiéf agént in dévéloping the surfacé géometry of
these basins, it i1s not surprising that Figure_Zldoes not show
logarithmic relations between stream order and stream numbef
or stream length, és found by Horton and others in many basins.
However, with increasing basin size and increasing map scales,
the relations become ﬁore closely logarithmic.

Figure 2 indicates that the 1:50, 000 maps miss most
first order and some sécond crder streams, while®the 1:250, 000
maps miss the first, second and part.of the third order. These
relaticns may be different in other basins. ‘If‘possible, a
similar compérative study shoﬁld be made before data obtainead
on a 1argé scale.map are extrapolated to first order channels.

Figure 3 illustrates the extent to which channel slope is
obtainable from maps of variocus scales by comparing the survey
results (hand level profiles) of 2 test reaches with profiles
from maps of scales 1:2400 and 1:12;000.

Air photos are considéréd part of the essential data
for ungauged basins because the Canadian maps provide little
information on vegétativé covér and on béd-rock exposures.
Particularly at the lower end of hanging valleys, somé streamns
flow directly on bed-rock; oftén without as much as a minor
canyon. This doés affect thé channél performance considerably.

Dense tree cover and the presence of logging slash result in
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- frequent log jams in small streams, again affecting channel
pérformance. The presént data are not adeéuaté to define
the conditions undef which log Jjams bécOmé significant; but
it appears that at a channel width of approx. 12 m to 15 m
log jams cease to be significant, at least in south coastal
B. C. Channel slope has also a pronouncéd influence on the

formation of log jams, with flat reaches being generally more

debris choked.
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3. FIELD METHODS

3.1 Selection of Test Reaches

The critéria for séléctibn of test féachés-ﬁéfe.és

follows:
(1) The data were to cover thellafgest.pOSéible
range of size (width) and slope.
(1i1) To test the unsteady flow behaviour, upstream

lakes with outlets suitable for minor flow modificatiohs
were required.

(iii) Since measurements were to be made over as large
a discharge range as possible, easy accessibility from Van-
couver was also an important consideration.

Four streams, covering a range of mean width from
0.89 m to 14.0. m were finally selected and 2 to 5 test reaches
were established on each stream, covering a fairly wide range
in slope. (See Table 2 for a list of reaches.) None of the
I streams had previous discharge records. The smallest stream
(Brockton Cfeek) has no official name and does not appear on
any map. Due to its location at tree line it is not affected
by forest debris (Photograph 1). At flows in the order of the
mean annual flow, some water spills out of the stréam channelA
proper on the upstream tést rééch and follows the stréam in
some parallel minor depréssions.

Placid Creek in the UBC Research Forést flows through

an area covered by dense second_growth'forést approximately



TABLE II

TEST REACHES BELOW LAKES

Creek %;;gfiggch) ?eigg L?g%th ?g?p Sigpg ggéog Width Coeff.of Drain- Estimated
' d% n g s 53 inp WD Variation age Mean Annual
stge;m) x10° Survey  (m) for Wy Area  Peak
(km®) (m3s_l5'
Brockton ‘
Creek Mt.Seymour  Br 1-2 119.0 .8.8 Th 36 0.89 499 0.0655 0.20
Park, '
Elev. 4,000
Lo:122056: Br 2-3 80.5 28.1 349 27 0.99 .611 0.0880 0.20
Lat:49023
Placid UBC Research P1 1-2 960 79.7 83 64 2.75 .387 0.614 1.5
Creek Forest,
Elev.1l,400' Pl 2-3 610 21.6 35.5 L1 3.16 .373 1.17 2.5
Lo:122034"
Lat:49018.5' P1 3-4 1844 62.4 33.9 122 7.02 400 2.60 5.0
Blaney UBC Research Bl 1-3 685 31.9 46.6 46 12.76 Lhu35  7.43 12.0
Creek Forest, 1,
Elev.950£ Bl 3-5 335 17.5 39.0 23 11.06 La1h4 o 7.70 12.0
Lo:122034 .5
Lat: 49017 Bl 5-4 930 85.3 9L, 7 62 12.92 .292 7.94 13.0
Phyllis Nr.Britannia Ph 1-2 770 23.7 30.5 52 11.48 .314 8.69 15.0
Creek Beach, B.C.
Elev.l,UOg' Ph 2-3 716 34.9 48,7 48 12.57 .216 10.41 17.0
Lo:123011
Lat:k4go34' Ph 3-4 617 39.5 6U 42 12.64 .190 10.99 17.0
Ph L4-6 305 30.2 99 21 12.28 .226 11.34 18.0
Ph Lo 140.5 30.8 219 10 14,04 .167 11.81v 19.0

no
g

1This reach has a sudden steep drop in the last 40 m. The slope of the long flatter
rart is shown here.



25

20 years old and its flow regime is affeéted by frequent log
Jams (PhOtograph‘2): The lowest Placid reach flows through
two bulldozed firé pools; and thé slope is irregular.

Blaney Creek flows through an area that was burnt
over approximately 80 years ago. Its flow regime is affected
by log jams at approximately 150 m intervals (Photographs 3 and
L.

The valley of Phyllis Creek was logged 20 to 30 years
ago but the creek seems to be of sufficient size to have
cleared itself of most debris. Only the flattest top reach
has 2 log jams (Photograbhs 5 and 6).l

In addition to these 13 test reaches, which were,
except for two, tested for steady and unsteady flow, Day
(1969) tested another 12 reaches for steady conditions only.
As he did not require upstream lakes, the cholce was much
wider and the reaches are in general more satisfactory for
the purpose of steady flow tesfs. Séme of Day's streams have
discharge records and the test reaches are usually more uni-
form in slope. Table 3 lists the 12 reaches tested by Day.

The test reach length varies Trom 80.5 m to 1844,0 m
and the‘length to width ratios vary from 10 and 349, but most

reaches have ratios between 30 and 80.

Ithe lowest reach. on Phyllis Creek was tested by
Mr. T. Day. TFor convenience, the results are presented here,
together with all other Phyllis reaches.



ADDITIONAL TEST REACHES (from Day, 1969)

TABLE TIIT

Creek

Location

Reach

Length
(m)

Drop

(m)

Slope
sin 8
x103

No. of
steps in
survey

Wid
Yp

(m)

th

Coeff.

of Drainage

Variation Area
for WD

(km2)

Fury
Creek

Slesse
Creek

Juniper
Creek

Ewart
Creek

Near Britannia
Beach, B. C.
Lo:123°12!
Lat:49035"

South of

Upper

Chilliwack,- B.C.

Lo:121©38"
Lat:49001"
Lo:121038!
Lat: 49°01"

Lo:121039:"
Lat: 49002

South of
Keremeos ,. B.C.
Lo:120002"
Lat:49006"

South of
Keremeos , B.C.
Lo:120¢02!
Lat:49°06"

Lo:120002"
Lat.49008"

Mid

Low

Upper

Low

229

584
541

1402

610

579

1125

29.

20.

.

81.

20.

5.

5

129-

34.3
43.3

33.5

134

34.8

4o.8

16

21
18

b7

b1

19

36

20.

2

27.0

22.

19.

16.

14.

.03

36

.304

.222

.239

.285

4ot

.267

.302

39.0

105.1

110.4

126.0

21.8

80.8

95.8

9¢c



TABLE III (cont'd.)

Creek Location Reach Length Drop Slope No. of Width Coeff.of Drainage
: " (m) (m) sin @ steps in Wy Variation ArSa
x103  survey (m) for Wy (km2)
Ashnola South of Upper 490 5.09 10.4 17 21.1 .170 221.5
River Keremeos, B.C.
Lo:120011!
Lat:49°09"
Lo: 120710 Mid 1003  26.0  25.9 33 28.2 .218 408.5
Lat: 49010
Lo:120010! Low 747 26.0 35.1 25 _ 22.1 . 225 409.5
Lat:49010" )

Le
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With the possible exception of the most upstream
reach on Blaney Creék, none of the test reaches have flood

plains.,

3.2 Survey Measurements

While the objective of the thesis calls for definition
of the channel phase on the basis of map and air photo data,
it was nevertheless considered necessary to measure length
and slope in the field, mainly because the reaches could not
be located adequately on maps, but also to compare map
profiles with field data (Section 2.5).

Length and slope were usually obtained simultaneously
by chalning and hand-levelling in 50 ft. or 100 ft. steps.
The profile points are the deepest parts of the channel where
possible, otherwise water surface. The step size is suffic-
iently long to eliminate most of the characteristic pool-
riffle sequence. Aneroid measurements were'used as a check
against large levelling errors. Figures 3 and 4 show the
profiles of the 13 test reaches of this study.

Originally it had been planned to measure two hydraulic
parameters, width and roughness, but no satisfactory method
for ﬁeasuring roughnéss could be designéd. When it became
apparent from considerations of dynamic similitude (Section
5.1) thét roughnéss is a redundant paraméter in a hydrological
flow modél, attémpts to méasure it were abandoned.

The channél width, frOm high—watér mark to high-water

mark, was measured at_eachfprofilé point (50 ft or 100 ft
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intervals). As indicated by Phdtographs 1 to 6, channel width
is fairly well defined by a line of permanént végétation. The
high-water mark follows this line closely. It generally
consists of an abrupt change from férest floor or meadow to
channel bed (exposed gravel). Tables 2 and 3 show the mean
values and coefficients of variation for each reach. Most
measurements were made with a survéy tape, but ftowards the

end of the field work a rangefinder became available, which

proved to be very suitable for this type of survey.

3.3 Tracer Methods

3.3.1 Objective

The main objective of the tracer measurements was to
establish the relations between discharge, velocity, and
channel area under conditions of uniform flow and covering
the largest possible range of discharge.

At times tracer methods were also used for simple local
discharge measurements, whiéh were needed to define the

stage-discharge rating curves as mentioned in Section 3.4.5.

" 'Slug Injection Methods

Tracer méthods aré ideally suitéd for measuring the
channel flow variables which aré significant in runoff studies,
namely discharge, mean velooity; and channel storagé (area).

If a slﬁg of'tracér of mass M is injected into a stream

-of discharge Q and the tracer concentration C (mass per unit
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volume) is measured at a location sufficiently far downstream
to permit the assumption of complete lateral and vertical
mixing (see Section 3.3.2), the principle of conservation of

mass takes the following form (Replogle et al., 1966)
€

e
M = // Q C dt ... 3.1

t
S

in which ts is the arrival time of the tracer, and te is the
time at which all the tracer has rassed the sampling site. If

Q 1is steady during the interval ts - te, Equation 3.1 gives

T )
e
Q=M / / Codt c.. 3.2
+ ’ .
S

which shows that Q can be measured by injecting a known volume
of tracer into a stream and observing or sampling the time-
concentration curve at a downstream location.

The mean travel time Tt of a tracer cloud between the

“point of injection and the sampling location is (Thackston

et al., 1967)
Tt= [ cC t dt / f Cc dat ees 3.3

and this is only identical to the mean travél_time of the
stream water, T, if instantanéous vertical and 1atéra1 mixing
at the point of injection can be assumed with no tracer

being dispersed upstream or if thé tracer is injécted above

the test reach and T is obtainéd as thé differencé bétweén the
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th values for the.upstréam and downstream end points of the
reach.

The mean water velocity along the reach of length
1 is

_ 1
Vm— T .3”

and from continuity, the channel area of the test reach

becomes

A =

%—912 3.5

m

3.3.3 Vertical and Lateral Dispersion Requirements

The mechanics of vertical and lateral dispersion in
straight, uniform open channels is well developed (Diachishin,
1963; Fischer, 1966). Criteria for the time or distance which
assure adequate2 mixing have been developed but their appli-
cation to tumbling flow is not reasonable. Empirical methods,
such as sampling across the channel and visual inspection of
the dispersion of dyes were therefore used to determine whether
the lateral mixing réquirements wére béing met. If possible,

- the test reaches were located so that_they started at severe
channel discontinuitiés (watérfall;, constrictions), which

assure fast mixing. On some of the short reaches it was

necessary, however, to inject the tracer above the reach and

2Complete dispersion. is not possible in finite time
due to the continuous nature of the process (see Eguations

3.7 and 3.13).
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to observe two time-concentration curves for one measurement
of v_.
m A

On several occasions the velocity of long reaches was
measured twice at closely similar flows by injecting the
tfacer at the starting point of a reach and by injecting

further upstream. There are no significant discrepancies

between these results.

3.3.4 Longitudinal Dispersion Models

The tracer techniques outlined in Section 3.3.2
require the evaluation of integrals over observed time-
concentration curves. Longitudinal dispersion 1s primarily’
responsible for the shape of these curves. If the ébserved
C (t) - curves cover the interval ts - te adequately for
numerical integration, the mechanics of dispersion can be
ignored. However, in the course of this study it happened
frequently that field observations had to be terminated before
C (t) had declined to negligible values and it became neces-
sary ,therefore, to develop a dispersion model which would permit

extrapolation. Particularly in the equation for T, (Equation

t
3.3), the decline of C at 1argé values of t carries consider-
able weight.

The threé main procéssés causing longitudinal dispersion
are: longitudinal turbulencé; turbulént mass exchangé between

stream lines of differing velocities, and storagé of tracer

in pools and dead zones. Molecular diffusion is only important
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at extremely small scales.

Taylor (195L4) showéd that thé one—dimensiohal diffusion
equation givés a fairly good répresentation of longitudinal
dispersion in uniform, turbuient pipe flow. Elder (1959)
extended the analysis to infiniteiy wide open channeis and
Fischer (1966), Church (1967), Thackston and Krenkel (1967),
and many others have examined its applicability to natural
channels.

The one-dimensional diffusion equation is

o
Q
~2¢
N
Q

8 C _ ‘
5T + Vi = D — ... 3.6

|

o
w
b
o
t
N

in which x is the longitudinal coordinate, and DX is the dis-
persion coefficient. For slug injection of a tracer of mass M
at t = o, x = o, the solution takes the following form after

vertical and laferal mixing are almost complete

' ) M C(x - vm.t.)2
C(x,t) = “K;réiTE;E_ exp (- I 5% ) o 3.7

X

It shows thét the tracér is distributed normally over x,
with the centre moving downstream at vélocity v and the
variance incréasing as 2DXt. Most dispérsion data aré based
on observation of C at constant X, x = 1. Under these con-
ditions, Equation 3.7 is skéwed to the right, which agreés

with field data.
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Substituting 3.7 into 3.3 gives

. - .2D,
_ 1 X
T = s * ... 3.

in which the second term on the right accounts for the fact
that initially some tracer may be dispersed upstream:
(Thackston et al., 1967). Although 2DX/vi < < l/vm through-
out this study, Equation 3.8 is further proof of the neéd for
fast initial mixing.

Eqﬁation 3.7 was fitted to several observed time-
concentration curves, using the least sguares fitting method
proposed by Thackston et al. (1967).3 Figure 5 shows a typi-
cal fit. The agreement between Equation 3.7 and the field
data is generally close over most of the C (t)-curves but the
predicted final decline of C 1s always much faster than
observed declines, indicating that the oﬁe—dimensional dif-
fusion equation (3.6) does not really represent dispersion
in natural channels,

Hays (1966) developed a new model, which includes
dead zone storage effects besides oné—dimensional diffusion.
It appears to répresent thé slow décline of C véry weli, but
unfortunately, 1t is rather difficult to-handle, requiring a
Fourier transformation of thé field data and subsequent curve

fitting in frequency space.

3This method is based on the IBM Share library prog-
ramme NLIN2, described by Marguard (1964).

8
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3.3.5 A Gamma-Distribution Model for the Final Decline of C(t)*
Sincé the field data of the present study define the
main part of the,Q(t)—curves adequately, an attempt was made
to develop a simpie model for the final decline, considering
only tracer storage in pools. It is based on the assumptions:
(1) The stream acts as a cascade of reservoirs with
Steadyvflow Q.
(i1) All reservoir volumes R. are equal to Ty Q,
with TR’ the filling time, being an arbitrary time constant.
(1ii) Mixing is instantaneous in each reservoir.
(iv) The dispersion process is initiated by injecting

a quantity M of tracer into the first reservoir (RO) at

time tS = 0. The initial concentration in Ro is therefore
_ _ M
Co (t =0) = TEQ 3.9

(v) The travel time between two reservoirs is
constant for all water or tracer particles and can therefore
be ignored in the following.

These assumptions lead to a system of linear, non-
homogeneous differential equations of first order for Ci(t).

The general form is

=
H
1
—t
|
w

.10

oh
t
—3
=3

*Through a reference in Water Resources Research, Vol. 5,
No. 4, p. 927, August 1969, a paper by MacMullin and Weber
(Trans. Am. Inst. Chem. Engrs., Vol. 31, pp. 409-458, 1935)
has recently come to the writer's attention. It contains an
identical .derivation, based on considering the outflow from a
series of well-mixed vessels.
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The solutions are

-
R 7
Reservoir R C_ (%) = M e R
0 0 TRQ B
v
. T
Reservoir R C., (t) = M t e R
1 1 T 2Q
R
_t
M 1 Tg
Reservoir R. C. (£) = - t e 3.11
i i i+l :
1!TR Q
The successive peaks occur at t = iTR and the mean tracer
travel time is Tt = (1 + 1) Tg.

Equation 3.11 can be compared to the gamma distribution

-kt

K -1
fr (8) = mzy &t)70 e | .. 3.12

xR
VvV v
oNoNe

Keeping in mind that /" (r + 1) = r! for r = 1,2,3
Equation 3.11 can be rewritten as

. ) i . -
Cs(t)Q 1 ‘(Tl) 1

M - Tn/ (1+1) =

_t
R

3.13

which shows that thé genéral solution is proportional to a /-
distribution with parameters (i + 1), (1/Tg), and t.

Initially the quéstion of whéther this storage model
could représént the total timé—concéntration cﬁ;vés was
explored by fitting it to several sets of field data

(Figure 6). In comparing it with the diffusion model one may
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say that:

(1) Both models can bé,fitted almost equally well to
the obsérved timé—cdnoéntration data, but both fail to rep-
resent the slow decliné of C at 1argé values of t.

(ii) The storage model can account for the finite time
lag between tracer injection and the first arrival at the
sampling location. In the diffusion model the tracer covers
the whole reach immediately.

(iii) The diffusion model gives better parameter
stability. The number of reservoirs in the storage model
does not necessarily increase with channel length, neither
does TR’ the feservoir filling time, decrease with flow Q.

(iv) The third moment ratio of the /ﬂ—distribution-is
2/Vr , Indicating that with increasihg channel length the
skewness of C (t)=curves should decrease, which does not
appear to be consistent with field results.

In spite of these deficiencies, the storage model can
represent the final decline 6f C (t), if the fit over the main
part of the C (t)-curves is ignored, which amounts to splitting
the dispersion phase into two parallel phases; a dispersion
phase, responsiblé for moving most of thé tracer and a storage
phase, which dominates - the final decline.

Equation 3.11 is ésséntially of thé form

Y -Y_t
C(t) =¥, 2 e 3

in which the Yi are constants.
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Taking logarithms on both sides gives

1leo c = logloYl + Y2 loglo t - Y3t

which shows that (3.11) can be tested by plotting the field
data in the form (logloc - Y2loglot) vs. (t), for selected
values of Y2' Equation 3.11 is a good fit if the data points
fall on a stréight line. With very few exceptions, which
are attributable to the difficulties of determining low C
values, the field data plot as shown by the two examples of
Figure 7. Some similar computer-made plots are shown in the
Appendix under Subroutine "TAILEX".Ll

The final decline of C (t) appears to be similar to a
/7 -distribution with 1€ r € 3. A good fit was generally
achieved by setting r = 2 (i = 1), but r = 1 (negative
exponential decline) could have been selected with almost
equal justification. Figure TA shows a set of data which
.covers almost the complete decline of C (t) and Figure 7B
~1llustrates the graphical fitting of a /" -distribution exten-
sion to an incomplete set of C (t)-data. On Figure 5 the
resulting curve is plotted in C - t coordinates. Similar
computer—madé plots are shown in thé Appéndix under Subrout-
ine "PL@TGA".

The above storage model represents only a small first

step towards an understanding of longitudinal dispersion in

uThe paramefers Y

in the Appendix.

15 Y2, and Y3 appear as A, B, and C



b2

10;
o Y2=O
o
— 0 \ , , , —
» TS50 100 150 200 * tinmin.
s T xr
. |
(&) =10
o
(o]
-

-20-

Fig. TA Test covering C(1) decline almost completely

5..
- Y= .49
3 \llo\ 0 40 50  tin min.
) Y3 =.086 Yo=1
>_N .

..5..
!
(3]
o -0
-

-|5-

fﬁﬁg. 78 Incomplete test with /- extension
Test BR R2, GIUP-|-2X

GRAPHICAL FITTING OF STORAGE MODEL
Fig.7



43

tumbling flow channels. Thé large numbér of C (t)-curves
méasured in the course of this study should pérmit a more éom—
plété invéstigation; concentrating on thé predictivé qualities
of the storage model, but this is not part of thé present

objective.

3.3.6 Eguipment and Procedure for Slug Injection Measurements

A1l the C (t) curves includediin this study were mea-
sured with either one of the following methods:

(i) fhe relative salt dilution method, based on
electrical detection of a Na Cl-solution}

(ii) the dye dilution method, based on fluorometric
detection of a fluorescent tracer (Rhodamine WT).

A detailed description of both methods, based partly
on the experience gained in the course Qf this study, is
in press - (Church and Kellerhals, 1969). Only a brief summary
will be given here‘.5

The relative salt dilution method (Aastad and Sognen,

1954; @strem, 1964) uses the linear relation between concen-

~tration of salt and conductivity. A known volume (generally

5Initially a few discharges were measured by injecting
the tracer (Sodium Dichromate or Rhodamine WT) at. a constant
rate and then determining the dilution ratio between injected
solution and stream water. This "constant rate injection
method" is described in Church and Kellerhals. (1969). The
equipment is, shown on Photograph 16. The method. was not
suitable for this study because it cannot give velocity and
offers no advantages over slug injection methods for simple
discharge measurements.
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10 to 100_1iters)-of a 'salt solution, whose concentration need
not be known, 1is slﬁg«injéoted into the stream and the passage
of the salt wave is observéd downstream with a portablé con-
ductivity meter and electrode. A small sample of the initial
solution is retalined for the construction of a conductivity-
concentration rating curve by successive dilution. The main
.advantages of the method are the possibilities of computing
discharge in the field and avoidance of laboratory work. A
disadvantage is the relatively bulky field equipment, con-
sisting of 2 vats with needle gauges, palls , approximately

1 kg of NaCl per mBS-l to be measured, pipets, 2 volumetric
flasks, conductivity meter, electrode, and stop watch.
Photographs 7, 8, and 9 show the main items.

The dye dilution method used here is particularly suitable
under difficult field conditions as during severe rainstorms.
Accurately measured amounts of the liquid tracer (Rhodamine
WT-dye) are injected from the pipet directly into the stream
and the C (t)=-curve is defined by taking 10 - 20 small water
samples at the downstream location for later analysis on a
fluorometer. Photograph 10 shows‘thé equipment.

Not discussed in Church & Kellerhals (1969) is the
recording conductivity bridge (Photograph 11) built to avoid
the tedium of measuring condﬁctivity-timé curves at extremely
low flows. A brief déscription of this bridge may be in ordgf

as no similar instrument appears to be available commercially.
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The principle of operation is fto record the of f-balance
poténtial V of an AC-bridge on a O - 1 volt Rustrak recorder

with high inpﬁt impedance, RG = 100 K. The circuit diagram

of the bridge is shown on Figure 8.
The response V is

ERG (RG - 1)

V= merD (R +2R;)¥2R

3.14

in which E 1s the exciting voltage, which is adjustable between
zero and 40 volts, R is the adjustable resistance which can

take any value between 0 K and 85 K, R, is fixed at 5.11 K

C
and G 1s the conductivity measured by the probe. Computed and
measured responses are plotted‘on Figure 9. The difference
between the two is caused by the sighificant but neglected
threshold voltage and voltage loss of the inverter.

With careful selection of exciting voltage, amount of
salt to be injected, and initial background adjustments, the
bridge can be operated in the linear range between responses
of 0.2 and 0.9 %olts.

To conserve the exciting voltage E dufing long periods
of continuous operation, an electronic intérval timer was

built6 and inserted between the bridge and its power supply.

The recorder runs off an Independent power source.

6The design of the timer was déveloped recently by
S. Outcalt of the Dept. of Geography, UBC, and W. Schmitt,
Dept. of Civil Engineering, UBC.
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3.3.7 Tracer Losses

The tracer methods for discharge measurements assume
consérvation of tracer mass; From Equation 3.2 one can see
that tracer losses dﬁe to absorption.or chémical reactions
result in overestimated discharge,while tracer loss due to
seepage of water out of the channel results in underestimates.
The travel time, Equation 3.3, however, is independent of the
tracer mass as long as the losses do not affect the shape of
the C (t)—éurve. To permit correction for losses, most

tests with long mean residence times T, were only interpreted

t
for Tt according to Equation 3.3, discharge being measured
with a separate test over the shortest pérmissible reach.

Almost all Rhodamine WT test results show a certaln
amount of %tracer loss due to absorption or chemical dis-
integration of the tracer. The loss rate L, in percent per
minute can be estimated from two simultaneous tests, one over
a long reach and the other over a short reach, both ending

at the same sampling position. Assuming that the measured

discharge Qm and the true discharge Q are rélated as

- Q
Qm = TE——T.‘ v ... 3.15
~10 t
leads fTo ©100(1. - QS/Ql)
I, = ... 3.16
Tt,l‘@? Tt s

in which the subscripts 1 and s refer to the long and the

short reach respectively, and Q and Tt are computed according
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to Equations 3.2 and 3.3 respectively. L is commonly in the
ordér of 0.1 to 013 percént pér minute. No réason could be
found for thé obsérved variation in L. Most dischargés based
on Rhodamine WT tests wére correctéd according to Equation
3.15, with L-values estimated from double tests.

No consistent evidence of tracer loss appears in the
salt dilution data, but long travel times definitely tend to
result in unreliable discharges. The cause is probably a
combination of tracer losses and changes in the background
conductivity of the stream. The conductivity changes observed
during the passage of a salt wave can only be converted to |
salt concentration if the background conductivity remains
constant or changes in a predictable manner, neither of which

was true in very extended tests.

3.4 Surge Tests

3.4.1 Objective

If a channel routing method is capable of reproducing
the discharge Q (t) at the downstream end of a test reach,
resulting from small, step—liké increases or decreases in Q (t)
at the upstream end, and if this holds ovér thé complete range
of Q, then oné may assume that the méthod should also be
adequate to route complex storm hydrographs through the channel
reach, since they can be deComposéd into a.séquence of small
steps.  This general statement Is absolutely corréct if the

channel response 1s linear, but for all practical purposes it
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will also hold as.long.aa.thé.non—linearitieS'are,not strong
enough to 1ead.to.severe'discontinuitiés such as bores.

The main objectivé of the surgé tésts‘was.theréfore to
impose small,stepliké discharge modifications, a Q, at the
upstream end of test reaches and to observe the propagation
of these positive and negative surges. The tests were to
cover as large a range of discharge as possible.

A few tests on the effect of the relative size of A Q

were also run by imposing small and large A Q's at constant Q.

3.4.2 Discharge Modifications

Different methods for modifying Q@ were used at each
of the four lake outlets on the test streams of this study.

A small dam was bullt at the outlet of Blaney Lake.
Discharge could be increased or decreased by adding or remov-
ing flashboards (Photograph 12).  An 0ld timber-crib dam at
the outlet of Marion Lake gave excellent control over the
Phyllis Creek reaches. Photograph 13 shows the dam, with two
flashboard-like additions in place. The outlet of Placid Lake
was so marshy that no control structure could be built. Surges
were produced by pumpling water across the swamp into the
creek (Photograph 14). Thé pool above thé Brockton reaches
was so small that it was difficult to maintain steady dis-
charges different from the pool inflow. The initial surge was
produced by adding or removing a few rocks at the pool outlet.
A gravity—opératéd invertéd siphon was then used to maintain

more or 1éss steady flow for 5 to 15 minutés\ (Photograph 15).
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'3#4?3"'3?&$¢ Meagurinngduipment_
Discharge chénges at the énd points of the test reaches
were monitoréd by observing or rédording stagé changés and
establishing stage dischargé rating curves for conversion to
discharge.. Even on the steepest and most turbulent reaches
it was generally possible to find stable pools, either on bed-
rock or between large boulders (Photograph 18). The turbulent
level fluctuations and air entrainment made direct level
measurements impossible, but the plexiglass stilling wells
illustrated on Figure 10 and Photographs 16 and 18 permitted

the reading of water levels to + 0.001 ft.7

This gave satis-
factory resolution,since most surge tests caused level changes
in the order of 0.02 to 0.05 ft.

To gain some information about the diséharge range of
the test reaches, automatic stage recorders were installed on
all but one of the test creeks. The instruments were Stevens
A-35 recorders, with the fastest availlable clock gearing
(9.6 in/24 hours), and a 12:10 level scale. These large
scales made it possible to rely on thé recorders for the surge
tests, thereby saving oné field assistant. With careful pro-
cedures the timé scale could bé intérprétéd to + 1/2 min.

The recorder installations were somewhat unconventional,

due to the 1nverted sithnchnnecting‘thé stream to the stilling

7All stage measurements are in feet and decimals
thereof due to a lack of readlly available metric equipment.
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well. Figure 11 and Photographs 17 and 18 illustrate the
method. The éXperience gained with all the above stage
measuring eqﬁipment (tubes and recorders) is discussed at

length in Church & Kellerhals (1969).

3.4,4 Stilling Well Response

The hose connections between plexiglass tube wells or
recorder wells and the streams cause considerable damping
(in the sense that the gauge level cannot follow high fre-
quency fluctuations of the stream level). This damping is
essential for accurate level feadings but the question arises
as to how much it affects the surge test data.

Under normal circumstances the flow in the connecting
hoses 1is 1aminar8 and the inertia of the flowing water is
negligible. The well response is thén governed by the follow-

ing equation:
h=-D0b = ee. 3017

in which h is the elevation difference between the stream and
the stilling well and b 1s a time - 'constant. If the stream
level is constant and the well level is off by ho at time to,
the solution is -t

b
h=he . ’ ... 3.18
o) .

8Assuming a steady rise of 0.02 ft/min. in the well,
which is approximately the maximum observed during surge tests,
gives Reynolds Numbers of 24 for the connecting hose of plexi-
glass tubes and 500 for recorder well connections.
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which indicates that a plot of (t - t_ ) vs.(h/h )should give
a straight line of slope (-b) on semi-log paper. Some devia-
“tions should be expected since Equation 3.17 only considers
pipe friction and theré:are certain other losses present.
Pilgure 12 shows some typical gauge response curves.

Instead of plotting a response curve, one can measure
the time, At, 1t takes the stilling well to arop from an

arbitrary h1 to an arbitrary h, and compute b as follows:

2

_ At
b= Tog(n;/h,) e 3419

All gauge and recorder setups were tesfed in this
manner and, where necessary, the surge test records were cor-
rected for lag according to Equation 3.17. About one third of

the gauges needed lag corrections.

3.4.5 Stage-Discharge Rating Curves

At the time when most of the test reaches of this study
were installed, the destructive force of the streams under
severe flood conditions was not properly appreciated. Many
of the gauges were located at pools that proved subsequently
to be unstable. In hindsight, it appears that there was no

lack of stable pools; only a lack of experience in locating

9Pools formed by large, preferably angular rocks,
arranged in such a way that they do not easily catch drift-
wood, are best. Locations below well established log Jams
are excellent, as the jams tend to catch most debris and
coarse bed load.
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test reach length, some parts of the stage-discharge curves
had to be re-defined two or three times, to permit conversion
of the surge data from stage to discharge. The stage recorders
were installed at the most stable gauging sites.

Figure 13 shows two rating curves, one for the stable
pool.of Blaney Gauge 5 (Photograph 18) and the other for the

more troublesome Blaney Gauge 1.
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L, - FIELD RESULTS

4,1 Survey Results

Tables 2 and 3 and Figures 3 and 4 summarize the survey
results which consist of profiles of the test reachés and
width measurements (Section 3.2). The width daﬁa were pro-
cessed with a set of programs developed by Day (1969). Tables
2 and 3 are summaries of the program output. There is
undoubtedly a considerable operator éffect in the width data,
since the high water mark was often, particularly on the
bushier streams, rather 111 defined. The large number of
width measurements tends to compensate for this, but dis-
crepancies of 10% to 15% could still occur between different
field parties.

On most test reaches there is no significant difference
between actual 1ength and length in plan (map length), but in
the case of the few_ very steep reaches it is worth noting
that the surveyed length is the actual length on the slope.
The relative accuracy of the chaining and hand—levelling_is
estimated at + 3 percent.

Slope is‘defined as drop divided by length, vsin 8, if
8 is the slope angle.

The drainage areas were measured on the best available
maps and refer to the middle point of a test réach. The

Brockton Creek basin does not appear on any map, as the
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1:50,000 coverage of this area happens toc be exceptionally
poor. The drainage area was therefore measured off air

photos.

.2 Velocity and Discharge Measurements

4,2,1 Conversion of Fiela Data to Time-Concentration Curves

The field data resulting from a relative salt dilution
test consist of the following:
(i) 1location and time cf injection,

(ii) volume of brine injected,

(1ii) sampling location, list of times and corres-
ponding conductivify readings,

(iv) rating curve, covering range of observed con-
~ductivity readings (it consists of dilution rates and corres-
ponding conductivity readings),

(v) water temperature in stream and in rating tank.

.The computational procedure for converting the timé-
conductivity data to time-concentration is described in detail
in Church and Kellerhals (1969). The procedure proposed in
earlier publications on this method (¢strem, 1964) should not
be used, as the correction for different background readings
in the stream and in the rating tank is in error. A Fortran
IVG program "NACL" was ‘developed for this convefsion;l It
prints the time-conductivity and time-concentration data and
plots the rating curvé. The program is listed in thé Appendix,

fogether with coperating instructions and sample output.
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The field data resulting from a Rhodamine WT test are:
(1) 1location and time cof injection,
(ii) volume of injected dye,

(iii) sampling location, list of sampling times,and
10 to 30 samples.

The samples are subsequently analysed on a ’fluorometer,1
and the instrument reading is converted to concentration with
a rating curve based on standard dilutions of the tracer.
Wilson (1968) describes the laboratory procedures in great
detail. The necessary computations were done manually, but
the final time-concentration data were put on cards for pro-
cessing by an input program>‘"DQV”_ analogous to "NACL",which

is also listed in the Appendix.

4.2.2 Numerical Integration

The Ecuations 3.2, for discharge Q, and 3.3, for tracer
travel time T, are evaluated by a FortranIVG subroutine
"QVEL" (see Appendix). The integral over C(t) and the first
moment cf C(t) are computed twice, first on the basis of the
trapezoidal rule and then with a second order methed similar
to Simpson's rule but capable of handling unevenly spaced
points; The procedure is discussed brilefly below, because the
formulas do riot appear to be reedily avallable in texts on

numerical analysis.

YThe "Turner Model 110" fluorometer of the B.C. Research
Council was used here.
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Assume that C(t) is defined at t =t ty, and t,

as shown on Figure 14,

> 1

b %

FIGURE 14. DEFINITION SKETCH FOR NUMERICAL INTEGRATION

The function C(t) can be approximated by a second order

polynomial P (t) of the form

P (t) = C, 1, (t) + Cy 14 (£) + C, 1, (t)

in which the 1, (t) are “second order polynomials in terms of

tysty.and t, (Herrio, 1963), e.g.
£2 = tt, - tt, 4 £t
1 () = 1 2T "1va
o) (to - tiT (to - t2)
The integral C(t)dt can be estimated as
t2 t2 }F2 : t2
ﬁf P(£)dt = C_ J' 1, (8)at + ¢ J 1, (8)at + sz 1,(t)dt
o} o o) t

o}
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in which
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In those cases where the concentration decline has not
been defined adequately in the field, a subroutine "TAILEX"
(see Appendix) is first called from "NACL" or DQV". It plots
(log CYé log t) vs. (t) to permit the fitting of a
/"—distributidn extension, as discussed in Section 3.3.5 and
shown on Figure 7. The parameters of the.extrapolation~are
read off the "TAILEX" plot and punched onto the contrcl card
of the C(t)<dataccheck.If the subroutine "QVEL" is then
called, 1t will use the /ﬂ—distribution to extend the integral
over C(t) to infinite time.

Finally, the C(t)-curves, with or without /ﬁ—extension,
can be plotted by calling subroutine "PLZTGA" from the input
programs "DQV" or "NACL". "PL@TGA" is also listed in the

Appendix, together with operating instructions and sample plots.

4.2.3 Results

The tracer data consist of 111 slug injeétions, for
which 146 time-concentration curves were determined. In other
words, approximately two thirds of the slug injéction tests

contain one downstream sample only; the other third consists
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mainly of runs with two samples. Only three runs extend over
three sampling locations and none over four. In addition,
there are eight discharge measurements with the constant rate
injection method.

Prgsentafion of the complete data, which consist of
approximately 7000 time and concentration values did not
appear justified. Tables 4A to 4D show the resulfs in
summarized form. There is one table per stream, with the test
runs arranged in historical sequence. The identification
code 1s explalned in.a footnote. With the exception of the
simple discharge measurements, the same data appear again in
the Appendix, as printout of the program'l@GRE"’ (See Section
5.2.2). The arrangémenp there is by fést reach. F@r cross
reference from Table L4 to the Appendix it is best to use the test
number. Note that the discharges afe slightly different
because Table 4 refers to the tracer data and therefore gives
fhe discharge at the sampling point, whereas the "L@GRE"
printout refers to test reaches, and the discharge is the

estimated mean between inflow and outflow.

4.2.4 Accuracy

The relative accuracy, or internal consistency of the
data appears to be satisfactory. As can be seen from Table 4,
tests on the same dayugive similér flows at all stations of a
stream (after correction for tracer loss in long dye-dilution
runs) and tests made at different times but with apparently

similar flows, show a consistent time distribution of the



TABLE IVA

SUMMARY OF TRACER MEASUREMENTS: BROCKTON CREEK

Test Date No. of T _ . Peak Mean Discharge + 5
Identification? Points . .-y  (min) Lag 3 -1 £or [~ Method
' min) (min) (m=s ™) extension

BrR1,2UP-2X-3  Aug.15,67 17 0.l 1.5 2.61 - 0.00564 RhWT
BrR1l,2UP-2-3X  Aug.15,67 28 “14.0  33.0 37.6-° 0.00770 _ + RhWT
BrR2,1UP-IX-2 Aug.15,67 16 0.5 1.5 2.28 70.00856 RhWT
BrR2,1UP-1-2X  Aug.15,67 16 17.5 27.0 32.4°  0.0100 + RhWT
BrR3,2UP-2X Aug.17,67 0.00336 RhWT
_ c.I.
BrR4,1UP-1X-2-3 Aug.17,67 19 1.0 2.2 3.43 0.00504 RhWT
BrR4,1UP-1-2X~3 Aug.17,67 18 25.0 "39.5 h7.9 0.00617 + RhWT
BrR4,1UP-1-2-3X Aug.l7,67 13 52.0 74.0 82.1% 0.00738 + RhWT
BrR5,2UP-2X Aug.17,67 ' 0.0108 RhWT
C.I.
BrR6,1UP-1X Aug.17,67 15 1.0 2.2 2.99 0.00706 RhWT
BrR7,1UP-1X Sept.15,67 15 .2 9.0 14.50 0.00067 RhWT
BrR8,2-2D0X Sept.15,67 13 1.0 5.0 8.71 0.000703 RhWT
BrR9, 1UP-1D0OX Sept.24,67 32 .o 19.0 339.9 0.000154 : RhWwT

1 The test identification code is as follows: the first two letters identify the stream
(Br=Brockton, Pl=Placid, Bl=Blaney, Ph=Phyllis), then comes the test run number (R1,R2,...)
in a more or less historical sequence, next is the location (gauge number) of injections’
(UP or DO meaning shortly upstream of ... or shortly downstream from ...), finally the
sample locations (gauge numbers), with an X indicating the particular time concentration
curve one 1is dealing with.
Examples: PhR5,2UP-2X is a simple discharge determination at Gauge #2 on Phyllis Creek,
with injection shortly above Gauge #2 and sampling at the gauge.

B1R10 1-3-5X would indicate that the test run #10 on Blaney Creek covers two

reaches ~1-3, and 3-5i).
2 C.I. means "constant rate injection test."
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TABLE IVA (Cont'd.)

SUMMARY OF TRACER'MEASUREMENTS: BROCKTON CREEK

Test No: of I =~ Peak Mean Discharge iR ‘ 5

Identificationl  Date Points (min) Lag ~ Lag (m3s_l) for/? Method’
(min) (min) extension

BrR10,1-2X Aug.18,68 18 70} o117, 160, 0.00124 + RhWT
BrR11,2-3X. Aug.18,68 16 53. 97. 120. 0.00126 + RhWT
BrR12,1UP.~-IDOX Aug.18,68 9 2.5 5.7 8.50 0.00122 RhWT
BrR13,2UP-2D0X Aug.18,68 0.00114 RhWT
BrR14,1-1DOX Aug.26,68 9 0.00453 RhWT
BrR15,2UP-2X . Aug.26,68 ‘ 0.00555 RhWT
BrR16,1-2X Sept.14,68 13 .9 .1 9.08 0.0648 RhWT
BrR17,2-3X Sept.14,68 12 3.0 7.2 8.50 0.0556 + RhWT
BrR18,1-2X-3 Sept.14,68 19 .2 11.6 12. 0.0550 RhWT
BrR18,1-2-3X Sept.14,68 13 14.5 20.0 21. ? + RhWT
BrR19,1-2X Sept.14,68 10 2.5 5.0 5.40 0.175 - RhWT
BrR20,2-3X Sept.22,68 13 2.2 b7 5.39 0.0889 RhWT
BrR21,1-2X Sept.22,68 11 b, 2 7.3 8.33 0.102 + RhWT
BrR22,2-3X Sept.22,68 12 1.8 .o 4,53 0.109 , RhWT
BrR23,1-2X Sept.22,68 11 3.2 5.5 6.97 0.152 + RhWT

L9



SUMMARY OF TRACER MEASUREMENTS:

TABLE IVB

PLACID CREEK

Test No. of Tig Peak Mean Discharge +
Tdentification Daﬁe Points (min) Lag Lag (m3s_1) fornf”j Method
: - (min) (min) extension
P1R1,2U0P-2X ~June 3,68 18 1.8 3.5 L, 57 0.0687 RhWT
P1R2,1-2X June 3,68 14 122. 164,  210. 0.064 RhWT
P1R4,3UP-3X June 9,68 17 .2 6.4 7.8 0.0183 RhWT
P1R5,2-3X June 9,68 17 160. 236.  351. 0.018 RhWT
P1R6, 4-4DOX June 9,68 L6 b.5 9.3 14.8 0.0L08 NaCl
P1R7,2U0P-2X June 9,68 16 .8 11.0 13.8 0.0117 + RhWT
P1R9,2UP-2X June 18,68 18 .9 4.8 8.29 0.00358 RhWT
P1R10,2-3X June 27,68 17  62.0 94, 121, 0.085 + RhWT
P1R11,3-3DOX June 27,68 18 11.0 20. 26.9 0.14u§ RhWT
P1R11,3—3D0fﬂX June 27,68 6 211. 261. ? RhWT
P1R12, 4UP-LX Jufie 27368 27 119.  170.  206. 0.185 RhWT
P1R13,1-2X June 28,68 17 165. 208. 281. 0.045 + RhWT
P1R14,20P-2X June 28,67 18 24,0 28.3 29.7 0.0418 RhWT
P1R16,4-4D0OZ Aug.20,68 Iy 8.8 11.6 .2 0.035 NaC1l
P1R17,3-4X Aug.20-1,68 674, 100.0 1200. 0.020 NaCl

3Below confluence of Gauge 3.
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TABLE IVB (Cont'd.)

SUMMARY OF TRACER MEASUREMENTS: PLACID CREEK

Test No. of 7~Tg Peak Mean Discharge + ,
Identification Date Points (min) Lag Lag (m3s_1) for /'7 Method .
: (min) (min) extension-.
P1R17A,2UP-2X  Aug.28,68 9 8. 11.5 12.5 0.0824 RhWT
P1R18,2-3X-4 Aug. 28,68 60 L8, 71, 83.3 0.157 NaCl
P1R18,2-3-1X Aug. 28,68 68 236. 294.  339. 0.2L5 + NaCl
P1R19,3-LX Aug.28,68 36 162. 199.  239. 0.268 + NaCl
P1R20,4-LD0 Aug. 28,68 13 1.15 3.8 4.82  0.249 NaCl
P1R21,3-4X - Aug.30,68 39 302. 386. 482, 0.097 ROWT
P1R22,4UP-DOX  Sept.21,68 12 8.5 14.5 19.2 0.122 + RhWT
P1R23,2UP-2X  Sept.21,68 12 4.0 8.0 9.4 0.0363 RhWT
P1R24,2-3X-14 Oct.12,68 73 47.5 74, 92.1 0.142 + NaC1l
P1R2L, 2-3-UX Oct.12,68 52  205. 27h4. 346, 0.368 + NaC1l
P1R25,1-2X Oct.12,68 92  115. 159.  181. 0.0822 + NaCl
P1R26,2UP-2X Oct.12,68 12 .2 7.3 8.68 0.0822 A RhWT
P1R27,2-3X-1 Oct.22,68 80 36.1 54.8  62.1 0.212 | NaCl
P1R27,2-3-4X Oct.22,68 38 157. 224, 271.  0.560 + NaC1l
P1R28,1-2X Oct.22,68 75 94. 130. 144, 0.122 + NaCl
P1R28A,2UP-2X  Oct.22,68 11 3.2 5.7 7.02  0.122 RhWT
P1R29,4UP-4DOX Oct.22,68 12 3.0 6.0 7.45  0.L74 RhWT
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TABLE IVC

SUMMARY OF TRACER MEASUREMENTS: BLANEY CREEK

Test No. of TLg° Peak Mean Discharge +
Identification Date Points (min) Lag 3. -1 for [’ Method
Lag (m7s ) extension
(min) (min)
B1R1,1-2X Mayl5,67 - 0.190 SoD
. C.I.
B1R1,1-3X May 15,67 0.260 SoD
: C.I.
B1R2,1-2X May 18,67 0.159 SoD
. C.I.
B1R3, 4UP-4DOX  May 19,67 0.123 SoD
.C.I.
B1RA4, 4UP-4DOX  May 19,67 0.168 SoD
: C.I.
B1R5,1-2X June 9,67 0.064 RhWT
. -C.L.
B1R6, LUP-4DOX June 9,67 10 .2 9.0 10.5 0.054 RhWT-
B1R7,1-2X June 9,67 11 17.5 27.0 36. 0.060 + RhWT
B1R7A,5UP-5X Sept.30,67 18 2.8 5.5 12.2 0.0317 RhWT
B1R8, 3-5X Oct.6,67 14 .5 16.2 21.2 0.873 + , RhWT
B1R9,4UP-4DOX  Nov.19,67 9 .9 1.82  2.19  0.595 ROWT
B1R10,3-5X-4 Nov.19,67 22 12.0 20.5 26.3  0.538 RhWT
B1R10, 3-5-4X Nov.19,67 14 58. 77.5 89.4 0.588 + RhWT
B1R11l,1-3X-5 Nov.19,67 15 30. by, 5 54.7 0.517 + RhWT
5 17.2 0

B1R11,1-3-5X Nov.19,67 11 51. 67, .520 + - RhWT

0l




TABLE IVC

(Cont'd.)

SUMMARY OF TRACER MEASUREMENTS: BLANEY CREEK

No. of

Test Ol Peak Mean Discharge +
Identification Date Points (min) Lag Lag (m3s~ 1y for /7 Method
(min) (min) extension
B1R12,1-3X-5-4 Dec.26,67 15 17. 23.5  27.5 .76 + RhWT
B1R12,1-3-5X-4 Dec.26,67 19 28. 37.5 3.2 .86 + RhWT
B1R12,1-3-5-4X Dec.26,67 9 53. 67.7 Th.0 .06 + RhWT
B1R13, 3-5X-14 Jan.20,68 18 3.3 5.6 7.1 10.4 + RhWT
B1R13,3-5-4X Jan.20,68 12 14.5 19.5 21.6 12.0 RhWT
B1R14,3-5X Jan. 20,68 14 3.2 5.5 6.24 11.7 RhWT
B1R15,1-3X-5 Jan.?20,68 13 7.5 10.6 12.10 11.8 RhWT
B1R15,1-3-5X Jan. 20,68 18 11.5 16.5 18.6 11.8 + RhWT
B1R16,1-3X-5 Feb.3,68 16 19.5 26.4 30.2 1.64 RhWT
B1R16,1-3-5X Feb.3,68 23 31.5 40.2  47.8 1.66 + RhWT
B1R17,1-3X Feb.3,68 39 18.3 25.5 29.6 1.64 NaCl
B1R18,3-5X March 5,68 25 6.2 - 22.4  0.862 RhWT
B1R19,1-3X-5-4 March 5,68 = 16 15.0 22.5 25.4 1.95 RhWT
B1R19,1-3-5X-4 March 5,68 16 26.0 33.7 38.0 2.00 RhWT
B1R19,1-3-5-4X March 5,68 13 50.0 61.5 68.3 2.33 RhWT
B1R20, 3-5X March 20,68 62 10.0 18.2 24.8 5,34 NaCl
- B1R21,5-4X March 31,68 77 38.5 51.4 56.6 0.804 NaCl
B1R22, 3-5X May 25,68 17 20.0 36.0 45.5 0.162 + RhWT
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SUMMARY OF TRACER MEASUREMENTS:

TABLE Ive (Cont'd.)

BLANEY CREEK

Test No. of Te. Peak  Mean Discharge +
Identification Date Points (min) Lag Lag (m3s_1) : for.F Method
. (min) (min) extension
B1R22A, 4UP-U4DOX May 27,68 18 1.2 2.0 3.70 0.131 RhWT
B1R23,5-4X May 27,68 98.40 137.0 165. 0.130 RhWT
B1R24,1-3X May 27,68 71.0 101.0 123. 0.120 RhWT
B1R25,3-5X June 3,68 18 9.5 16.6 20.8 0.682 RhWT
B1R26,3-5X June 6,68 17 16.0 26.0 34,2 0.262 RhWT
B1R27, 4-L4DOX June 6,68 18 0.264 RhWT
B1R28,5-4X June 6,68 67 56.0 81.0 93.9 0.280 NaCl
B1R29,3-5X-4 June 13,v68 hs 21,2 38.5 50.5- 0.140 NaCl
B1R29,3-5-4X June 13,68 84 115. 172. 202.1 0.140 NaCl
B1R30, UUP-4X June 13,68 18 4.5 9.6 11.M1 0.139 RhWT
B1R31,1-3X June 13,68 18 57.0 90.0 117.0 0.146 + RhWT
B1R32,3-5X June 18,68 56 27.5 53.0 7T1.4 0.0903 NaCl
B1R33, 3-5X June 18,68 18 29.0 54.5 71.4 0.083 RhWT
B1R34,3-5X Sept.21,68 12 8.9 15.0 19.5 0.748 RhWT
B1R35,1-3X Oct.1,68 69 L40.5 61.0 1.2 0.285 NaCl
B1R36,1-3X Oct.12,68 16 24,0 34.0 4o.h 0.741 + RhWT
B1R37,3-5X-4 . Oct.13,68 31 7.5 12.7 15.5 1.35 NaCl
B1R37,3-5-4X 0ct.13,68 41  36.0 b5, 4 51,4 1.30 + NaCl
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TABLE IVD

SUMMARY OF TRACER MEASUREMENTS:

PHYLLTS CREEK

Test No. g Peak  Mean Discharge +
Identification Date Points (m_{;l) %ag- Lag (m3S_} for /". Method
min) (min) extension
PhR1,1-1DOX June 22,67 1.980 goD%
PhR3,2-3X-14 July 21,67 22 25.0 38.0 3.5 0.748 + RﬁWT
PhR3, 2-3-4X July 21,67 30 56. 75. 83.1 VO.817 + RhWT
PhR4,1-2X July 27,67 18 38.5 56, 69.92 0.369 + RhWT
PhR5, 3-14X-6 July 28,67 14 32.0 us, 52.9 0.339 + RhWT
PhR5, 3-4-6X July 28,67 21 52.0 73, 82.3 0.385 + RhWT
PhR6,2-3X-4 July 28,67 18 37.5 57, 64,4 0.352 + RhWT
PhR6,2-3-4X July 28,67 12 77.0 104, 118.1 0.338 + RhWT
PhR7,1-2X July 29,67 15 43.5 61.0 76.0 0.312 + RhWT
PhR8, 4-6X July 29,67 17 15.0 26. 31.5 0.366 + RhWT
PhR9, 4UP-UDOX  Aug. 8,67 0.232 RAWT
PhR10,2-3X-4-6 Aug.8,67 19 43.0 70.  87.6  0.228 ¥ BT
PhR10,2-3-4X-6 Aug.8,67 14 96.0 134. 152.3 0.239 + RhWT
PhR10,2-3-4-6X Aug.8,67 12 127, 169, 187. 0.240 + RhWT
PhR11,1-2X-3 May 1%,68 17 21.25 28.5 36.2 1.47 + RhWT
PhR11,1-2-3X May 17,68 11 4o.o 58.0 6L4,2 1.59 + RhWT
PhR12, 4-6X May 19,68 14 5.1 8.4 9.54 2.37 RhWT
PhR13, 3-4X May 19,68 16 11.5 16.8 18.8 2.49 RhWT

€L



SUMMARY OF TRACER MEASUREMENTS:

TABLE IVD

(Cont'd.)

PHYLLIS CREEK

Test No. of 1lg Peak  Mean Discharge +
Identification Date Points (min) Lag Lag (m3s- for/? Method
(min) {(min) extension
PhR14,2-3X May 19,68 12 15. 21. 23.4 2.55 + RhWT
PhR15, 1-2X May 19,68 16 ° "16.5 22.5  27.8 2. 140 + RhWT
PhR16,1-2X May 17,68 37 19. 28.5  36.7 1.40 NaCl
PhR17,2-3X May 19,68 32 1h.25 21.2  2k4.2 2. b2 NaC1l
PhR18, 4-6X May 24,68 13 8.00 12.8  14.4 1.10 RhWT
PhR19, 3- 4X May 24,68 15 19. 26.5  29.9 1.07 RhWT
PhR20,2UP-2X-3 May 30,68 16 2.6 5.0 6.31  0.945 RhWT
PhR20,2UP-2-3X May 30,68 16 25, 38.5  49.8 0.985 + RhWT
PhR21,1-2X May 30,68 18 2U, 33. 39.8 1.05 RhWT
PhR22,1-2X May 30,68 70 22.5 33, 38.8 1.02 NaC1l
PhR23,2-3X June 1,68 13 17, 24. 26.8 1.88 RhWT
PhR24,2-3X June 22,68 15 23.5 35.5 ho,1 0.955 + RhWT
PhR25,1-2X June 22,68 17 23. 35.4 46.h 0.826 RhWT
PhR26,2-3X July 3,68 18 20.0 31.2  35.5 1.19 + RhWT
PhR27,3-UX-6 July 3,68 35 17, 24h.5  28.5 1,26 NaCl
PhR27, 3-4-6X July 3,68 66 26. 38.5 44,8 1.25 _NaC1
PhR28, 3-U4X-6 Sept.17,68 28 10.3 14.5 17.33 3.10 + NaCl
PhR28, 3-4-6X Sept.17,68 64 15.0 21.8 24.9 3.10 NaC1l

i



TABLE IVD (Cont'd.)

SUMMARY OF TRACER MEASUREMENTS: PHYLLIS CREEK

Test No. of "% Peak  Mean Discharge +
Identification Date Points (min) Lag Lag (m3s—l) for [ Method
(min) (min) extension
PhR29,3-4X-6 Oct.17,68 31 8.5?2 13.5 15.4 3.69 NaCl
PhR29, 3-4-6X Oct.17,68 31 14.5 20.4 23.2 3.72 + NaCl
PhR30,1-2X-3 Oct.17,68 35 14.5 20. 25.1 3.48 NaCl
PhR30,1-2-3X Oct.l7,68 36 27, 37.2 b4y, 5 _3.61 + NaCl

<y
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tracer. The relative salt dilution method also agrees with
the dye dilution method on'the_few.oécasions whén simultaneous
tests were run. (Ph R11-Ph R12; Ph R21-Ph R22; Bl R1l6 -

Bl R17; Bl R32 - Bl R33).

Absolute accuracy is more difficult to eétimate, par-
ticularly with regard to discharge, because none of the four
test:"streams is gauged by the Water Survey of Canada. During
the tests Bl R32 and Bl R33 over the reach 3 - 5 of Blaney
Creek, the Water Survey of Canada measured discharge at Gauge 1.
With mean tracer travel times of over one hour, the tracer
methods cannot be expected to give very reliable discharges.

The salt dilution method, Ruﬁ 32, indicated a discharge of

90.3 ls_l, the dye dilution method, Run 33, gave 96.8 ls—l,

or 83 1:3_l with the customary tracer loss adjustment

(L = 0.2% per minute). The current meter measurement was

made at a poor section with depth of less than 1 ft throughbut;
it indicated 75 1s7 1.

Coverage of the discharge range varies from stream to
stream. The low flows are reasonably well defined on all four,
but Brockton and Placid Creeké go dry regularly so that one

could concelvably observe tracer travel times of several days

at extremely low flows. Run 9, on Brockton Creek gives the

lowest velocity, 3.5 mms?1:

The high flow range 1s reasonably well defined on only
two of the four streams, Blaney and Brockton. Runs 13, 14,and
15 on Blaney Creek coincide with the largest observed flow

at a stream guage in the neighbouring valley, for which there
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are 3 years of records. Several major log jams were moved at
this flow. The control structure (Photograph 12) was com-
pletely submerged. Run 19 on Brockton Créek was observed at
the runoff  peak during a very severe rain storm. On Phyllis
and Placid Creeks . the discharge range of the tracer tests
extends to approximately 20% of the highest flows that have

occurred during the last 3 years.

4.3 Surge Tests

Tbe result of a surge test consists of a graph showing
water levels vs. time for all the gauges on one stream.
Figure 15 is.é typical example. The curves are well defined
because of the inherently high accuracy of time and stage
measurements. IFor convenlence the data are plotted as t vs. H
rather than the more significant t vs. Q. This does, however,'
not affect the conclusions, because the gauge rating curves
are practioally.linear in the small discharge range encoun-
tered during any one surge test.

A total of 22 surge tests were made; 7 on Phyllis Creek,
6 on Blaney and Brockton Creeks?and 3 on Placid. Data from
1 or 2 gauges are missing in approximately 50% of the tests,
due to either lack of field assistants or difficulties with
the tube gauges. Only the Brockton Creek tests cover the
complete range of flows. The control structure on Blaney
Lake was submerged and inoperative during the highest flows;

(Photograph 12).
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TABLE VA

SUMMARY OF SURGE TESTS, BROCKTON CREEK

Element Used Q at 1) , Lag Q at
Date ¢, Determine  G.1 aqy %) %f% g at A9, 513 g3 aq,
Lag 3 -1 5 : 3 -1 ‘ '
(m”s ) (min (m3s_1) (m~s
Aug.15,67 Start of UPB' .0094 +.0013 6.25 .010 -+.0010 6. .0084 +.0002
sharp peak .0107 5.50 .011 5. .0086
start of DS .0101 -.0015 5.00 011 -.0012 5. .0091 =.0012
Aug.17,67 Start of UP .0027 +.0015 11.0 .0035 +.0011 8.5 .0036 ;+.OOO8
Start of DS .0040 -.0006 13.0 .0045 -.0008 9.0 L0042 -.0006
Start of UP .00675 +.00055 7.8 .0066 +.00045
Start of DS .0070 -.00145 8.2 .0070 -.0011 :
Start of UP .0068 +.0008 8.2 .0072 +.00095 7,0;' .0062 +.00075
Aug.26,68 Start of UP .0043 ~—,0012 11.5 . 0057 =-.0013 5.8 .0056 +.00105
Start of DS 1.0 .0068 -.0011 7.2 -.00085
Sept.14,68 Start of UP .0u7 +.0050 4,2 .038 +.0055 3.2 041 "+.0025
Start of DS .052 -.0130 4.5 .045 -.014 3.0 .044 -.0080
Sept.22,68 Start of UP .082 +.009 3.0 .084 +.008 3.0 .081 .+.0040
Start of DS .086 3.0 .088 =.014 2.8 .085 -.0045

1) Q is the flow immédiately prior to the test.

2) AQls the change in flow as observed at a particular gauge.

3) UP = Up-surge;

DS

Down-surge.

6.



- TABLE VB

SUMMARY OF SURGE TESTS, PLACID CREEK

Element Used Lag Q at AQ Lag AQ Lag
Date to Determine  1-2 Q.2 2 5 3 2 gt 3 3]
Lag (min) (m 3 ) (min) ‘3 1 (min)
(m“s 7)
June 28, Start of UP = 92. .0u2 +.004 56. .065 +.004
1968 Mid- UP ~ 11l0. 56.
Start of DS 113. .ouh -.004 56. .067 -.004
Mid- DS 96. 49,
Aug. 28, Start of UP. 69.5 .082 +.005
1968 Mid- UP 77.5
Start of DS .086 -.006 4o. .156 -.010
Mid- DS b3,
Aug.30, Start of UP-  89. .0L2 +.007 51, .058 +.004
1968 Mig- UP . 104, 57.
Start of DS 89. .0u8 -.007 hg, ,061 '~.008 142.
Mid- DS 106. ’ 56. 142,

08 .



TABLE VC

SUMMARY OF SURGE TESTS, BLANEY CREEK
Date Element Used Q at AQl Lag Q at AQ3 Lag Q at AQ5 Lag Q at AQLl
to Determine G.1 , 1-3 G.3 3-5 G.5 5-4  G.4
Lag (m3s_1) (min) (m3s_1) (min) (mgs—l)(min) (mBS_l)
' | - 3-1
May 19, Mid up--- .118 +.052 U5, .119  +.047 16.5 66.5 .123 .045
1967 Start of UP" 37.5 15, 62.
Mid DS .162 -.042 47, .158 -.038 17. 70. .165° -.0ko
Start of DS . 38, 12. 52.
: 5-4
~June 9, Mid UP- .063 +.018 59, .061  +.019 23, .055 .016 72 . 066 .019
1967 Start of UP 4o, 21. 72.
Nov. 19, Mid UP .505 +.020 31.5 g5 +.020 9, .435 .020 19. .555 .015
1967 Start of Up 24,5 21,
March 5, Mid DS 2.100 -.140 13.5 2.180 -.1k0o 7. 2.120 .120
1968 Start of DS 9.5 8.
Mid UP. © 2.100 +.160 13. 2.180 +.120 6. 2.080 .120
Start of UP: 10. 5. )
Oct.1l3, Mid DS 1.370 -.180 18.5 1.090 -.140 7. 1.180 .130 21.5 1.170 .130
1968 Start of DS 13/ 8. 20.
Mid UP-  1.240 +.200 18.5 .970 +.180 7. 1,050 .180 21. 1.050 .170
Start of UP . 12. 7. 22,
Nov. 30, Mid UP.(small) 1.240 +.020 19.5 .990 +.030 9.5 1.120 .020 1b,5 1.060 .030
1968 Start of UP o 16. 8, 18.
Mid DS(small) 1.260 -.030 19.5 1.020 =-.0L4o 9.5 1.140 .020 15. 1.090 .030
Start of DS 17, 7. 15.5
Mid UP (large) 1.240 +.210 19 .980 +.2bLo 8.5 1.120 .210 16 1.060 . 210
Start of UP 13.5 o 9.5 . 16

8



TABLE VD

SUMMARY OF SURGE TESTS, PHYLLIS CREEK

Date Element Used Lag Q at AQ2 Lag @Q at AQ3 Lag Q at AQu Lag @Q at AQ6
to Determine 1-2  G.2 ) 2-3 G.3 3-4 G.U h-6 G.6
_ Lag (min) (135=1y (min) (35-1y (min) (m3s~ 1y (min) wsy
July 28, Mid Up: 36. .338 +,OO8 25. 342 +.010 18.2 .340 +.013 14. .370 +.010
1967 Start of UP 29. 22. 20. 12,
Mid DS 32.5 . 345 -.011 22.8 .350 =-.010 19, .352 .014 12. .377 +.017
Start of DS  2u; . 2h . 22. 11.
May 19, Mid DS 16. 2.340 -.040 11, 2.450 -.040 9.5 2.380 -.040
1968 Start of DS 9.5 ‘ 11.5 8.
Mid UP 17. 2,300 +.050 10. 2.440 +.040 10. 2.430 +.060
start DS 11. 10. 8.
June 1, Mid DS 17. 2.550 +.070 9, 2.500 =-.070 8. 2.570 -.050 4. 2.550 -.050
1968 Start DS 11. . 11. 8. 5.
Mid UP  16.5 2.530 +.20 103i2.500 +.20 6. 2.540 +.17 5. 2.520 +.150
Start UP 12, 9. 252 6.
June 22, Mid DS 25. . 815 -.095 17. ..790 -.090 14. .345 -.090 8. .880 -.105
1968 start DS 17. 14. 12. 7.5
Mid Up 25. .720 +.10 16. .700 +.10 14, . 755 +.095 8. L7755 +.105
Start up . 17. 13. 14, 6.5
Sept.17, Mid DS 16. 2.750 -.33 11.5 2.770 =~=.27
1968 Start DS 7. ) 13.5
Mid Uup 17, +.25 10. 2.450 +.27
Start Up. 10, 10.5

c8



TABLE VD (Cont'd.)

SUMMARY OF SURGE TESTS, PHYLLIS CREEK

Date Element Used Lag AR at AQ2 Lag @ at AQ3 Lag Q at AQ‘M Lag @€ at AQ6
to Determine 1-2 G32, 3 2-3. G.3 3-4 G.b4 L.6 G.6
Lag, (min) (m3s=1)Z, (min) (m3s-1) (min) (m3s-1) - (min) (m3s-1)
2-1 '
Nov.18, Mid DS 18.5 2.740 -.26 36.5 2.-890 -.240
1968 Start DS 11.5 25.5
Mid UP 18. 2.450 @ +.16 35.5 2.580 +,170
Start ... UP°  11.5 25.5 3-6
Nov.29, Mid DS. 19, 2.770 -.32 8, 2.206 -.35 9.5 L,200 -.30
1968 Start DS 11.5 9. 6.
Mia UP--
(small) 21. 2.450 +.030 11.52.820 +.035 6.5 3.900 +.030
Start UP
(small) 17, 14, 6.
Mid DS 18.5 2.480 -.17 9, 2.850 -.13 9.5 3.900 -.20
Start DS 10.5-
12.5 10, 10,
Mid UP-..
(large) 20, 2.310 +.31 12. 2.72C +.28 5. 3.700 +.30
Start UP
(large) 13.5 10.5

£R
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The test results are summarized in Tables. 5A to 5D
in which the gauge réadings have been converted to discharges,
on the basis of the tube rating curves (Section 3.4.5,
Figure 13). The data appear to be consistent, insofar as the
observed change in discharge remains constant from gauge to
gauge along a test stream. The surge lags from station to
station- as shown in Table 5, have relatively low accuracy,
particﬁlarly if they are short because the gauges could only
be read at 30 to 60 second intervals. With lags in ﬁhe order
of 5 to 10 minutes, this introduces an immediate uncertainty
of 10% to 20%. The lags based on the mid-points of the surges
are substantially more reliable than the lags based on the
starting points bécause the mid-points were derived by smooth-

ing the level-time curve.



85

5. " 'CHANNEL GEOMETRY AND STEADY FLOW EQUATIONS

5.1 Similitude Considerations for Steep, Degrading

Channel Networks

The conditions under which readily available information,
as defined in Section 2.5, may be adequate for evaluation of the

channel network hydraulics will be discussed here.

5.1.1 Assumptions

Dynamic similitude between related physical systems can
only be examihed on the basis of a complete list of the forces
affecting the system. Similarity between channel networks is
possible if the major processes of formation are similar
(Barr, 1968). Obviously there are a large number of pro-
cesses which could conceivably affect the channel network of
mountainous basins; the problem lies in identifying the dominant
ones.

The formative précesses assumed here may be biased
towards the present problem in the sense that they describe a
system that can be defined adequately with the readily avail-
able information. However, the field data supply evidence
indicating that the system is reasonable and explains a major
portidn of the variation in and between channel networks. The

assumptions are listed and discussed below:
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(1) The drainage network occupies valleys whose longi-
fudinal slopes,SV,are.remnants of thé Pleistocene period.
The streams form thelr channels by degrading into glacial
debris . which contains sufficient coarse material to prevent
the stream from reaching bed-rock or from degrading enough to
achieve a channel slope,S,significantly different from SV.
In other words, S is imposed on the channel network, but the
size of the material lining the channel is one of the results
of the channel-forming process.

This 1s the very opposite of éhe'common regime-type
assumption with respect to slope and bed material, which states
that a regime canal will adjuét i1ts slope by'erosion or deposi-
tion, until it is adequate to handle the upstream supply of
water and sediment. Most rivers fall between the two extremes
with meandering and braiding playing an important rcle in
reaching adjustment between water, sediment load, and valley
slope. The main support for the present assumption lies in
the consistent downstream steepening of the test streams
(hanging valleys, Figures 2 and 3), lack of flood plains,
absence of braiding or meandering, and the apparent close
correlation between slope and size of the bed material.

(1i) The coarse material lining the degraded channels can
only be moved at extreme flows, which are therefore solely
responsible for the channel form. A'single discharge value

Q

D is adequate to represent these formative high flows.
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This assumption»is supported by the work of Miller
(1958), who found high correlation between discharges of a given
frequency and hydraulic parameters such as width, depth and
velocity. Day (1969) presents similar correlations for the
fest reaches of this study. The theory on channel performance
developed here does not depend on this assumption. It is only
used in stating the similitude criteria.

(iii) The transport rates of material finer than the
bed material are low and do not affect the performance of the
channel. Supply of coarse material to the channel through
slides, rockfalls, bank erosion, etc., i1s low and in balance
with the transpofting capacity of the channel.

Up to flows in the order of the mean annual peak, this
assumption 1s well supported by field observation, but it may
break down under extreme flood conditions, such as the event
described by Stewart and LaMarche (1967). A sufficient amount
of fine gravel and sand may then be 1n motion to lower the
channel resistance significantly, thereby starting a chain
reaction of higher velocity - more bank and bed erosion -
lower resistance.

None of the reaches showed much evidence of active
bed or bank.erosion except in a few isolated locations,
mainly associated with damaged vegetation cover of the stream
banks due to recent logging.

(iv) The channel forming process 1is repeatable. If the

same flow regime, Q(t), is diverted down identical valleys,
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containing debris of identical gradation, the mean properties
of the resulting channels will also be identical.

This assumption 1s well supported in regime-type
situations, where an identical supply of water and sediment to
a straight channel segment eventually produces identical
channel dimensions. The application of this concept to the
present situation is speculative, buft Section 5.3 will show
that the significant channel parameters can be derived from
the imposed or independent effects such as Q(t) and S, with-
out requiring a knowledge of any dependent parameters, such as
width or roughness. This eliminates the possibility of a large

random effect in the channel forming process.

5.1.2 Conditions for Similarity

Considering a short, straight channel reach, one can
identify the following forces. (Barr, 1967; Barr and
Herbertson, 1968):gravity g acting on the water (waves);

gravity acting along the valley slope, gSi; gravity acting

1

2 and

on the submerged grains ((9S - 9W)/?s) g =g
viscosity, v. QD 1s dimposed from upstream. Some of the

resultant measures are WD, the water surface width at flow

1Herbertson and Barr like to consider U4 gravitational
forces g, gS, as above and g5 as the net. gravitational force
on the submerged grains as it affects the surrounding grains,
and gy = ((ps - 9w)/?w) g as the net gravitational force on
the submerged grains as it affects the displaced water. Since
g, can be computed from g5 and g , it need not be specified.
«
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QD; AD/WD, a depth measure based on the flow area at dis-
charge QD’ the.velocity,vD, and D, the sizé parameter of the
material lining the channel. These terms can be arranged
in dimensionally homogeneous functional forms e.g. using

dimensions of length

5| 4 273 J2/3 |y
r.o(|-2 A A-|) =0 5.1
i 1/5 ? s 1/3 > T 173 p <O,

g Y g g =

- D

?P_ D

v v

D

in which the terms between vertical bars can be used alter-
natively. Note that Equation 5.1 has only 5 terms as 1t con-
sists‘of ratios of active forces and boundary actions. The
dimensions 1 and t are reduced to 1 only. A functional form
containing n + 1 dimensionally homogeneous variableé can be
reduced to a n-term non-dimensional form without reducing the
generality. Of the numerous non-dimensional grouplngs pos-
sible with Equation 5.1, the following is most suitable for

the experimental set-up at hand;

1/3
5/3 ?

> > T o) =
D 8y Vp 0 ...5.2

£ (

Equation 5.2 shows that in the present situation, where
g/gs, Yy , and g are constant, correlations between QD,S, and

any one resultant measure such as W, or v, should be complete.

D D
It also shows that complete kinematic similarity is only
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possible if the resultant measures and v vary with QD accord-

ing to the following proportionalities (Barr and Herbertson,

1968), |
v o< Q56
A
D, W% LWL e QDLl
vy e QD+.2 .. 5.3
R
s e g0

Since v is not variable in the fileld and S is independent of
Q, the field data do not have to match the above proportional-
ities, but it 1s reasonable to expect fairly close corres-
pondence.

Equation 2 can also.be derived from dimensional con-
siderations (Yalim, 1966). The basic variables are
P sV, s> 8 S, QD’ and one resultant measure, say D.

There are 7 variables containing 3 dimensions so that a non-
dimensional form in U4 serms, such as Equation 5.2 is adequate
for a description of the problem.

The system described by Equation 5.2 neglects many signi-
ficant processes. In the field area of this study vegetation
affects the smaller streams (W,<15 m) considerably through the
formation of frequent log jams. Some minor reachgs appear to be
alluvial and may be aggrading (which would introduce the
transport rate as a wvariableée);-others are eccasionally:.on bed rock.

The transport rates and sediment supply rates are unknown.
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5.2 " Basic Eguations fTor Steady, Uniform Flow

5.2.1'ThéOPetical'COhSideTatibns

The uniform flow paramétérs; mean velocity; Vi
surface width,ws, and flow aréa,A, of a given straight open
channel segment are fully defined by three equations:

(1) the Equation of Continuity which may be written

as

Q = v A (=Vr;lzwsp_d*) ... 5.0

where dy = A/WS, and

(ii)va geometrical equation linking A and WS (e.g.

Wso<‘Vf in the case of a triangular channel)sand

(ﬁii) a flow equation'iinking Q and one or several of

the parameters Vo A, WS, and dy in a form which is linearly
independent of Equation 5.4. The constants of this equation
will depend on the boundary and cross sectional shape of the
channel segment.

In the case of natural "tumbling flow" channels, the
" relations betwéen Ws and A are virtﬁally unobtainable but this
1s not a serious dfawback as long as the aim is hydrological.
The main paramétérs are thén only mean velocit%‘vm?and
channel storage pér unit 1ength; A; so that the WS vs. A
relation becomes rédﬁndant:

The flow équation can také many fOPms; Somé of the more

relevant possibilities -are listed below, all assuming broad
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rectangular channéls (dgy = depth = hydraulic radius) of
width W, and depth.d.
For flow govérnéd by friction over a hydraulically
rough boundary with roﬁghnéss ratios bétweén 7 and 130
(Ackers, 1958)
Q o< A5/3 (Manning's Equation)
and for roughness ratios between 1.5 and 11

Q o NG

(Lacey's Equation)

For horizontal, :frictionless channel segments controlled by
a step-like drop at the downstream end, ah approximate flow
equation is

Q«A3/2

If the control i1s a triangular weir with apex on the channel
floor

q o< 2572

and in the case of a parabolic welr
Q o<A7/2

If the channel segment is obstructed by a dam with outflow
below the watersurface

Q e A1/2

Note that since A = Q/Vm,'a relation of the form

Q e< AV ... 5.5
can also be statédwas
W

Q < v w-1 .« 5.6

m
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or as w-1

in which T  refers to unit. . length. In-natural channels

WS is usually related to Q by an Egquation of the form WS < QZ.
The observed exponents z cover a range from 0.05 to 0.5
(Miller, 1958), but the most common values fall between 0.15

to 0.25. If this effect is included, Q o< A" becomes

Q< A ... 5.8

Considering tumbling flow as a randomly arranged sequence
of short channel segments governed by flow equations similar to
the ones listed above, and considering further that the travel
times through channel segments in series are additive, one can
express the relation between Q and T for long reaches

(L> > WS) as

lim n ¢, v,
Q = n-=oo [.): -—T*ilj ... 5.9
I,i—-> 0 i=1 l'i
Wi—l
The constants c; and the exponents yi(= = ) are random
i

variables with unknown distributions. Equation 5,9 can therefore

not be solved to predict the form of the Q = f£(T) relation.

5.2.2 Flow Equations of the Test Reaches

With the form of the tumbling flow equation not being

predictable, a number of possibilities were tried by plotting
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various transformations of the Q - A data of severél reaches

against each other. 'PureﬁeXponentials of the form

A=a, 0 A ... 5.10.
or
1/b |
Q = ( Eé ) A ...5.10a
A

give consistently good fits, although in a few cases the fit
can be slightly improved by assuming a small remnant flow
area at zero discharge. Table 6 lists the coefficients a,

and bA for all 13 test reaches of this study. The coefficients
are based on linear regressions of 1og10A.on loglOQ of the

form

10g 42 = logyy 8y % by logy @ ... 5.11

RSQ is percentage of the variance of the 1ogérithms explained
by the regression equation. The standard error of estimate is
only meaningful for thé réachés with fairly high number of
degrees of freedom. Additional data collected by Day (1969)
are listed on Tablé 7. Figurés 16 and 17 show data points and
fitting 1inés for 2 sample-réaches;

A Fortran IVG program"L@CGRE"was uséd to compute the
Q - A, Q - Vo and Q@ - T régreSsions; Since Vi = 1/T and
Q = Avm,and since these facts were used to obtain the regression

data, any one of the regressions is adequate to establish all
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TABLE VI

REGRESSION PARAMETERS OF STEADY FLOW

Degrees b Cofréla— LApprox. St.Error of
Reach of ap A ‘tion Estimate (%)

Freedom Coefficient
Brockton 1-2 -8 .8104  .3376  0.98 12.5
Brockton 2-3 5 .7183 . 2830 0.99 bh.o
Placid 1-2 2 1.879 .3403 0.96 3.2
Placid 2-3 3 1.930 .3065 0.95 6.2
Placid 3=l y 3.943 L4656 0.99 5.3
Blaney 1-3 6 3.375 Lu4784 0.99 7.8
Blaney 3-5 S 16 3.460 .5339 0.99 9.0
Blaney 5-4 7 3.110 . 4389 0.98 8.9
Phyllis 1-2 7 3.262 .5413  0.98 9.0
Fhyllis 2-3 -9 3.202 U577 0.99 3.6
Phyllis 3-4 o 3.021 LAT787 0.99 3.9
Phyllis U-€ 6 3.199 .bo23 0.G67 7.8
Phyllis Lower 2 3.207 . 3557 0.99 7.0




TABLE VII
REGRESSION PARAMETERS OF STEADY FLOW

(from Day, 1969)

96

Degrees

Reach . Gorrelation
of* an D, Coefficient
Freedom ‘
Furry > 5.788 .5009 .95
Slesse U 3 2.922 .5993 .99
Slesse M I 4.179 5213 .97
Slesse L il 2.926 .5765 1.0
Juniper 3 3.377 L4075 .99
Ewart U 3 4,091 L4184 .99
Bwart L Yy 3.253 A .4365 .97
Ashnola U 3 3.092 - .5806 1.0
Ashnola M 3 L.638 Jheut 1.0
Ashnola L 3 3.967 1208 1.0
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three and any significant deviation of the regression
coefficients from their theoretical relations indicates com-

putational errors. With

. by
T = aTQ ... 5.12
and
bv
Vo= an 5.13
one obtains
bV = - bT ... 5.14a
a.. = - 1
v 60 an ... 5.14B
bV = 1 - bA 5.14C
a_ = -1
v a, ... 5.14D

"LPGRE"also computes two sets of Q - T (T, = arrival
time of tracer) and Q - TP (TP = peak time) regressions, one
using all data, and one using only those tests for which the
dye has been injected at the upstream end-point of the test
reach.

The above regressions constituté one of the main
results of the field work; therefore all the"L@GRE"printouts
and plots with lists of the data are inciuded in thé Appendix.

Inspection of the plots (Figurés 16 and 17, and Appen-
dix) shows that; over the rangé of discharges covéréd here,

there appear to be no significant deviations from Equation
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5.10. In particular, the Q - Vo plots of Blaney Creek,which
has the best coverage of the discharge range, show no tendency
towards linear basin respdnse (vm:independent of Q) at high
flows as observed by Pilgrim (1966). With the almost total
absence of flood plains along the test reaches this is not

surprising.

5.3 Determining the Parameters of the Steady Flow Eguation

The basic flow equation (5.10) can be re-written in
various non-dimensional forms; one possibility, using terms

similar to Equation 5.2 is

b
éj_fé; = -a, (Q—E;—;-) : ... 5.10b
v 1%
or, if the concept of a formative discharge is retained

b

A
A _ Q
K— = (Q ;) PP 5.100

o

Either version is sultable for comparison with the
basic similitude criterion, Equation 5.2. The parameters of
the steady flow equation (aﬁ', AD, bg) can be considered
"resultant measures" of the channel férming process, similar

to channel width,W depth,and roughness, D. Two possible

D,
forms of the similitude criterion 5.2 are therefore
Q _gl/3 |
r (2 s £ b ) =0 5.2a
1 573 s s - s A .ee .
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QDg1/3

£
» 573

= 0 ... 5.2b

which shows that a, and bA should be determined by QD and S,
as all other variables can be assumed constant. Exploring
this possibility in detail is the main objective of Day (1969).
Some of his findings will be summarized briefly here.

QD is obviously not a "readily available" parameter,
but in a region with reasonably homogeneous climate the con-
tributing drainage area of a channel segment, DA, can be used
instead. As there is virtually nothing known about the
physics of the process expressed by Equation 5.2, multiple
on the independent variables drainage

regressions of a, and b

A A
area (in kmg), and slope were tried, including various combin-
ations of transformed data.

For the test reaches 1in the mountainous areas surround-
ing the lowef Fraser Valley the followilng twe equations give
best fit

0:2922 .

a, = 1.738 . DA 5.15

b, = 0.2888 s~0-1006 ,0.0758

A 5.16

They explain 96.1% and 69.7% of the variance in the data.
With 11 degrees of freedom, both equations are significant
well beyond the 1% level. The 6 test reaches in the dry
interior of B. C. (Juniper Creek, Ewart Creek and the
Ashnola River, Tables 3 and 7) do not cover a wide enough

range of the independent variables to justify a meaningful



102

relationship for that region.

In generally applicable relations for a, and b

A A
drainage area can obviously not take the place of QDL If it
ié to be used in the analysis, some correétion factor for
regional variations in the drainage area-runoff relation has
to be added. An alternative to such a factor is the use of é
éonsistent discharge value, such as the estimated mean annual
flood. A further possibility which may prove interesting in
areas with sparse hydro-meteoroclogical records, is to use
width,WD,as an independent variable. The data of this study
give good fit to regionally constant relations between width
and drainage arealand these relations are easily established
by measuring a few channel widfhs on streams of various sizes
in the region of interest. Slope appears to have no effect on
width.

With WD and S as independent variables and including
the data from all areas one obtalins the following relations
for a, and bA

A

&94@8‘WDO‘Q72' S : ... 5.17

ap

0.1368 -0:0822
0, 136 g0 €

I

0.2519 WD 5.18

They explain 86% and 68% of the data variance and are
statistically significant at the 1% level, having 18 degrees
of freedom. It 1s not surprising that width and slope deter-
to a lesser degree than a

mlnevbA

identical to the flow area at Q =

A° The factor a which is

A’
m-s can vary -over -a
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large range and needs to be predicted closely. The range

of bA is limited to approximately 0.25 < b, < 0.65, so that

A
accurate prediction of bA is not essential as long as the flows

of interest are of the order of 1 m3 s'l.v More general pre-

dictive equations should be possible on the basis of Equation

2

5.10c by substituting measured values of DA or WD for the

uncertain QD (the relation between DA and W
2
D )

D found by Day are

consistently close to DA &« W

5.4 The Friction Concept Applied to Tumbling Flow

Although the present study does not reply on the friction-
concept and the data are less than ideally suited for appli-
cation of generally accepted open channel friction formulas,
a brief comparison between friction formulas and the general
flow equafionl(S.lo) may be interesting and may facilitate
comparison with other studies. To the writer's knowledge,
all previous work on very rough éhannels or on tumbling flow2
is based on the friction concept, which, by requiring virtually

unobtainable roughness data, tends to yield results that

cannot be applied to hydrological problems.

2Utah State University appears to have a continuing
research program on tumbling flow. Some of the results are
published in Peterson and Mohanty, 1960 and in an extensive:
number of M.Sc. and Ph.D. theses, such as Al Kafaji, 1961;
Judd, 1963; Abdelsalam, 1956; Other studies on rough, nat-
ural channels are: Leopold, Bagnold et alJ, 1960;
Mirajgaoker and Charlu, 1963; Johnson, 1964; Herbich, 1964;
Argyropoulos, 1965; Kellerhals, 1967; Hartung and Scheuerlein,
1967; Scheuerlein, 1968.
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5.4.1 Qpeh Channel Flow Formulas

The problem to be solved by an open channel flow

formula 1s of the form

v, = f (D, dg, S, g, Pw> M > Xi) ... 5.19

in which dy = A/WS replaées the more commonly used hydraulic
radius (they are almost indistinguishable in most’stream
channels),/a i1s viscosity and the Xi are non-dimensional cor-
rection factors which vanish in the case of a broad rectangular
channel section and a particular shape of the roughness ele-
ments of diameter‘D. Assuming ﬁhis to be the case,one obtains
the commonly used non-dimensional form of Equation 5.19

v v_d
_— = _m# D_
2a.S = f (S, > s d¥’) ... 5.20

It is well established that S on the right side of
(5.20) can be neglected as long as steady flow does not lead
to the formation of surface waves and either one of the two
remaining parameters on the right is often negligible also,
depending on their relative size. A fcocrmulation of Equation
5.20  for the case of steep, rough channels 1s (Keulegan,
1938)
Vi | dg

— = 6.25 + 5.75 log,,(z>) ... 5.21
|/’T“ﬁ 10D

gdyS

which can be fitted appreoximately with exponential functions

of the form
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c

dy 2
m = Cl(—D) . 5.22
% gd,s

The c; are cocngtants. The exact value of 62 depends on

dg/D as shown in Figure 18.

¢2 T ] 1 T T T T T
3 6810 2 4 6810 20

d,/D

FIGURE 18. VALUES OF c, FOR BEST FIT TO EQUATION 5.21

2

N
N

The commonly uééd Manning Equation assumes a Co of 1/6, which
d*
provides good fit to Eguation 5.21 over the range 7< 7 < 130.

It is important to note that Equation 5.22 neglects the
terms vmd*/x) and S of Equatiocn 5.20. While the theory of
turbulent boundary layers justifies the former, there is no

a priori justification for the latter in cases where the
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roughness elements affect the free surface, as in tumbling flow.

5.4.2 Comparison with the Data

The steady-flow data of this study consist of exponen-
tial relations between discharge and velocity for conditions
of constant, but unknown roughness, constant known slope, and
constant, but unknown cross-sectional shape. To transform
Equation 5.22 into comparable form requires some assumptions
regarding cross-sectional shape. Two assumptions will be used

which should bracket the true situation (Section 5.2.1).

(1) W, = c;

gii) W, o< Q

Equation 5.22 can be written as

,1
dy =V 02+O.5
m

and with Assumption (i) this leads to

c2+o.5
c2+1.5
v o= Q ' ... 5.23

m
and with Assumption(ii) it leads to

O.8(c2+0.5)

02+1.5
V. oec Q - ... 5.24

m

The Q-exponents of the last two equations correspond

to bV of Equation 5.13, and bv is related to bA of Tables 6 and

-
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7 by bv =1 - bA (Equation 5.14C). The observed bV cover
the range 0.4 < b < 0.72. On Figure 19, the exponents of

Equations 5.23 and 5.2l have been plotted against Coe

FIGURE 19. EXPONENTS OF EQUATIONS 5.23 AND 5.24

vs. C

Using Figure 19 to convert the observed bV to Cohs and
Figuré 18 to convert czuto apparent roughness ratios (assuming
Equation 5.2 is valid) one can see that the data cover the

approximate range of roughness ratios from 0.4 to 8, which is

compatible with the appearance of the channels. From Equation

5.18 one can obtain an explicit equation f‘or»bV

b

.14 ,-.08
s =1 -0.250Wps

5.25

which, if used in conjunction with Figures 18 and 19 indicates

that at a fixed slope, large channels are relatively smoother

fhan small channels and, for a given channel size, steep

channels are rougher than flat channels. This also agrees

with field observations.
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In conclusion, the data of this study appear to be
compatible with the commonly accepted logarithmic law for
rough channels, Equation 5.21, but without information on
roughness size.and on shape of the flow sections, it is not
possible to decide whether this equation gives a meaningful

representation of flow in extremely rough channels.
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6. UNSTEADY FLOW IN STEEP CHANNELS

6.1 Kinematic Waves and the Surge Test Results

6.1.1 Some Features of Kinematic Waves

Lighthill and Whitham (1955) introduced the term
"kinematic wave'" for a class of waves which arise in one-
dimensional flow systéms 1T there is a unique functional
relation between:

(i) the flow Q,

(ii) the position x, and

(iii) the quantity per unit distance (A in the case of
a stream).
The wave motions are then governed by the equation of con-
tinuity‘alone. It has long been recognized that the moﬁement
of a flood down a long river can be approximated by this type
of wave (Seddon, 1900; Mass€, 1935).

The equation of continuity for unsteady flow in a long
channel 1is

3 Q 3 _
5% +a = 0 ... 6.1

o=

ot

which can also be written as

dA dQ oA _
_a'_t +_n'_rx_o s v s 6.2

'0Q/d A has dimensions of a velocity and can only' depend on
'Q and on the position x if the assumptions for'kinematic waves

are satisfied. An observer moving along x at speed 3Q/d A
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will then observe no change in area or discharge (DA/Dt = 0),

which shows that Equation 6.2 defines a wave motion with

%%: c(x,Q) ... 6.3

being the celerity of these kinematic waves.

In Chapters 8 and 9 of his book on open channel flow,
Henderson (1966) examines the conditions under which kine-
matic waves can approximate the movement of flood waves. The
equation of motion for a prismatic channel can be written as

(Henderson's Equation 8.5):

e o g2 Tn w1 éVm 6.4
“Mf ‘ dX g; X g 0%t
1 2 3 4 5

in which Sf is the friction slope (e.g. nmz'vm2/d§:/3 if the

Manning Equation is applicable).

Terms 1 and 2 define steady, uniform flowy terms 1 to
4 define steady, non-uniform flow, and the complete equation
applies to un-steady, non-uniform conditions. If S is much
larger than the 3 other terms on the right side of Equation
6.4, the wave motion is approximately kinematic. Henderson
shows that this condition is satisfied in a relatively steep,
alluvial river, even during a very rapid flood rise.

in tumbling flow channels the 5th term is always one or
more orders of magnitude smaller than the averaged S but may
be comparable with the local S in a few places (big pools).

Terms 3 and 4 however, may be of order S or more and, like S,
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they are highly and unpredictably variable with x. Equation
6.4 does not,therefore,permit any definite conclusions regard-
ing the applicability of kinematic wave theory to tumbling
flow. Only experimental evidence can do this.

The equation for the kinematic wave celerity at a fixed

location, ¢ = dQ/dA, can also be stated as

which shows that c¢ increases with discharge in natural river
channels. In a truly kinematic channel, c(x) . is therefore a
unique and increasing function of A or Q. As a consequenée,
a kinematic wave cannot disperse but the higher parts of the
wave will tend to overrun the lower parts, resulting «in a
gradually steepening wave front of positive waves. .
In Section 5.2 it was shown that channel reaches in the
tumbling flow regime obey equations of the form
A = aAQbA (5.10). Kinematic waves in such channels should

therefore have the celerity

dA a l/bA b
A A
or, in terms of discharge
1-b
c = 1 Q . A .
a,b, : ... 6.6
Substituting b = 1 - b, and a, = 1/aA into Equation 6.6 gives
v
c = _ﬂ *
b N
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which shows that the kinematic wave celerity is proportional

to v_ .
m

6.1.2 Indications from the Surge Test Results

The three features of kinematic waves which are sult-
able for immediate comparison with the field data are:
(1) the steepening of positive wave fronts,
(ii) the non-dispersive nature of kinematic waves,
and

(1ii) the wave celerity c = V/bv'

All surge tests show a consistent downstream flattening
of positive and negative wave fronts and a tendency towards
increasingly smooth Q(t)-curves in the downstream direction.
Both facts are clear evidence for dispersive effects.

According to Equation 6.7, the kinematic surge celerity
plots as a straight line on logarithmic paper, parallel to
the Q - vm line. Figures 16 and 17 show these lines for two
test reaches, together with the observed surge celerities
based on the mid-points (over Q) of the observed rise or fall.
The agreement between the theoretical line and the observed
surge celerities is consistently similar to the situation
shown in Figures 16 and 17. At intermediate to high flows
the agreement between observed and kinematic celerities is
alwéys close but at low flows, the observed celerities tend
to be significantly higher than kinematic.

Symmetrical tests, consisting of an up-surge followed
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by a similar down-surge (or vice versa) are particularly
instructive on the mechanism of wave propagation (Figure 15).
The time lag between the mid-points of the up and down-
surges remains very closely constant and identical to the
original lag at the lake outlet, with the celerity of these
mid-points being close to kinematic at all but the lowest
flows and with the sharp chénges in dischargei becoming
gradually smoother as noted above.

From these comparisons one can condélude that the
mechanism- of wave propégation at intermediate to high flows
through channels in the tumbling flow regime ié essentially
kinematic with a certain dispersive effect added.

The digression from kinematic conditions at low flows
.can be explained as follows: at low stage large parts of
any tumbling flow channel are occupied by relatively deep and
slow-moving pools, which are not kinematic according to the
assumptions stated in Section 6.1.1. Changes in discharge
‘propagate through pools at the dynamic wave celerity
v@‘&' , which will generally be much larger than the corres-
ponding kinematic wave celerity. For example, at a flow of

3g-1 Brockton Creek (Figure 16) contained a few pools

0.01 m”s”
with depth of more than 0.3 m and a large number of pools with
depths between 0.1 and 0.3 m. The kinematic wave celerity at
this flow is 0.18 ms_:L and the dynamic celerities for 0.1 m
and 0.3 m depth are 1 ms_1 and 1.7 ms_l. The effects of

pools will be examined in greater detail in Section 6.3.
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6.2 Kinematic Waves with Storage Dispersion

6.2.1 Dispersion through Secondary Dynamic Effects

In the case of long rivers with relatively prismatic
channels and sub-critical flow throughout, it has long been
recognized that the propagation of flood waves is mainly
kinematic with some dispersive effects added. Hayami (1951)

introduced the equation

o A + 3vm 0A  _ D 32A 6.7
ot 2 dx C 342 )
X
for this type of kinematic wave. This corresponds to

Equation 6.2, with 3vm/2 being the kinematic wave celerity
according to the Ché€zy friction formula and DC being an
undetermined dispersion coefficient. Hayami arrived at
Equation 6.7 by adding the effect of the changed water surface
slope, which occurs during the passage of a flood wave, to

the basic flood wave equation (6.2). Without detailed argument
he claims further that the dispersion coefficient consists of
a sum of two terms, one accounting for the slope effect and
the other accounting for wave dispersion in storage elements,
such as pools or permeable stream banks. He gives an explicit
solution for Equation 6.7, based on the linearizing assump-
tions of constant Vo and constant DC, and found goocd agreement
between computed and observed propagation of an artificially

produced symmetrical flood wave. The main difficulties with
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Hayami's solutions are the normally unpredictable size of
D and v
c m
Lighthill and Witham discuss several different forms
of the dispersion term in the kinematic wave equation. They
claim that, since the dispersive term is probably small, when

compared with the terms on the left of Equation 6.7

d A ~
3t | - C

Q-
o=

o
b

and the dispersion term can therefore be stated in any one

2 2A/6t2, or

of the three forms: 62A/'bx2, 1/c
1/c o 2A/é xot . The dispersion coefficient, however, may
be more easily established for one form than for the others,
depending on circumstances. Two methcds for determining the
dispersion coefficient are given, one based on observed flood
profiles at fixed times (which is rarely possible), and the
other based on the well-known (but difficult to measure)
hysteresis effect, which'occurs in stage-discharge rating
curves during the passage of a flood wave. In tumbling flow
channels the dispersion term may not be small because of the
extensive pool storage, so that the above transformation of
the term containing second derivation is not justified.
Henderson (1966) also discusses the dispersion of
kinematic waves and shows that his form of the equation of
motion (6.4) can be transformed into the kinematic wave

equation of Hayami, Equation 6.7, if terms U4 and 5 are neglected.
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In conclusion it appears thatvthere is a considerable
body of knowledge on dispersive kinematic waves, but it is
basedAon, and applicable to long, relatively prismatic
channels, in which the dispersion is mainly the result of
differences between steady : and unsteady slopes and the
resulting hysteresis in the stage-discharge relations.
Tumbling flow 1s characterized by frequent transitions from
sub-critical to-supercritical depths, which means that, at
least at the critical section, the stage—dischargé relation is
unigue. The dispersion is therefore attributable solely to
storage. The consequences of this do not appear to have been

investigated before.

6.2.2 The Differential Equation of Kinematic Waves with

Storage Dispersion

A channel, in which the relation between Q and A is
only unique at regularly spaced discrete locations Xs s
has the following Q - A relation at intermediate points

X <X< X, (see Figure 20)

i-1

d

=g

6.8

|

Q = f(A) BV,

X
1

[« %
ct

since, at rising stage, some of the discharge at x will go

into storage between x and Xg e
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FIGURE 20. DEFINITION SKETCH FOR EQUATION 6.8

The coefficient of dA/d t has dimension L, and with WD
being the only length readily available in the present problem
(Section 5.3), it 1s convenient to use it in Equation 6.8,
together with a non—dimensibnal coefficient & , whose value
will have to be determined later on. Physically, the factor
Y4 WD is a length measure in direction x, related to the
average size of pools. In some alluvial rivers, pool-
riffle sequences scale approximately with width (Leopold et al.,
1963). By using Wy in (6.8) one assumes that a similar rela-
tion holds in tumbling flow channelé.

Assuming a long channel with densely spaced control
sections x, , one may substitute Equation 6.8 into the

equation of continuity (6.1), at least as an approximation,

giving

[v 7
o=
o
O

+

dA Q -
Bx = 0

o
(e
[+%
=g
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in which At stands for JdA/dt. Noting that 9Q/dA = ¢

and, according to Equation 6.8, © Q/&.At = /?WD, one obtains

2
oA QA  _ d°A
3t Y ¢ ex T TAY T e 609

This is the basic equation for kinematic waves with storage
dispersion. Lighthill and Whitham (1955) arrive at the same
equation by considering the effect of hysteresis in a stage-
discharge rating curvé,'applicable to the whole reach.
Equation 6.8 also defines a hysteresis effect in the
Q - A relation, but in a natural tumbling flow channel this is
probably highly variable and could certainly not lead to a
practical method for. §§timating A , the one remaining free
parameter. An alternative is to obtain an explicit solution
for Equation 6.9, with the relatively simple initial con-
ditions of the surge tests, and then to obtain / by fitting
the solution tQ the observed surges. This will be done in

the following two sections.

6.2.3 A Solution for Step-like Input

An explicit solution of Equation 6.9 is only obtainable
with the linearizing assumptions of constant ¢ and constant £ ,
which is justifiable for the surge tests, since AQ <<Q.
With these assumptions- Equation 6.9 becomes a linear, homo-
geneous, partial differential equation of second order. The

substitution
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PN
b
(e}
ot

~r

F=2A4Ac¢e ... 6.10

transforms the equation into the compact, first canonical

form
2
O°F cF
- =0 6.11
oxot 2.2 T
AWy
which has the characteristics x = const. and £ = const.

The initial conditions and boundary conditions of a

surge test can be approximated as:

A(x20,0) = Aj ... 6.12
A(0,0) = AO

c.. 6.13
ACO,t > 0) =(1+o<)AO X << 1,0

After the above transformation they become

X
, L AW 6.12a
- 20,

F(x20,0) = A e

F(0,0) = A
ct ... 6.13a,
AW _

F(0,6>0) = (1 +«)Ae o << 1.0

Since the initial conditioﬁs define F on two of its
characteristics, the problem to be solved is a so-called
Goursat problem. Under the above conditions it has a unique
~solution (Mikhlin, 1966), which can be found by Riemann's

method.



The Riemann Function B is

be
B=1I [ xt ]
o) \/ﬂZWZ

D

in which Io(u) is the "Modified Bessel Function of the First

Kind of Order Zero". The solution of (6.9) is of the form
t
' ; dF(f 0) 'JBM
F(x,t) = F(0,0)B(0,0) + /BTﬁ,e— aé + a7 a7
0 0
6.14

in which f and 77 are dummy variables in length and time
coordinates respectively. The last term of (6.14) cannot be
evaluated in the above form since the derivative 4F(0,7)/dT

is undefined at 7= 0. Partial integration of this term gives

X 7=t
F(x,t) = F(0,0)B(0,0) + /B dFéﬁ 0) af + B(0,7)F(0,7) /
8 720
£
- / %F(‘O"T) dr ... 6.15
0

Since dIO(u)/du = I; (4) and Iy (u) is the "Modified Bessel
Function of the First Kind of Order One", substituting for

B. and the starting conditions of F in 6.15 gives
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1 X ct
F(1,t)/A, = T%— [ I ( —2i0—2 (1-x)t) e” "D'gx + (1+a) ?"D
D Ay
0
t
i (t=-7)
AW cl(t-
+ 2.0 {1ve0 / e U1,/ 2,2 )
AW AWy
D 0
52 ar
Ay
6.16

With A(1l,t) = F exp(—lABWD - ctABWD) this ié the explicit
solution of Equatioﬂ 6.9 for a reach of length 1. Under normal
circumstances it can be simplified considerably.

For large -arguments u the Bessel functions IO(U.) and
Il( U) tend asymptotically towards the function VE7§7FE_eXp(u).
According to Jahnke and Emde (1945) the agreement is within
5% at W = 9, With the 1l-values and time lags of the present
surge data, the arguments will always be much larger than 10,
so that the Bessel functions can be replaced by their more
easily computed asymptote. The middle term on the left of
(6.16) is negligible, when compared with the two integral
terms. Time lag is generally given in minutes, while all other
data are in meters and seconds. With these assumptions,

Equation 6.16 becomes
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A 1

‘, 1 ‘ 1
A(l,t) = 9 jr exp (p+/l-x Jt + X =
Ay . Veorp VIoX \T Php AW

t ‘
120(1 +x) A C1 .
- S%ct ) dx  + 55 O / \/ 1 exp (p V1 V-7
b A Vp 0 27 p V1(t-T) : ’

60cT 60ct

1
+ - —— ) ar 6.17
A AW A

in which p =\/;M0c//?2wg§ﬂ. Equation 6.17 poses no computa-
tlonal problems.

The Fortran IVG program "PD" computes A(l,t) for given
values of Qo,cx, B> WD, 1, ap s and bA using Equation 5.10a
to convert discharge to area and vice versa and Equation 6.6
to_compute c. On output, the program lists several parts of
(6.17). to permit an assessment of the contribution of the
two terms on the right. The program, with operating instruc-
tions. and sample output, is lisfed in the Apbendix.

During the period of rapidly changing A(1,t), both
terms of (6.17) are of similar magnitude. The first term
dominates before thaﬁ,when A(l,t)rv.Aofand the second term
dominates the period when A(1l,t) ~ (14 o« ) AO. Away from
t = 1/c, the dominant terms become time independent. Close
to t = O} the solution fails as a result of substituting an

asymptotic function for the two Bessel functions.
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6.2.4 Comparison with Field Data

To evaluate the probable range of_;?, which is the only
free parameter in Equation 6.17, a few surge tests were com-
pared with computed Q(1l,t) curves covering a wide range of A .
Figure 21 shows a typical comparison. Obviously the computed
c of that test is somewhat too small as pointed out ih
Section 6.1.2. The best fitting values of,ﬂ_fall consistently
between 0.5 and 1, with the greater values occurring at the
larger discharges. Fit was determined by inspection. A
least squares fit of Equation 6.17 to evaluate optimal values
of £, or £ and ¢ is feasible, using the programs "NLIN2"
(Section 3.3.1) and "PD", but it would involve excessive com-
puter time.

As noted in Section 5.2.1 the actual water surface
width of natural channels, WS, 1s generally related to WD by

functions of the form

8 47 | ... 6.18

with the factor z probably falling into the range 0.1"' to 0.2
'in the case of tumbling flow channels (Miller, 1958). This
suggests that WS might be a good estimate of/ng or

Q z
£ o= (= ... 6.19

v

Figures 22a and 22b show a few typical results obtained
on the basis of Equations 6.17 and 6.19, with z taken as 0.2

and QD taken as the estimated mean annual peak flow (Table 2).
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Only reaches immediately below lakes can be used for com-
parison, because the surges on lower reaches do not fit the
initial conditions, as stated in (6.12) and (6.13). The
writer knows of no other routing method which could give com-
parable fit without having to evaluate some free parameters
from other'hnsteady flow data beforehand.

Equation 6.17 is not a practical routing equation for
routine hydrological work. It is a means of obtaining the
dispersion coefficient of the basic wave equation (6.9) if
circumstances permit the creation of a smallg step-1like surgef
To obtain an operational flow forecasting system, Equation 6.9
would have to be considered non-linear and programmed for
numerical solution, possibly using the methods discussed by

Lighthill and Whitham (1955) or Henderson (1966).

6.3 A Practical Approach to Unsteady, Tumbling Flow

As an alternative to the routing method of the last
section, which considers the tumbling flow channel as a lirge
sequence of storage elements with uniqﬁe Q-A relations at
their outlets, 1t appears worth investigating whether a
sequence of a few reservolrs and channeis could represent
tumbling flow. The basic steady flow Equation 5.10 can bé
satisfied physically either by an inclined rough channel with
the appropriate roughness elements or by a smooth, almost
horizontal reservoif—like channel with a weir-1like outlet.

The following 3 sections will explore the consequences of
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assuming that a channel reach in the tumbling regime can be
represented by a relatively small number of alternating reservoirs
and channels, both meeting fhe steady flow equation

Pa

A= 2a,Q ' ... 5.10

6.3.1 . Unsteady Flow through a Non-linear Reservoir

Unsteady flow through a prismatic reservoir of

length A and area A has to satisfy the continuity relation

: _ dA
Qu(t) - QL) = 3t ... 6,20

in which Qu(t) is the inflow, and Q(t) the outflow. Evaluating
the derivative dA/dt with the dimensionally homogeneous form
of the steady flow equation 5.10b and representing all dis-

charges as fractions of Qp (Q = q'QD)’ leads to

da 9p ( 1-b 2-b

dat a.. q - q
A AD bA u

6.21
which is a separable but non-linear differential equation. The
introduction of QD into (6.21) is purely for ease in converting
the formulas to other systems of units; it does not limit Q to
values less than QDm'To obtain an explicit solution for a

constant q,» One can write (6.21) as follows

b
Q A
D _ a
XKBBX— j’dt = ‘ + constant
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Substituting (qu - g)/qg =k gives

b,-1

QT A
D = —q J( dk — + constant
u k(1+k) °A

The integral on the right has explicit solutions for rational

values of bA (b, = i1/3), but the form of the solution can vary

A
widely, depending on i and J (Edwards, 1921). This approach

is therefore not suitable for applications in which b, may

A
take a fairly wide range of values. '
In general it is most efficient to solve Equation 6.21

by a standard numerical method, such as Runge-Kutta.

6.3.2 A Routing Model Based on a Cascade of Channels and Pools

If a tumbling flow channel i1s represented as a cascade
of kinematic channels and non-linear reservoirs, as shown in

Figure 23, Equation 6.21 becomes

da, (£) nQ _ o_h
T T wTE D, (9.1 (T a; (£)T7PA g (%) ) ... 6.2la

D A

The time lag between pools, T is evaluated by neg-

L’
lecting the time lag between a pool and the following channel,
by assuming that the channels are kinematic flow systems,and

by assuming further that the pool water-surface 1s horizontal

at all times.1 With €this T becomes

L

1This i1s identical with the assumption of an infinifte
dynamic wave celerity in the pools. The wave celerities
quoted in-Section 6.1.1 would appear to justify fhis.



130

p = (1 -0) 1
L n ci(ti

and with a substitution for ¢, according to Equation 6.6 .

i
!

Q
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B
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. FIGURE 23. DEFINITION SKETCH FOR THE CASCADE OF CHANNELS AND
: RESERVOIRS '

(1 -9) 1 & v, |
T - ba e, 6.22

n Qpy q
The two equations (6.21a) and (6.22) define a channel routing
system suitable for numerical evaluation. A Fortran IV G

program ”SNLR“awritten for this purpose is listed in the

Appendix.

°In 'SNLR" the parameter ¢ is called o .
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Suitable assumﬁtions for the free parameters n and &
will be discussed in the following section. However, con-
siderations of computing economics and stabllity of the
computations  impose fairly narrow limits on both parameters.

Stability is assured as long as the following two con-
ditions are met.

Ry >> Q; at ... 6.23

1

TL(j+1) < TL(j) + At ... 6.24

in which At 1s the finite time step in the numerical inte-
gration of (6.2la), and the subscript j refers to these time
steps. The exact formulation of Inequality 6.23 depends on the
integrating method, but by requiring either large reservoirs

or small time intervals, it certainly narrows the range of
possible ¢ and n values. Violation of Inequality 6.24

would indicate a tendency towards the formation of a bore.

This may be a rather remote possibility,since even the largest
surges of this study do not come close to violating the

inequality.

6.3.3 Evaluation of the Free Parameters from Field Data

Figure 23 shows that the parameter n 1s a scale para-
meter, which should express whether a reach is relatively
"long" or "short". With the ratio 1/WD being the most reason-

able and practical measure of relative length, n will be
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assumed a priori to be a function of l/wD alone. It is
impoftant that n be independent of Q because it would be dif-
ficult to change n in the course of a computation.

The parameter ¢ indicates how much of a given channel
reach is acting like a reservoir. Since pools are prominent
at low flows and tend to disappearlduring floods, i1t seens
reasonable to expect & to be an decreasing function of Q/QD.
From a practical point of view this is a feasible assumption.
The boundary between a channel segment and the adJoining
reservolr can be shifted during a surge computation as they
have identical A-Q relations.

The combined effect of Inequality 6.23 and the above
assumption on the relation between & and Q is somewhat
unfortunate, since (6.23) indicates a need for larger reser-
voirs with increasing flow while the proposed decrease of &
with Q has the opposite effect. The two conditions can be
met simultaneously by decreasing the time step of the
numérical integration as-Q increases.

To gain a clearer picture of the effects of changes
in n and in 6 on the computed downstream flow, the surge
test shown in Figure 15 was routed through the three Blaney
Creek réaches with various assumed combinations of n and ¢ .
The results are shown on Figures 24 a, b, and c. They
indicate that good fit can be achieved with a wide range of

n- ¢ combinations. If the reach is divided into many
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reservoirs (n large) '~ they have to cover a large part of the
léngth (& large) and vice versa. Since computing time
increases more than linearly with n due to (6.23) and the
increase in computing time with decreasing ¢ is relatively
small, it is obviousiy advantageous to keep n as small as
possible. The'surge test data give no clear indication of a
lower limit. The practical solution appears to be to select

a "l/Wﬁ" criterion for n that results in a single reservoir
for the shortest reaches of interest, which will depend on the

scale at which one is working. As can be seen from Table 2

n = l/HOWD ... 6.25

is a suitable assumption for the present set of data.

The second parameter;é’, was estimated by trial and
error, using all the surge tests of Blaney Creek. The
resulting ¢ - q relation is naturally only valid in combin-
ation with (6.25). As in the case of the kinematic waves
with storage dispersion, the free parameter ¢ could again
be obtained with a non-linear least squares fit (Section 6.2.4),
but the amount of computing time required would be even
greater here. A simultaneous fit of n and & would probably
not lead to significant results, since the minimum.of the
squared residuals appears to be an elongated valley, lying

more or less in a diagonal direction across the & -n plane.
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FIGUREE 25. THE ROUTING PARAMETER ¢ FOR n = 1/MOWD

Figures.26 a, b, and ¢ show several typical comparisons
between ccmputed and observed surges for Blaney Creek and for
other streams, which were not used for deriving the & —-q
relation of Figure 25.

The program "SNLR" converts discharge to stage for
direct comparison of observed and computed H - T curves.
Since several of the gauge rating curves are nct too well
defined, some of the differences between cbserved and com-
puted surges are the result of this, rather thaﬁ of any defil-
ciency in the routing methocd. The closeness of fit is com-
parable to the result obtained with Equation 6.17. At very
low stage the surge celerity is again underestimsted. With
an increése in ¢ it is possible to achieve a correct surge
arrival time,but this leads to excessive damping. As pointed
out in Section 6.1{2, this effect is probably the result of
neglecting dynamic waves. There is, however, some slight

evidence, particularly in the case of Brockton Creek (Figure 16),
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that the true Q - A relation is somewhat curved on double log
paper, probably due to a residual area at zero flow,and this
would result inhigher values for the kinematic celerity c at
small discharges.

The major differénce between the routing method'based
cn channels and reservoirs and routing based on Equation 6.17
is that the fermer makes no assumption abcut the shape of the
surge input to the reach and proceeds with finite time steps,
which,in the case of a runcoff model,permits the additicn of

local inflow.
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7 ~ CONCLUSIONS

7.1 The Hydraulics of Tumbling Flow

The objectives of this investigation are stated in
the Introduction as: (i) finding the laws that govern
steady and unsteady tumbling flow, and (ii) expressing these
laws in terms of parametérs which can be related to readily
available basin data. Within certain limitations, to be
discussed below, this has been accomplished.

The aspects of steady channel flow,whiéh are signi-
ficant in a runoff modelsare cémpletely described by the
functions A = f (Q) for all segments of the channel network.

- The field data indicate that these functions can be approxi-

b
mated by simple exponentials of the form A = a, Q A . On the

basis of similarity considerations it is shown that the two

parameters a, and bA depend on basin parameters which can be

A

considered “feadily évailable". This is confirmed by the

highly significant correlations appearing in Day's (1969)

regression models. The physics of the channel forming process,

which is implicit in Day's regression equations, remains unknown.
The two proposed methods for extending the steady flow

equations to unsteady flow routing are shown to be capable of

reproducing the downstream propagation of step-like surges.

Since more complicated channel inflows. can be approximated by

a series of steps, both methods are capable of routing all

hydrograph shapes except in those cases where the non-linearity
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of the chéﬁnel response leads to the formation of a bore.

The data impose a number of limitations on the.conclusions.
None of the test reaches 1s a first order channel and only three
reéches represent small streams; Brockton 1-2 and 2-3, and
Placid 1-2. Their steady flow behaviour differs markedly
because Brockton Creek lies at tree-line and is essentially
debris free while Placid Creek is severely choked by logging
slash. The results of the study are therefore not suitable
for application to almost complete channel networks as they
appear on large scale maps such as the 1:2400 map used in
Figure 2. The channel netwbrks appearing on 1:50,000 NTS
maps represent the approximate lower 1limit to which the results
of this study may be applied. The first order and most second
order channels have to be included in the land phase.

The conclusions are further iimited by the lack of
unsteady flow tests on the larger streams. The flow regime
in large streams is rarely "tumbling" over long reaches and
it is questionable whether the unsteady flow models, parti-
cularly the rules for determining the parameters £ and « ,
apply to ordinary, rough turbulent channel flow.

There is a twofold regional limitation on the data:

(1) The relations between channel parameters and drain-
age area depend on climatic factors. This can be overcome by
establishing relations between DA and WD, and then predicting
the channel performance from W, and S. This requires sbme

D

field work and may therefore not always be feasible.
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(ii) Climate and elevation are the main factors determin-
ing vegetation and can therefore have a considerable effect
on the performance of the smaller streams. It follows that

logging and clearing operations are of similar importance.

7.2 Basin Linearity

Both routing models developed in Section 6 show that
the non-linear response of a channel segment is largely a
consequence‘of the dependency between.c and Q, which, for
~the kinematic approximation,is positive exponential since

b
c = dQ/dA Vo and v_ = an V.. TThe surge tests do however

m
indicate a consistent tendency towards c values larger than
dQ/dA (Figures 26 a, b and c) at low flows, which may be
interpreted as a.trend towards linear response of the channel
system at low flows.

That the high flows show no tendeﬁcy towards linearity
is not surprising since the only reason which is generally
advanced for such a trend, the rapld increase in flow area
as the stream channels overflow ohto the flood plain, is rarely
applicable in steep mountainous basins.

One may even argue that, since the bed material of
degrading tumbling flow channels moves only under extreme flood
conditions and since a mobile bed would probably offer lower

resistance to the flowing water (Kellerhals, 1967), there could

be stronger non-linear trends during extreme runoff events.
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7.3 Towards an Operative Channel Runoff Model

Neither of the two routing methods of Section 6
represents an operative channel runoff model, but both can
be considered as bullding blocks out of which a channel runoff
model can now be assembled. Since the writer plans to pursue
this after completion of the present study, a brief note on
what remains to be done may be 1n order.

(1) If the routing method based on Equation 6.9 is
to be used, a considerable programming problem remains to be
solved. One can either adopt the present solution for step-
like input‘(6.17) to unspecified input shapes or one might
choose a purely numerical solution based on successive approxi-
mations to Q (x,t) in a finite grid on the x - t planes of
all channel segments.

(ii) The routing method based on non-linear reservoirs
is closer to being operational. The gradual change in & with
Q remains to be incorporated in the program "SNLR".

(iii) A mathematical formulation for the drainage network
will have to be devised to permit proper representation of
the channel parameters in a computer. The model recently pro-
posed by Surkan (1969) appears to be adaptable to this purpose.

(iv) A suitable representation of the land-phase input
to the channel system will have to be found. Hydrographs of
a few small source areas may be acceptable, possibly in com-

bination with meteorological records.
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(v) With increasing basin size, the channel phase becomes
dominant over the land phase. It is importaﬁt, therefore, to
extend the routing methods to larger streams than those con-
sidered in the present study.

It will probably become necessary to obtain the basic
A(Q)-equation from extensive river surveys rather than with
tracer methods. Dispersion coefficients and wave celerities
will have to be established through controlled releases from
several major dams.

Only after complétion of all this will it be possible
to pass a final judgement on the usefulness of the two-phase
apprcach to runoff. However, the results presented here

-leave little room for doubt that it will be positive.
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PHOTOGRAPHS

PHOTOGRAPH 1.

BROCKTON CREEK, ALONG REACH
Br 1 - 2, LOOKING

UPSTREAM.

PHOTOGRAPH 2.
PLACID CREEK, ALONG REACH P1 3 - 4, LOOKING DOWNSTREAM.
TYPICAL LOG JAM IN FOREGROUND.
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PHOTOGRAPH 3.
BLANEY CREEK, AT Bl GAUGE 3, LOOKING DOWNSTREAM.

PHOTOGRAPH 4.

BLANEY CREEK, AT Bl
GAUGE 4, LOOKING
UPSTREAM FROM BRIDGE.
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PHOTOGRAPH 5.
PHYLLIS CREEK, AT PH GAUGE 2, LOOKING DOWNSTREAM.
STAGE RECORDER AT RIGHT.

PHOTOGRAPH 6. PHOTOGRAPH 7.
PHYLLIS CREEK, AT PH BARNSTEAD CONDUCTIVITY
GAUGE 4, LOOKING BRIDGE.

UPSTREAM.



PHOTOGRAPH 8.
VOLUMETRIC GLASS WARE FOR SALT DILUTION TESTS.

PHOTOGRAPH 9,
VATS, PATIL, AND STIRRING
ROD FOR SALT DILUTION TESTS.
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PHOTOGRAPH 10

EQUIPMENT FOR RHODAMINE WT SLUG INJECTION TEST

PHOTOGRAPH 11.
RECORDING CONDUCTIVITY
BRIDGE, WITH ELECTRONIC
INTERVAL TIMER.
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PHOTOGRAPH 12.
CONTROL STRUCTURE AT THE OUTLET OF BLANEY LAKE.
THREE FLASHBOARDS IN PLACE.

PHOTOGRAPH 13.

TIMBER CRIB DAM AT OUTLET OF MARION LAKE, WITH
TWO ADDITIONS IN PLACE FOR A DOWN-SURGE.
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PHOTOGRAPH 14,
PUMP AT PLACID LAKE.

PHOTOGRAPH 15.

INVERTED SYPHON AT POOL
OUTLET ABOVE BROCKTON
GAUGE 1.




PHOTOGRAPH 17.
RECORDER INSTALLATION
WITH INVERTED SYPHON
AT BLANEY GAUGE 5.
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PHOTOGRAPH 16.

PLEXIGLASS TUBE FOR STAGE
READINGS ON RIGHT, CONSTANT
RATE INJECTION APPARATUS

ON LEFT.
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NACL -

FORTRAN /360 MAIN PROGRAM CALLED NACL 'y WHICH CONVERTS
TIME~-CONDUCTIVITY DATA TO TIME- CONCENTRATIDN DATA., TIME IN
MINUTES AND SECONDS IS CONVERTED TO MINUTES AND DECIMALS.

INPUT ) .
e CONTROL. CARDS e e e e e e
1 ONE CARD PER RUN,

NO. OF DATA SETS, KTOT, (I2):
2 ONE _PER DATA SFET.

NO OF DATA POINTS, K, (I13)

' ARRIVAL TIME OF TRACER WAVE, TST, (F7.2)

.. .. _TITLE_OR_RUN IDENRIFICATION NO. (7A4)____ . . .. . _. . .
v vy  PARAMETERS OF.GAMMA EXTENSION, IF DESIRED,, . :

.7 LOG"Ay By D,(2Xy3E10.5). LOG A IS CONVERTED TO A.

3 ONE_PER_SET OF DATA. '

NO. OF POINTS ON THE RATING CURVE, Ny (I3)
DILUTION RESULTING FROM 10 CC OF SECONDARY SOLUTICN
e e IN_RATING_TANK, DIL10y (F10.0) .. . _. e
' RATING TANK TEMPERATURE, TEMP, (F10.0)
BACKGROUD READING AT START OF TEST, BACKST, (F10.0)
BACKGROUND READING AT END OF TEST OR BLANCK IF IT IS

EQUAL TO BACKST, BACKND, (F10.0)
. PARAMETER NPLO, WHICH SHOULD BE .GT. O, IF NO PLOT
HWM.;W~MM_DES[RED'WIJ3)«M-W_“._A et e et et e
' PARAMETER NPUNCH, TO BE SET .GT. Oy IF NO PUNCHED
OUTPUT DESIRED, (I3) .
DATA_CARDS OF STREAM MEASUREMENTS, K CARDS PER DATA SET.

CONDUCTIVITY READINGS YC,TIME IN MINUTES AND SECONDS
FROM INJECTION, XT, (2F9.3)

_ DATA CARDS OF_ RAT!NG CURVE, N CARDS PER SET. _ _._ )
AMOUNT OF SECONDARY SOLUTION IN RATING TANK IN CCc CCy
CONDUCTIV!TY READING, READy (2F9.3) :

QuUTPUT
PRINTOUT OF INPUT DATA . “
_PRINTOUT. OF _CONVERTED_DATA, WITH CONCENTRATION .IN PPM_
OF THE PRIMARY SOLUTION.
OPTIONAL,
PUNCHED DATA CARDSCONTAINING CONCENTRATION YC, AND

2 Xzisl s ek kslsieiaikaksininksiaisieislsialsiaiakesl 25 aknka ksl s ke ks kaknsl s ke Re kR

TIME XT, AS REQUIRED FOR.PROGRAM DQV, (2F9.3),
PLOT OF RATING CURVE.
T e e e+ e e e e
DIMENSION . XT {200) YC (200), TITLE (7) » CC(20) LREAD (20)

1 FORMAT (13, F7. 2,7A4 2x,3F10 5 b
2. FORMAT (2F 9.3) . K IR
.3 FORMAT 113, 4F10. 0.213 ) ‘ . '
5 FORMAT(.  BHORATING 44Xy 4HSTEP, 9X.92HCCy ..8X, THREADING ./
, (13X 4, I2 5 7Xy F6.0 9.4 X 4 F9.4 ) ) T
7 FORMAT (12) -
16 FORMAT (18HI1CONTROL CARD 1 = /1X, 13, 2X, F7.2, TA4,

1 2Xy 3El2.6 / 18HOCONTROL CARD- 2 = - /.1Xs 12, 2X, 4F12.2,
2 3%, 12, 3%, 12 ) : '
19 . FURMAT { 22HOCONVERTED FINAL DATA ... ). .
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32 FORMAT{5HODATA , '4Xy32HND+8Xy2HXT , 7X 4 THREADING , /
1€ 9X 5 12 45X, FT.2 , 2X ,F10.4 ))

C - i
o LOOP FOR SETS )
"READ (5,7) KTOT
DO 8 KSET. = 1, KTOT , ,
C ) e e it e e e e et o e e e e
C READ DATA N
READIS,1) K TST, TITLEy Ay B, D
IF { A .NE. . 0.0 ) A = EXP (A) ' _
READ{543) N., DIL 10 » TEMP , BACKST, BACKND, NPLOT, NPUNCH
IF ( BACKND .LE. 0.0 ) BACKND = BACKST '
L READ (542) _(YC_{I)y XT (1)y I =1,K) . . .. ..
READ (5,2) (CC (1), READ(I),I =1,N)
c " .
C PRINT DATA
~ WRITE {(6416) Ky TST, TITLE ,A,8,D, N, DIL10O, TEMP,
1 BACKST, BACKND, NPLOT, NPUNCH ’
CWRITE (6932) (I 4 XT(I) 5 YC (1) o Y. = 14 K.Y . -
WRITE (6,4 5) (1 4, CC{I) 4, READII)y I = 1, N )
C .
C _ CONVERT SECONDS TO MINUTES
D09 I =1, K
IXT  =xT{1)
O TMIN =IXT I e
9 XT(I) —TMIN + (XT(I) ~TMIN) / 0.6
C
- C CONCENTRATION RATING CURVE
c :
C CDNVERT CC(I) TO CONCENTRATION IN PPM
LRI = READULY
Do 10 I =1, N
READ (I} = READ(I) - RI
10 ccil) ={CC{I) /(10.0 * DIL 10))* 10.0E+5
C COMPUTE B8 OF REGRESSION L INE
SYX . =.0.0. e
SXX = 0.0 )
DD 12 I = 14 N, _
SYX = CC(I) * READ(I) + S¥YX
12 SXX =READ(I)%%2 + SXX
’ BB = SYX / SXX : : , :
o T R . .. TION
c ADJUST YC(I) TO A  ZERO BACKGROUND AND CONVERT TO CONCENTRAs

DBACK =(BACKST . - BACKND 1}/ {XT{K) -TST)
DO 11 1'=1, K :

IF (XT{I) .LE. TST ) YC(I) : * DBACK

IF {(XT(I) .GT. TST ) YC(I) YC(I) - BACKST +((XT(I)-TST)
11 YCUI) = BB YCUI) . e

WRITE (69 19 ) o .

WRITE (6,432) (1 ¢ XTET)io YC {1y , 1 =14 K}

IF ( NPLOT .NE. O ) GO TO 17- -

c PLOT RATING CQRVE ; - :
 CCMAX . =BB#* READINY . . ... .. | ..
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CALL SCALE { READ 4Ny 7.0 ,RXMIN ,RDX, 1)

CALL SCALE ( CC Ny 9.0 ,CYMIN ,CDY, 1)

CCMAX = (CCMAX - CYMIN) / CDY .

CALL AXIS ( 0.0y 0.0y THREADING 4-7 7.0 4 0.0y RXMIN,RDX )}

CALL AXIS { 0.0 , 0.0,20HCONCENTRATION IN.PPM, $2049.Cy 90.0,
1 CYMIN, CDVY) ' :
CALL SYMBOL..

1.0y 0421 STITLE., 0.0 ,.28)

( 9.5..'
CALL SYMBOL ( 1.0y, 9.0 4 0421y THTEMP, =,0.0, 7)
CALL NUMBER (_2.49 9.0 9 0,21y TEMP 40.09 1 )
CALYL SYMBOL { 3.5 9.0 5 0.21y 4HBB =, 0.0 4, 3 )
CALL NUMBER { 4.6y 9.0 » 0.21 +88 4 0.0 v 4 )

DO 13 I =1 , N | ‘
13 . CALL _SYMBOL.{ READ(I) o CC{I) s0.14 4.4 5 0.0 o =1 )
CALL PLOT (0.0 o 0.0 443 )
CALL PLOT (READIN) , CCMAX ', +2 )
CALL PLOT { 9.0 , 0.0 , =3 )

17 CONTINUE
C
C .. PUNCH DATA.CARDS e e e

I { NPUNCH . NE. O ) GO TO 18
VRITE (7010 K v TSTe TITLEy A o By D
uar?r { 7,21 (YCUI), XT{1), I= 1,K )

18 COMTINUE

C

c CALLS _ TN rYTTING AND PLOTYING. ROUTINES e =

C THE QAtL'QAPDq FOR NUMERICAL INTEGRATION OF THE c-T CURVE AND
C FOR FITTING A GAMMA-DISTRIBUTION EXTENSION GO IN HERE,

CALL TATLEX (K, TST, X¥T, VC, TITLE )

COMTIMIE

[ es]

JOALL _PLOTND
sST0P
END




6.0 64.0 72.0

C
-

CONCENTRATIOGN IN PPM
32.0 40.0 48.0

- 24.0

6.0 .
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'PH R 28. 3-4-BX. SEPT. 17. 6

. TEMP. =11.4 BB  43.5436
i
{ . 'NACL
m_.>_s PLE PLOT
| 5 0.8 10 1.2

0.0 ...b.2 - 0.4

0.6 , A
- RFADQING . , B S



“( CONTROL CARD 1

63 15.00PH R 28, 3-4-6X, SEPT. .17, 6 0.0 16%
CONTROL CARD 2 = , ;
6 83333,25 S 11.40 1.62 10
\ - . :
( DATA NO XT . READING
1 . 14.30 1.6150 . ,
i 190300 . Le 6190
‘ 3 16.00 1.6240 .
4 16.30 1.6360 .
5 17.00 1.6610
6 17.30 . - 1.7090
7 18.10 - 1.7900 . :
e 818030 1.8640 . ... ... ..
9 . 19.00 1.9800 '
10 19.30 2.0610 ' '
11 20,00 ~ 2.1610 '‘NACL "
12 20.35 2.2510 -
13 21.00 2.3000
} L4 21430 ... 2.3290__.... _SAMPLE._ PRINTOUT.
15 22.00 ~ 2.3340 .
16 22.30 2.3210
17 23.00 2.2900 -
18 23.30 2.2550
19 24.00 "2.2020
. N 20 24030 2.1440__ —
21 25.00 - 2.0930
22 25.30 2.0390
23 26.05 1.9970 _
24 26.30 . 1.9640
25 27.00 1.9250 :
26 2T7.30..._ . _1.8840 ... . .
27 28.30 1.8210 |,
28 .29.00 1.7900
29 29.30 1.7730
30 30.00 . 1.7540
31 30.30 1.7420 . |
320 31400 147270 ]
33 © 31.30 1.7150
34 ©32.00 . 1.7060
35 32.30 1.6950
36 33.00 1.6880
37 33,35 1.6800
e 38 34,00 . 1.6760.. -
39 34,30 1.6730 '
40 35.00 1.6690
41 35.30 1.6650
42 36.00 1.6610
: 43 36.40 1.6590
S84 37.00. .. _1.6580___
45 37.30 1.6560
46 38.05. 1.6530
47 38.30 1.6510
48 39,10 . 1.6490
49 - 39,30 1.6480 : »
50 ... ..40.00. . 1.6470_ . _ . ... ... .
51 41.00 1.6450
52 42.00 1.6420
\ 53 43,00 - 1.6400




54 - . 44,00 .. 1.6390
55 45,00 . 1.6380 166
56 46.00 1.6370
57 - 47.00 1.6360
58 48.00 1.6350
_ 59 49.00 1.6340
( 60 51.00 . 1.6320
61 .53.00 1.6300 .
e 62 55400 .. ... 1e6300. . o
63 60.15 1.6280
RATING STEP cc READING
- 1 0. 1.5970
2 10. 1.8790
e 3 206 241460
4 - 30. 12.4170
5 40, . 2.7000
6 50. . 2.9780
CONVERTED FINAL DATA
DATA NO XT READING
1. 14.50 0.0 _
2 15.50 0.0402
3 16.00 0.2545
4 16.50 0.7737 :
S 1700 ...1.8589_ . ... .
6 17.50 . 3.9456 '
7 18.17 7.4681
8 18.50 . 10.6881
9 19.00 15.7357
10 '19.50 19.2594%
11 .20.00 . 23,6103 . . .
12 20.58 27.5252
13 21.00 29.6560
14 21.50 30.9154
15 22.00 31.1298
16 22.50  30.5603 _
YT .23.00 . . 29.2072 . ... ..
18 23.50 27.6797
19 © 24,00 25.3686
20 24.50 22.8397
21 25.00 20,6157
22 25.50 18.2610
23 26408 . 16.4282 _
24 . 26450 14,9885
25 27.00 13.2869
26 27.50 11.4983
27 28.50 B. 7483
28 - 29.00 7.3952
29 ... 29.50 _6.6515
30 30.00 5.8208
31 30.50 5.2950
32 31.00 4.6384
33 31.50 4.1125
34 32,00 3.7173 .
35 . _32.50. 0362350 o
36 33,00 2.9268
37 33,58 2.5745
S . 38 34,00 2.3975



39 34.50 2.2635 167
40 35.00 2.0860.

41 35.50 1.9085

42 36.00 ©1.7309

43 36,67 1.6393

44 37.00 1.5936

45 37.50 . 1.5031

46 .38.08 1.3685

7. ... 38.50.........1.2786 . ... _ _
48 39.17 1.1870

49 39.50 1.1413

50 40.00 1.0943

51 41.00 1.0005

52 . 42,00 0.8631

53 _ _...43.00._.... 0.7693  _ . .. ...~
54 44,00 0.7191 .

.55 45.00 0.6688

56 46.00 0.6185

57 47.00 0.5682

58 48.00 0.5179

59 ... 49.00 ... 0.4677_ . .. .
60 ~ 51.00 0.3671

61 53.00 0.2665

62 55.00 0.2530

63 60.25 0.1306
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‘ 5#§?%A“M;M[)utlj\[;yfitf:!m.w.

FORTRAN /360 MAIN PROGRAM, CALLED DQV, FOR READING TIME -
CONCENTRATION DATA INTO ARRAYS SUITABLE FOR FURTHER PROCESSING
BY SUBROUTINES QV, PLOTGA, AND TAILEX.

INPUT

CONTROL CARDS

1 ONE CARD .PER RUN,
NO. OF DATA SETS, KT0T, (12)
2 ONE PER DATA SET.

NO OF DATA POINTS, K, (I3)
ARRIVAL TIME OF TRACER WAVE, TST, (F7.2)
TITLE OR RUN IDENRIFICATION NO. (7A4)

PARAMETERS OF GAMMA EXTENSION, IF DESIRED,
"LOG A, By Ds(2X,3E10.5)e LOG A IS CONVERTED TO A.
DATA CARDS '

TRACER CONCENTRATION, YCy IN PPB,TIME FROM INJECTION, XT,
IN MINUTES AND DECIMAL FRACTIONS, (2F9.3)

OUTPUT
PRINTOUT CF DATA

CALL PLOTS

DIMENSION XT(50) ,YC(50) 4 TITLE (7)

FORMAT (I3 4 FT7.297A4,42X, 3E10.5)
FORMAT (2F9.3)

I = O (@] Oﬁﬁﬁﬁﬁﬁﬂﬁ]ﬁﬁﬁﬁﬁﬁﬁﬁﬁnﬁﬁﬁ

6

FORMAT (12) D=
FORMAT (13H1CONTROL CARD 45X 5 I3 4 F7.2, TA4,/15H A, B, AND

. 1 o+ 3E10.5)

32 FORMAT (S5HODATA 44X o 2HNO 9 8Xy 2HXT 49X o 2HYC ./
1 (9Xy 12y 5Xy FTe2y 2Xy F9.3) )

c

C LOOP FOR SETS , : >
READ (5.7) KTOT '

_— DO 8 KSET =1 , KTOT

C .

c READ AND WRITE DATA
READ (5,1) K o TST ,TITLE 4 Ay B 4 D
IF { A «NE. 0.0 )} A = EXP (A)
READ (5452)(YC (I)y XT(I)y I = 14K )
WRITE (6416) K 4 TST , TITLE 4 Ay By D
WRITE (64 32) ( I, XT(I) 4, YC(I) , I =1, K)

C

c CALLS 7O SUBROUTINES GO HERE
CALL TAILEX (Ke TSTe XTy YCy TITLE )
CALL TAILEX (K, TST, XTs YC, TITLE )

C

8 CCNT INUE
CALL PLOTND
WRITE (6,100)

100 FORMAT (1H1)

sTOP
END
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CONTROL CARD . 17 .14.00BR R2 GLUP-1-2X, AUG 15,67
Ay By AND D = .16323E 01.10000F 01.86000E-01

DATA N XT YC
12.00 0.0
15.00 0.100

Y

18.00 0.600

21.00 12.100 :

. 24000 38,0000 . -
27.00 504,500

29,00 47,000 , '

31.00 38.000 ‘ DQV

om«nolm.z\wm'-o

33.00 27.800

10 . 35,00 20.200 .

11 37.00 14,100 __SAMPLE__PRINTOUT
12 . 41,00 7.300

13 45,00 4,500

14 49.00 3.100

15 54.00 2.400
16, 59.00 1.800
SRR & 4 69..00 1.000 . o

et et o 2 e e el b+ T £ b i R AP e it 42 b S A e s et = < ok v e i e =
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, TAILEX - -
SUBROUTINE TAILEX ( K , TST , XTIN,YC , TITLE )

c
c THIS FORTRAN /360 SUBROUTINE IS CALLED BY DQV OR BY NACL,
C IF A GAMMA EXTENSION IS TO BE FITTED. ‘IT PLOTS THE
C C-T DARA IN THE FORM (LOG C -B#LOG T 1 VS. (1), FOR
c B-VALUES OF ~1,0, 1, 2, 3, AND4.
c o).www
DIMENSION XT(200), YC(200), BXL(200Y, YL(200), TITLE(?))
1 XTIN(200), XTPLO(200)
DO 1 J =1, K _
XT(J) = XTIN(J) = TST
XTPLO (J) = XT. (J ).
IF ( XTPLO (J) «LT. 0.0 ) XTPLO(J) = 0.0
IF (YC(J) .LE. 0.0) YL(J) = -10.0
IF { YC(J) .GT. 0.0) YL{J) = ALOG (. YC(J))
1 CONTINUE ‘ ' _
CALL SCALE (XTPLO y K s 14.0y XTMINy DXT , 1 ) XTMIN,
"CALL  AXIS ( 0eOs Ta0 »1SHXT — TST, (MIN)y=13 ,14.0 ,0.00
1 DXT ) ' ' .
N=20.0 : The parameters, A,B, and"
DO 2 J = 1, K ] . _
YDIFF = .YC (J+1) - YC(J) D, of TAILEX correspond
IF (YDIFF .LT. 0.0) N = N+L \
IF :N .EQ. 3) GO n,j 3 to Yl,YZ, ond Y3 of text.
2 CONTINUE - )
3 WRITE (69 & ) TITLE 4 TST 4 J 4 XT(J)
4 FORMAT ( 18H1SUBROUTINE TAILEX o/9H RUN NO. , TA4,  2X,
1 184 STARTING TIME , F7.2, /
2  28H TAILEX STARTS AT POINT NO +12,10Xs THXTIME = ,F8.2)
C  LOOP FOR DIFFERENT B VALUES ‘
DO 6 JS = 0 4 5 ' o
J2 = J5 -1
B = J42
DO 7 43 =J 5 K
AX = XT(J3) _
IF { AX «GT.0.01 ) BXL (J3) = B * ALOG (AX)
IF (_AX <LFe 0.0l ) BXL {(J43) = - 10.0 )
7 TY(J3) ==BXL(J3) + YL{J3)
IF ( ' -~ J2 ¢EQe 1 .0OR. J2 .EQ. & ) XT(M)
IWRITE (6 4, 8 ) TST 5, B 4 (M ,YCIM) 5, YL({M) , BXL(M) , Y(M),
2 v M = J s K )
8 FORMAT (16HOINITIAL TIME = 4 F7e2 o/ SH B = 4 F6.2, /
1 S54H NO_ CONC.  L0OG C B*LOG T Y XT = TIN 4/
2 (1Xy 12 4 FB8.2 4F9.4 4 F10e4 5 Fl0a4 » F 9.2 )) c)
" C ELIMINATION OF DATA POINTS TO SECOND POINT BEYOND PEAK(Nof7 ‘

IF ' (J2 NE.{(-1))GO TO 10

YMAX = 4.% ALOG (AX)
IF (YLK} LLEs 0.0 ~ANDa YL(K) oGT.{-9.))YMAX = YMAX + YL(K)
DY = 0.5

IF {(YMAX .GT. 3.5) DY

= 1.0
IF (YMAX .GT. 7.0) DY = 2.0
“IF (YMAX .GT. l4.) DY = S5.0
IF {YMAX .GT. 35.0) DY = 10.0

YLMAX = Y (J) |
IF_(Y(K) .GTa Y{J)) YLMAX = Y(K)_
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DX = 0.5 ‘
IF ( YLMAX oGTe 1.5)°' DX = 1.0
IF { YLMAX .GTe 3.0 ) DX = 2.0
IF ( YLMAX .GTe 6.0 ) DX = 5.0
IF ( DX .GTe DY } DY = DX

YMIN =-7.0% DY
YMAX =+3,0% DY

CALL AXIS ( 0.04+0.0415HLOG C -~ B.LOG T , +15 , 10.0; 90.0,

1 YMIN, DY )}

CALL SYMBOL (1.0,

1.0,

0.21y T

ITLE, 0.0, 28 )

CALL SYMBOL (1.0y 0.5y 0.21y 15HSTARTING TIME =
CALL NUMBER{ 4.0y 0.5, 0.21, '

TSTy 0.0y 2 ).

v 0.0 15 )

10 DO 12 Ja = 4 4 K ~
12 Y(J4) = Y{(J4)/ DY + 7.0 ,
CALL SYMBOL{XTPLO(J),»Y(J)y 0alsd 4, 3 , 0.0y -1 ) \
KS= J +1
DO 11 M = KS ¢ K
IF (YL{M) .LT. (-9.0)) GOTO 11
o IF ( Y{M).GT.10.0 .ORs Y(M).LY. 0.0 GO TO 13 L
CALL SYMBOL{XTPLO{(M) ,Y(M) 40.14 4 3 40.0 4 -2 )
G0 TO 11 : o _2
13 IF { Y(M)<GT.10.0) CALL SYMBOL(XTPLO(M)410.50.14 o 7 , 5%6—;)>a
IF ( Y{M)elLTe 0.0 JCALLSYMBOL(XTPLO(M)4y0.050.14 , 5 4 0.0
11 CONTINUE -2)
6 CONTINUE B

CALL PLOT ( 1640 5 0.0 5 =3 )

RETURN
END




( SUBROUTINE TAILEX | 72
RUN NG. BR R2 GlUP-1-2X, AUG 15,67 .  STARTING TIME 14.00
TAILEX STARTS AT POINT NO 8 XTIME =  17.00
INITIAL TIME = . 14.00

\,_ R = 1.00 - »

( NO  CONC. LOG C BXLOG T . Y XT - TIN

B8 38.00 3.6376 2.8332 0.8044 17.00
9 27.80____3.3250.__2.9444___._ 0.3806 19.00 S
10  20.20  3.0057 3.0445 ~0.0388 21.00
11 14.10  2.6462  3.1355 =0.4893 . 23,00
12 7.30  1.9879 3.2958  -1,3080 27.C0
13 4.50 1.5041 3.4340 -1.9299 31.00
14 3.10  1.1314 3.5553  -2.4239 35.00
15 2.40._0.8755___ 3.6889. . =2.8134_ 40400 .. ..
16 1.80 0.5878 3.8067  -3.2189 45.00
17 1.00 0.0 ~ 4.0073 . ~4.0073 55.00
INITIAL TIME = 14.00
8 = 19.00
NO....CONCe . L0OG.C .. BXLOG._T Y. XY= TIN
8 38.00 3.6376 11.3329 -7.6953 17.00
9 . 27.80 3.3250 11.7778 -8.4527 19.00
10 20.20 33,0057 12,1781 -9,1724 - 21.00
11 14.10. 2.6462 12.5420 -9.8958 23.00
12 7.30  1.9879 13.1833 -11.1955 27.00
13— 4e50..1.5041. 13,7359 =1242319___31.00.__ . ...
14 3.10 1.1314 14,2214 -13.0900 35.00
15 2.40 0.8755 14.7555 =-13.8800 40.00
16 1.80 0.5878 15,2267 -14.6389 45,00
17 1.00 0.0 16.0293 -16.0293 55400

e T AILEXL |

SAMPIF PRINTQUT




-4.0 -2.0 0.0
| 1

LOG C - B.LOG T
50

8.0

~10.0

-12.0

~14.0

4.0
'TAILE X'
SAMPLE PLOT

PH R 28. 3-4-6X. SEPT.

STARTING TIME =

15.00

€11



174

-10.0

-15.0

LOG C - B.LOG T
-20.0 ]

~25.0

~30.0

'"TAILE X'

SAMPLE PLOT

BL R 29. 3-5-4X. JUNE 13. 68
STARTING TIME = 115.00



ST

ouee C - B.LOG T
-10.0

-20.0

-25.0

50

~15.0

BR R2 G1lUP-1

-2%. AUG

STARTING TIME = 14.00

15.67

'"TAILEX'

SAMPLE pLOT

GLT
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QVEL

SUBROUTINE Q VEL ( KK, TST 4 X 4 Y

s TITLE, Ay By D »NRWT, NIGA)

SUBROUTINE FORMNUMERICAL INTEGRATION AND NUMERICAL EVALUATION
OF FIRST MOMENTS OF TIME-CONCENTRATION CURVES.EXTENSION TO

INFINITE TIME,
DISTRIBUTION,IS OPTIONAL.

~THIS _PROGRAM_REQUIRES 4. SUBROUTINES,.

AND AUX2

INPUTY

BASED ON A DECLINE OF C SIMILAR TO A GAMMA

GAUSS1, GAUSS2, AUX1,

KK IS THE NUMBER OF DATA POINTS,
TST IS STARTING TIME, AS BEFORE,

CALLED K IN NACL AND DQv,

- X_AND_Y_ ARE._THE T-C_DATA, CALLED XJ_AND YC..IN _NACL AND DQV,

TITLE IS AS BEFORE,
Ay By AND D ARE THE PARAMETERS OF THE GAMMA EXTENSION,
NRWT - .

0 IF RHWT TEST

-1 IF NA CL TEST, 50 LITER TANK :

. .2 IF NA_CL_TEST, 16 LITER _TANK = e

NIGA,

0 1IF Ay, By D ARE NOT GIVEN

1 IF A, B, D ARE AVAILABLE FOR EXTENSION TO INF.

QuUTPUT
. _INTEGRALS_AND_FIRST. MOM.__OVER_THE_DATA_POINTS, USING.

FIRST AND SECOND DRDER METHODS.

MEAN TIME IS (FIRST MOMENT

& STARTING TIME, TST ).
OPTIONAL,
WITH NIGA = 1, INTEGRALS AND MOMENTS WITH EXTENSION TO

INFINITE TIME. *INT TO XT(K)'IS

TIME XT{K). 'FACTOR FAM?®

THE NEGLECTED PART OF

. ....THE_INTEGRAL OVER_THE_GAMMA _DISTRIBUTION, UP TO._._ . .

T0

ACHIEVE CLOSEST FIT

IS THE ADJUSTMENT TO A,
TO THE LAST 3 DATA PDIMTS.

TFACTOR A

1S THE CORRECTED VALUE OF A, AXFAM.

. ﬁﬂﬁﬁﬁﬁﬁﬁ("OﬁﬁﬁﬁﬁﬁﬁpﬁnﬁOﬁﬂﬁﬂﬁﬁﬁﬁﬁﬁﬁﬁﬁ

WITH NRWT = 1 OR 2, THE PROGRAM

- DIMENSIDON_XT(2001,_YC(200),_X(20),.

1 FACTOR(3)

COMPUTES THE DISCHARGE.

Y{20), TITLE(T),YCO(3),

DOUBLE PRECISION  DGAMMA , GX, G Y
REAL _MT, MEAN Tl, MEAN T2 JMEAN T 3
C ) .
c ELIMINATION OF SUPERFLUOS DATA PCINTS
DO 9. J =1 4 K K — -
IF (X{J) .GT. TST) GO TO 10
9 CONTINUE
10 K = KK=J & 2
DO 11 JI. = 1, K
I =J1 +#J =1 |
4 XT (J1+#1)_= X _(I)_=_TST - e
11 YO (J1+1) = Y (1)
XT (1) = 0.0
YC (1) = 0.0

OO

INTEGRAL OF DATA POINTS , FIRST AND

SECOND ORDER METHODS




FIRST ORDER

CT MT 1 = 0.0
CT INT1 = 0.0
DO & J =2 4 K
TRAPEZ = ((YCLI-L1+ YCLIN* (XT{J)~ XT(JI=-11))/ 2.0
CT INT1 = CT INT1+ TRAPEZ
CCT o MT 1= CTMT 1.+ TRAREZ *( XTAJ=1) # ({2.%YC(J) + YC(J-1)) /
1 (3.0 RLYC(J=1)+ YCUIIID). *x ( XT(J) — XT(J-1))) :
CONTINUE _ '
FIRST M = CT MT 1/ CT INT 1
MEAN T1 = FIRST M+ TST

_SECOND._.DRDER__._ X — B

KTEST =(K / 2)% 2

KLIM =K -1

CT INT2 = 0.0

CT MT 2 = 0.0 .

IF (KTEST NE. K ) KLIM = K

DO.5.d= 3y KLIM_y 2. . I

DTL = XT (J-1) - XT{J-2)
pDT2 = XT (J) = XT{J-2)
FO =((((DT2%*2)%DT1)/2.) ~ (DY2%%3)/6.0) / (DT1*DT2)
F1l ={ (DT2%%3)/{-6.0) )/ ((DY1%%2) = (DT1*DT2)) DT
F2 = ({{DT2%%3)/ 3.0) —(((DT2%%2)%DT1) / 2.0)) /{{DT2%%2)
1 .k DTI2)) B
D INT = FO % YC (J-2) + F1 % YC (J-1) + F2 % YC(J)

CT INT2 = CT INT 2 + D INT
U YC(JI=2) 7/ (DT]1 * DT2)

V = YC(J-1) /7 (DT1%%2 — DT1*DT2)
W= YC(d) / (DT2%%2 =~ DT1*DT2)

L CT.MT 2= CT MT_2 _# D INT_%___..___ .. ... . .(@DT2)
1 U XT (J3-2) +(  ((UsV+WIE(DT2%%4))/ 4.0 ~- ((U* (DTL
2 +{V % DT2) +{W * DT1)) * (DT2#*%3) / 3.0 +(U* DTLx
3 (DT2%* 3)) / 2.0) / DINY )

CONTINUE

[F (KTEST .NE. K ) GO TO 6

CTRAPEZ = (U YCAK=1)4+_YCAK)IF L XT{KI= XTAK=1))) £ 2.0
CT INT 2 = TRAPEZ + CT INT 2 |

CT MT 2 = CT MT 2 + TRAPEZ * (XT(K-1) + (2.0%YCIK) +YC(K-1)V
1 (3.0% (YCIK) + YCU(K-1))) * (XT(K) = XT(K=-1)))

FIRST N = CT MT2 / CT INT 2

MEAN T2 = TST + FIRST N

WRITE RESULTS o  (MEANT2
WRITE (6, 7) CT INT 1 5 FIRST M , MEAN T1 , CTINT2,FIRSTNp " -

FGRMAT ( 32H1INTEGRATION OF MEASURED POINTS W

1 19HO INTEGRAL CT1 = 9 F15.5 10HPPB * MIN , /

2 19H FIRST MOMENT {(1)= , F15.5 , 4HMIN . v [/
..3UAWIQH"MEANMIIMEMKI)W_M: ey—F1505 g CHHMIN oy

4  19H INTEGRAL CT2 = 9y F15.5 10HPPB * MIN 4/

5 19H FIRST MOMENT (2= , F15.5 , 4HMIN _ y /

6 19H MEAN TIME (2) = 4+ F15.5 4 4HMIN ) (INF,

INTEGRATION OF DATA POINTS COMBINED WITH FITTED EXTENSION T0)
IF (NIGA .EQ. 0 ) GD TO 3



http://EAN_t.IJM.E_.'

o CORRECTION FACTOR -
K3 =K -3
DO 8 J =1, 3
I = K3 + J '

YCO (J) = A®R(XTU(I)*%B) * EXP{ -D¥XT(I))
8 FACTOR(J) = _YCII) / YCO(J) .
- FAM_=(EACTOR_{1) .+ 2.0 * FACTOR(2)_#+ 3.0 % FACTOR(3)_. ) / 6.0

OO,

INTEGRATION OF GAMMA DISTRIBUTION

R =8+ 1.0
GX = R j
GY = DGAMMA(GX)
.G = GY. . e - ‘ e
GAMMA = A % G / (D*%R) '
XMO1L =R /7 D
CTINTF = (D **¥ R ) / G

LU I 1

FIRST3 = 0.0
XINT= XT(K) / 20.0

. ... CTINT3_ =0.0 e
- DD 12 J =1 4,20
COUNT = J 1 .
XUL = XT(K) — XINT * {COUNT -1.0)}

XLL = XUL - XINT
. CALL GAUSSI( xLL ] XUL.y DB' A' B8 ) D’ '
e - CALL__GAUSS2(_XLL_ 4 XUL__, DAsAs. B, D) R
CTINT3 = CTINT3 + DB
FIRST3 = FIRST3 + DA

12 CONTINUE
DEBCT = ( CTINT3 % A ) / GAMMA
D INT3 =(GAMMA - CTINT 3% A ) % FAM
. DFMO3 = ((XMOl__* GAMMA)_—_ (FIRST3 * A)) _ * FAM _
CT INT 4 = CTINT1 + DINT3
FIR M4 =(CTMTL  + DFMO3 ) / CT INT 4
CT INT § = CTINT2 + DINT3
FIR M5 =(CTMT2 + DFMO3 )./ CT INT 5
MEAN T3 = FIR M5 + TST
C- . S e e - B S S S
o WRITE RESULTS =

WRITE(6,413) DINT 3 , DFMO 3 , CTINT4 , FIRM4 , CTINTS5, FIRMS
1 4, MEAN T 3 ,» DEBCT, FAM

13 FORMAT ( 45HOINTEGRATION OF DATA POINT WITH FITTED EXT. v /

1 18HOAREA CORR, = 5y F15.5, THPPBXMIN , /
2 18H_FIRSY_MOM._CORRe=_y F15.5,.  15H MIN®*2 % PPB . .. ,//
3  18H AREA BY TRAPEZ = , F15.5, THPPB*MIN , /
4  18H FIRST MOM. (TR) = , F15.5, THMIN v /
5 184 AREA BY PARAB. = , F15.5, THPPB*MIN , /
6 18H FIRST MD. BY PA.= , F15.5, THMIN /
7 18H MEAN TIME 3 = 5 F15.5 4 THMIN /7
8  18H_ INT.TO XTU(K) . .= sF15.5 /i
9  18H FACTOR FAM = 4y F15.5 )
A= FAM * A '
WRITE (6,16) A :
16 FORMAT { 18H FACTOR A = 4 F15.5 )

3 CONT INUE .
c N S
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C COMPUTE DISCHARGE OF SALT TESTS.
IF ( NRWT .EQ. O ) RETURN
DISCH = 0.0
IF ( NRWT .EQ, 1 .AND. NIGA .EQ. O )DISCH = 833,3 / CTINT2
IF ( NRWT .EQ. 2 .AND. NIGA .EQ. O )DISCH = 833.3 /(3. * CTINT2)
IF ( NRWT .EQ. 1 .AND. NIGA .GT.0 ) DISCH = 833.3 / CTINTS
CIE (. NRWT _«FQ._ 2 oAND. NIGA .GT.0_) _DISCH = 833.3_/{3.%CTINTS)
IF ( DISCH .GT. 0.0 ) WRITE (6,15) DISCH
15 FORMAT ( 18HODISCHARGE = , F15.5 , 17H CUBIC M PER SEC.)
RETURN | '

END




SUBROUTINE GAUSS1 (A, B, AREA, XA, XB, XD)

C SUBROUTINE IN FORTRAN /360 CALLED BY SUBROUTINE QVEL.

DIMENSION AX(4), H(4)
DOUBLE PRECISION AX, H
L AX(1)_ = _0.960289856497536
AX{(2) 0.796666477413627
AX(3) 0.525532409916329
AX(4) 0.183434642495650

i

H(1) = 0.101228536290376
H(2) = 0.222381034453374
. H(3)_=_0.313706645877887._
H{4) = 0.362683783378362
P = (B+A)*0.5 |
Q = (B-A)*0.5 _

SUM = 0.0 -
DO 30 J = 1,4
= AX{J)1%Q

P+R =
L AUXL (X, Y, XA, XB, - XD}

o R
X
CA
7
X

0 =

Y
P-R T
CALL AUX1 (X, Y, XA, XB, XD)
30 _SUM_=_SUM_+ H{J)%(Z+Y)__ |
AREA = Q*SUM
RETURN
END

SUBROUTINE AUX1 ( X, Y,A, B, D)

CALLED BY GAUSS1.

aEaNe]

Y = (X ®% B) * EXP((- D)% X )
RETURN _
O END N e
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SUBROUTINE GAUSS2.(A, B, AREA, XA, XBy XD)

SUBROUTINE IN FORTRAN /360 CALLED BY SUBROUTINE QVEL.

DIMENSICN AX(4), H(4)
DOUBLE PRECISION AX, H
AX{1)_=_0.960289856491536

AX(2) = 0,796666477413627
AX(3) = 0.525532409916329
AX(4) = 0,.183434642495650

oo

_H(3)_

H{1) = 0.101228536290376
H(2) = 0.222381034453374
_.0..313706645877887
H(4) = 0.362683783378362
P = (B+A)*0.5
Q = (B-A)*0,5

TR T

LRo=CDAXIY%Q

SUM = 0.0
DO 30 J = 144 ]

H

X = P+R
CALL AUX2 (X, Y, XAy XB, XD)
Z =Y

.30

X = P-R T
CALL AUX2 (X, Y, XA, XB, XD)

. SUM_=_SUM_#+_H{J)*(Z4+Y) [

AREA = Q*SUM
RETURN
END

aleNel

SUBROUTINE AUX2 ( X. 3 Y + A 4 B 4, D 1.

CALLED BY GAUSS2.

Y = ( X ®k(B+1.0)) * EXP {{-D)%* X )
RETURN -
END . S e
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( INTEGRATION OF MEASURED POINTS |
) INTEGRAL CT1 = 678.49805PPB * MIN

FIRST MOMENT (1)= 17.41537TMIN -

~ MEAN TIME (1). = 31.41537MIN

\___INTEGRAL CT2 = 674.12207PPB * MIN

( FIRST MOMENT (2)= 17.38902MIN

MEAN TIME (2) 31.38902MIN

INTEGRATION OF DATA POINT WITH FITTED EXT.

AREA CORR, 13.54708PPB*MIN

CAREA BY TRAPEZ = 692.04492PPBAMIN

FIRST MOM. CORR. 930.09424 MINx%%2 * PPB

FIRST MOM. (TR) = 18.41844MIN”
AREA BY PARAB. = 687.66895PPB#MIN,
FIRST MO. BY PA.= 18.39899MIN
MEAN TIME 3 = 32.39899MIN
CINT IO XTAK) = 094942 e
FACTOR FAM = 1.21365
FACTOR A = 1.98106

_'QVvEL'

SAMPLE PRINTOUT
) '
FOR.'BR_R2,GIUP=-1=-2X"___ .



http://BY.__TRAP.EZ

183

(" INTEGRATION OF MEASURED POINTS

- 6153.19922PPB * MIN

INTEGRAL CT1 =

FIRST MOMENT (1)= " 96.254TOMIN

MEAN TIME (1) = 211.25470MIN
\. INTEGRAL CT2 = 6149.38672PPB % MIN
( FIRST MOMENT (2)= 96.21269MIN

MEAN TIME (2) = 211.21269MIN

INTEGRATION OF DATA POINT WITH FITTED EXT.

AREA CORR. 459,59253PPB*MIN

(n

FIRST MOM. CORR, 176856.87500 MIN=®%2 * ppPB

AREA_BMMTRAEEZM;Emwwm;6Q12.189Q6998$M1wawm*“wmwm_-U~“~_w
FIRST MOM. {TR) = 116.30965MIN
AREA BY PARAB. = 6608.97656PPB%MIN
FIRST MO. BY PA.= 116.28214MIN
MEAN TIME 3 o= 231.28214MIN
INT. TO_XTAK) = ..0.85202 e e+
FACTOR FAM = 0.99531
FACTOR A = 0.44722
DISCHARGE = 0.12609 CUBIC M PER SEC.
B

i QVEL

SAMPLE PRINTOUT

v FOR'BL.R29,.63-5-4X"_______ .
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(" INTEGRATION OF MEASURED POINTS

INTEGRAL CT1 = 268.61548PPB * MIN
FIRST MOMENT (1)= 9,89905MIN
MEAN TIME (1) = 24.89903MIN
\_ INTEGRAL CT2 = 268.43823PPB * MIN
( FIRST MOMENT (2)= 9.90452MIN
MEAN TIME (2) = 24490451MIN
DISCHARGE = 3.10425 CUBIC M PER SEC.

SAMPLE PRINTOUT

o "avELY

. _ForR 'PH R28, G3-4-6X"' .

®
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_ _ PLATGA

R

SUBROUTINE PLOTGA (K, TST,XTIN,YCINyA, B, D,y TITLE )

C .

c THIS SUBROUTINE IN FORTRAN /360 IS CALLED BY THE MAIN

c PROGRAMS NACL AND DQV TQ PLOT THE C-T CURVES . OPTIONALLY

3 IT WILL ALSO PLOT THE GAMMA EXTENSIONS. IN THIS CASE IT SHOULD

c BE CALLED AFTER THE SUBROUTINE QVEL HAS BEEN CALLED, AS QVEL

€. .. IMPROVES_THE_ESTIMATE_OF_A. R

c PRUVESTE - - :
DIMENSION XT(200),YC(200), TITLE(T), XTIN{200), YCIN(200)
DO 11 I =1 , 200 |
XT{I) = XTIN(I)

11 YC(I) = YCINTI)
_CALL_SCALE_( XTs Ky 1040+ XTMINg DXTo 1) __ .
CALL SCALE [ YC, K, 9.0, YCMIN, DYC, 1 ). DXT)
CALL AXIS (0.0, 0.0, 15HTIME IN MINUTES, -15,13.0,0.0,XTMINy)"
CALL AXIS (0.0, 0.0, 20HCONCENTRATION IN PPB, 20 o, 9.0,) .__
1 YCMIN , DYC ) (90.0,
DD 1 J = 1, K

1. .. CALL_SYMBOL_(XTAJ)s YCUJI) 4 Oeltr_ s 2 4 0.0y =10 __ ____

CALL SymBOL (6.0y4 9.0y 0.28y TITLE, 0.0, 30 )
CALL SYMBOL (6.04y 8.5 4 Oel4 4 SHTST = , 0.0 4 S )

CALL NUMBER (7.5 5 8.5 3 0ol4 4 TST , 0.0 4 2)
IF (A .EQ. 0.0 ) GO TO 6 S
CALL PLOT (0.0 ,0.0, +3) "

YMAX__=(YCMIN_/DYC)_ 4 9.0 ) e

DO 2 1 = 1, 131

F = 1-1
X = F / 10.0
T = XTMIN + X * DXT - TST

IF { T LTe 0.0 ) T = 0.0

Y= U ARLT A% B )X _EXP(=D_%_T ) =-YCMIN_)_/_DYC

IF (Y .LE. YMAX ) GO TN 5
CALL SYMBOL { X 49.0y 0.07 4y 13 40.0, -2 ) -

GO _T0.2 . ,
5 CALL PLOT [ X 43 4 + 2
2 CONTINUE :
4 CALL SYMBOL_ (_6.0 _+_8.0_4y_0.14 4 24HGAMMA PARAM, A, B, D =
1 0.0 4 24 ) :
CALL NUMBER ( 9.0 4y 8.0 4 0o14 5y A 4y 0.0 4 6 )
CALL NUMBER ( 1043 , 8.0 4 0414 4 B 4 0.0 4 2 )
CALL NUMBER ( 11.6 4 8.0 4 0.14 4 D 4 0.0 4 6 )
6 CALL PLOT (15.0, 0.0y =3 )

CRETURN___ N T

END




IN PPB
5.0 2.0

CONCENTRATION

12.0
1

4.0

PH R 28. 3-4-6X. SEPT. 17. 6

TST = 15.00

'PLOT G A'

SAMPLE PLOT

0.0

10.0

S

1 é 1 1 T 1 1 1
74.0 82.0 90.0 98.0 106.0

|
114.0

981



PPB
4?.[]

TION IN
0

32.
1

CONCENTRA

24.0
1

16.0 -
L

BL R 29. 3-5-4X. JUNE 13. 68

18T = 115.00

GAMMA PARAM. A. B. O =

0.447722 1.00 0.012499

‘PLOT G A’

SAMPLE PLOT

L T T
480.0 520.0 S60.0

1
600.0

L8T

200.0 240.0 280.0 320.0 360.0 400.0 4a0.0
TIME IN MINUTES

T

|
120.0 160.0



PPB
41].[]

32.0

CONCENTRATION IN

16.0 24.0

8.0

0.0

"BR R2 GIUP-1-2X. AUG 15.67 J

T1ST = 14.00
GAMMA PRARAM. R. B. D = 1.9815549 1.00 - - 0.086499
'PLOT G A'

SAMPLE PLOT

T T T 1 L 1 L L
S6.0 72.0 80.0 88.D S6.0 104.0 112.0

4.0 4‘8.0 64.0
TIME IN MINUTES

88T
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- . LOGRE

THIS FORTRAN /360 PROGRAM CAMPUTES THE LINEAR REGRESSIONS
ON LOG Q (DISCHARGE) OF THE FOLLOWING VARIABLES=

LOG TM {MEAN TRACER TRAVEL TIME)

LOG A ( CROSSECTIONAL AREA)
LOG Vv {VELOCITY)
_LOG_TS __(STARTING_TIME)

LOG TP {PEAK TIME)

LOG TSS (STARTING TIME, BUT OMITTING RUNS WITH TRACER

INJECTION ABOVE THE REACH )

LCG TPP {(PEAK TIME, OMITTING RUNS AS FOR TSS)

THE ACTUAL REGRESSION ANALYSIS IS DONE BY A SUBR.

*REGR*.

. TWO PLOTTING SUBROUTINES CAN_ALSO _BE CALLED FROM THIS PROGRAM.

INPUT

FIRST CONTROL CARD, ONE PER JOB SUBMISSION, =

ND. OF SETS, (I2).
SECOND CONTROL CARDs ONE PER DATA SET, =
L TITLE, (6Xy JA4) . .
DATA CARDS, ONE PER TEST RUN, =

RUN NO. (12) CoL 1 & 2

IDENTIFICATION {11) coL 5

|
A

THIS IS 1 FOR RUNS WITH INJECTION OF TRACER AT UPSTREAM

END OF TEST REACH, O FOR OTHER RUNS.

'2XaksisknlaksiaialekslsisRekasReizlaiaisinkslsiniakaksinieiaialiale

JDATA 0 _{6F6.,0) _ COL_7 & ONy __{QsTS,TP,TM,A,V)
Q IN /Sy TIMES IN MIN.,A IN SQ M,
V. IN M/S, Q IS CONVERTED TO CU M/S.
guTPUT

PRINTOUT OF DATA,
CORRELATION COEFF., DEGREES OF FREEDOM,

CALL PLOTS

Fe—-

RATIQO.

... LINEAR REGRESSION_FQUATIONS, STANDARD ERROR OF ESTIMATE,

o0

DIMENSION NO{30), ID (30) » Q(30)y TS(30},

TP (301},

1. A{30)y V (30), TSS{30) , TPP (30}, TIT (7 )

2,Q11(30)

LOOP FOR NUMBER OF SETS
READ (5, 1) KTOT

TM{30),
2 QO(30)

FORMAT (12)
DO 2 KS=1, KTOT

" READING AND PRINTING OF DATA
READ {5,3) TIT |
FORMAT (6X,7A4)

DO:4 K =1, 30

. viK)
READ {5, 5) NO{K), ID(K) 4y Q{K), TS{K)y TPL{K), TM(K), A(K)J

EDRMAT”(129 lemlly,1X1.,IZEmon”MA)
IF (NO{K).LE. O ) GO TO &6
CONTINUE
K =°K -1

[NV, Uy UGN VPR EPRIES LRSS SN

WRITE (65 70 TIT
FORMAT (1H1,7A%,/ |
1 58HONQ_ID_ _Q (L/S) __ . TS e

L1 o I

v/



1

1

WRITE {6, 8) (NO(IL), ID(I1), QCI1l), TSLIL), TP({Il),

A(I1) » VIID)y 11 = 1y K )
FORMAT (1H ,
12, 13, F10.2 4 3F9.2 , 2F9.4 )

190
T™MIIYY,

KID =0

DO 9 I2 = 1y K
Q(I2) = ALOG10 (Q(I2)/1000.)
Ql(12) = QUI2)

. TRANSFORMATICON TO LOGS .. EVALUATION OF NQ. OF SIMPLE RUNS

S TML2) .

TS(I2) = ALOGLO (TS(12)}
TP(I2) = ALOGLO (TP(I12))
_ALOG10_{TM(12))__
ALOG10 {A(12))
ALOG10 {V{12))
KID + 1D (12)

At12)
V(I2)
KiD

ok i ‘H nu

- O OY[O

11

.FORMAT {1HO /_18H LOG TM VS. 106G Q@ )

REGRESSIONS ON GRIGINAL DATA

WRITE (6410) |
CALL REGR ( Q 5 TM , K 4ATM , BTM )
FORMAT (1HO / 18H LOG A VS. L0OG Q )

12

WRITE (6, 11)

CALL REGR { Q 5 A 4 K JAA , BA )

FORMAT_(1HO / 18H LOG V_ VS. LOG.Q )
WRITE (6, 12)

CALL REGR { Qy V 4 K AV 4 BV )

1F (KID .EQ. K ) GO TO 18

13

14

CALL REGR ( Q_+ TS 4 K 4ATS , BTS V. _

FORMAT (1HO / 18H LOG TS VS. LOG Q
WRITE {64 13)

FORMAT (1HO / IBH LOG TP VS. LOG @ )
WRITE {6y 14) |
CALL REGR { Q » TP , K 4ATP , BTP )

. TP AND TS REGRESSIONS . ——

If (KID .EQ. O ) GO T0 20

NID =0
00 15 15 =1, K
IF (ID (I5 ) .LE. O ) GO TO 15

15

TPPANID) __:

NID = NID + 1
TSS{NID) TS (15 )
TP (15 )
QQINID) = Q(I5)
CONTINUE =

IF(NID .NE. KID )} WRITE {6y 16) KS

o

Cap e

16

17

w19

FORMAT (1H1, 17H NID ERROR IN SET y 12
FORMAT {1HO / 18H LOG TSS VS. LOG Q ),

WRITE (65 17 = i e , ' ;“T,Lm&r;,.:

catt REGR { QQy TSS, KID , ATSS ’ BTSS K

_FORMAT (1HO / 18H LOG TPP vS. LOG Q )

WRITE (6, 19)

CALL REGR ( QQy TPP, KID , ATPP , BTPP )

.60 T0- 21




CALLS TO PLOTTING SUBROUTINES

191

C
C .
20 CONTINUE ' - (BTM,
CALL TPLO I Q 4 TS 4 TPy, TM +» K 4y K 4 ATS, ATP, ATM, BTS, RTP,
1 TIT,Q) ’ .
GO 10 22 _ -
2Y L CONTINUE . %
CALL TPLO L Q 4 TSS ,TPP, TM , K 4 KID o ATSS, ATPP , ’
1 BTPP 4 BTM 4 TIT » QQ )
22 CONTINUE
CALL HYPLO (Ql, A 4 V 4, K 4AA , AV, BA., BV , TIT )
C
2 CONTINUVE - _ - - e e e
CALL PLOTND
STOP

END
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SUBROUTINE REGR ~ (XsYyN 5 A , B )

A SUBROUTINE IN FORTRAN /360 CALLED BY THE MAIN ROUTINE LGGRE

OO O

SUMX=0.0__ . ... s

IT COMPUTES THE REGRESSION OF Y ON X AND PRINTS THE RESULT.

DIMENSION X{100),Y(100)

SUMY=0.0
SUMX2=0.0
SUMY2=0.0

CSUMX=SUMX+X{J)

SUMP=0.0

DO 1 J=1,N

SUMY= sumv+Y(Jim“—"'"ww'"'—""‘*"'“WWMHWN"W~M“"“”m““ﬂ'~“""
SUMX2=SUMX2+X ( J ) %%2

SUMY2=SUMY2+Y (J)%%2

. SSX=SUMX2-{SUMX*%2) /AN

SUMP=SUMP+X(J)*Y(J)

AN=N

SSY=SUMY2—-( SUMY*%2) /AN e T e
SP=SUMP—-{ SUMXX%XSUMY) /AN

B=SP/SSX

~WRITE (644} SSX SSY,.SP_ .

A= (SUMY/AN)—(B* (SUMX/AN))

R=SP/({SQRT{SSX*SSY))

FORMAT (/7 4H SSXsF12.%94Xs4H SSYsFL12-4, 4x,3H”§P F12.4 /7)
WRITE (645)A,B

FORMAT (26H REGRESSION EQUATION Y= L,F10.442H +, F10.4,2H X)

S = SQRT [ (SSY — SP%SP/SSX) / (AN - 2.0 ) )
WRITE (64 9) S

FORMAT _(27H_STANDARD_ FRROR_OF ESTIMATE_ , Fl10.4 )
WRITE (646) R

FORMAT (24H CORRELATION COEFFICIENT s F10.4 )
NDF = N - 1

"WRITE (6, 8) F

WRITE (6,4 7) NDF _

FORMAT ( 24H DEGRFEE OF FREEDBM 2 110)
= (_RE¥R¥(AN = 2,0). ) / (1.0 = R*RY) .~

FORMAT ( 4H F = , 20X, F10.4)

RETURN

END
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SUBROUTINE TPLO ( Q, TSSy TPP, TM , K ,KID s ATSS , ATPP ,ATM,
1 BTSS » BTPP , BTM , TIT , Q0 )

LOGRE
THIS FORTRAN /360 SUBROUTIN IS CALLED FROM THE MAIN PROGRAM

IT PLOTS THE REGRESSIONS OF TSS, TPPy, TM ON Q , INCLUDING
DATA POINTS.

sNeNellakel

" DIMENSTON Q(30), TSS{30), TPP(30) , TM (30), T (90) , TIT(7)
1+ 0Q(30)

[elal]

SCALE DATA
DO 1 I ly K

TPP{N)

b=
[
]

KID
K6 = + N1

10 . T( K6_)=_TSSIN)_
N2 =N1 + KID
CALL SCALE ( T, N2 4 5.0 4 TMIN 4, DT ,1 )
K7 = K + 2 % KID |

f
w——
X
Y
—

Z +(h 2

DO 100 J5 = 1 , K7
100 T(J5) = T JS) + 3.0
DO 2. Jd = Yo K .
2 TMIJ) = T (J)
00 11 J1 = 1, KID
K7 = J1 + N1
TSS (J1) = T ( K7 )
K8 = J1I + K
11 TPP (1) = TA K8 )
CALL SCALE { Qy K 5 5.0 5y QMIN , 00 4 1 )
PO 200 JJ7 = 1 , KID
200 QQUJJITY = L QQEJIT) - QMIN ) / DO
c
C DRAW  AXIS

0Q)
CALL AXIS_. (.0.0, 3.0,16HQ IN CU M /MSECWJMrlb,MS.OyO.yQM%WQ-m,
CALL AXIS { 0.0y 3.0,12HTIME IN MIN. , +12 4 5.0 ,90.,
C PLOT POINTS TMIN,DT)
DO 311 = 1 4 K .

3 CALL SYMBOL ( Q (I1) , TM(ILl), 0.GT7, 2 4 0.0y -1 )
DO 4 12 =1 KID
, ~CALL_SYMBOL (. QQ{12) , TSS(I2)y 0.07 4y 3 5 0.0 » -1 )
4 CALL SYMBOL { QQ{I2) , TPP(I2)y 0.07 4 4 4 0.0 4 -1 )
c |
c PLCT REGRESSION LINES
C .
c TM VS Q@ LINE
YB = ({{ATM 4 BIM% QMIN)_ -~ TMIN)_ /. OT) # 3.0 . . .
XB = 0.0 ’ | .
IF { YB .LE. 8.0 ) GO YO 101
YB ‘= 8.0 S D
XB = ( 5.0 * DT + TMIN — ATM - QMIN®*-BTM ) / { DQ * BTM)
101  YE

i

(((ATM + BTM* (QMIN + 5.,0% DQ)) - TMIN} /7 DT ) + 3.0

XE = 5e0 e




GO TO 102

194

END

CRETURN .

IF { YE '« GF . 3.0 )
YE = 3.0
XE = { TMIN - ATM - QMIN * BTM ) /7 ( DQ * BTM
102 CALL PLOT (XB 5 YB , +3 ) '
CALL PLOT (XE- 4, YE , +2 )
C
o . TS. VS Q. LINE_ e e e
YB = (((ATSS+BTSS* QMIN)— TMIN) 7 DT) + 3.0
XB = 0.0
IF (YB JLF. 8.0 ) GO 7O 103
YB = 8.0 o
XB = ( 5.0 * DT + TMIN = ATSS =~ QMIN* BTSS ) / ( DQ * BTSS )
103 YE . = ({{ATSS+BTSS* (QMIN_ + 5.0%* DQ)) _— TMIN) / DT.) + 3.0
XE = 5.0 _ .
IF { YE . GF . 3.0 ) GO TO 104
YE = 3.0 ‘ -
. XE = ( TMIN - ATSS - QMIN * BTSS Y /7 { DQ * BTSS )
104 CALL PLOT (XB , YB 4, +3)
o CALL PLOT _UXE .y YE o 42
c .
C TP VS Q LINE _
' YB = ({{ATPP + BTPP% QMIN) - TMIN ) /7 DT ) +3.0
X B = O . 0 R
1IF | YB .LE. 8.0 ) GO TO 105
YB _. 8. o e
XB = (. * DT + TMIN — ATPP — QMIN* BTPP ) / ( DQ % BTPP )
105 YE = (((ATPP + BTPP% (QMIN + S5.0% DQ)) == TMIN ) / DT ) +3.0
XE = 5.0
IF { YE . GE . 3.0 ) GO TO 106
YE = 3.0 :
. XE _=_(_TMIN_-_ATPP - QMIN_%_BTPP_)_/ (.DQ__% _BTPP ).
106 CALL PLOT (XB , YB , +3 ) :
CALL PLOT ({XE 4 YE , +2)
C
C WRITE TITLE AND LEGEND
CALL SYMBOL { 0.519.090.21,TIT,0.0,28)
CALL SYMBOL { 140 41.5 45 0.07 4 2 _4 0. 0.y =1_)_ i
CALL SYMBOL ( 1.0 41.0 4y 0.07 4 4 4y 0.0 4y -1 )
CALL SYMBOL ( 1.0 +0.5 4 0.07 4 3 4 0.0 4y -1
CALL SYMBOL ( 1.5 41.5 4, 0u.14 4 9HMEAN TIME , 0.0 4 9 )
CALL SYMBOL { 1.5 91.0 5 Oel4 4 9HPEAK TIME , 0.0 4 9 )
CALL SYMBOL { 1.5 4045 4 0el4 , 13HSTARTING TIME , C.0 ,» 13)
C - e - . — o
C COMPLETE OUTLINE , MOVE ON
CALL PLOT ( 0.0, 8.0, #3 )
CALL PLOT ( 5.0y 8.0y +2 )
CALL PLOT { 5.0, 3.0, +1 )
CALL PLOT {(11.0, 0.0, =3 )
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SUBROUTINE HYPLO (Q 5 A , V o K 4 AA , AV, BA 4, BV , TIT )

¢ 36 Is « O8R5
C THIS FORTRAN /360 SUBROUTINEIS CALLED FROM THE MAIN PRO
C IT PLOTS THE REGRESSIONS OF A, AND V , ON Q .
C .

DIMENSION Q(30), A(30) , V{(30) , TIT (7)
C
o SCALE DATA -

CALL SCALE ( Q 4 Ky 5.0, QMIN , DQ 41 )

CALL SCALE ( V 4 K 4 5,0, VMIN , DV 41 )

CALL SCALE ( A K y 5.0, AMIN 4, DA ,1 )
c
C DRAW _AXIS e lQMIN

CALL AXIS ( 0.0 5 3.0 4 16HQ IN CU M / SEC 4+-16 45.0, C.0y)

1 DQ ) : : . AMIN

CALL AXIS (0.0, 3.0 y 14HAREA IN SQ M. o +14 45.0,50.0,

1 DA ) . ' | VMIN

CALL AXIS (5.0, 3.0 5 17HVELOCITY IN M/SEC ,-17,5.0,9C.0,

1 DV) e e e e e e e e e e e e e L

o _
C PLCT POINTS

b0 1 I =1, K -

ALY = A(I) + 3.0

ViIy = V(I + 3.0
o CCALL _SYMBOL, . { QfI) o+ A(I)_90e07 9.2 . 0.0_9 -1 1}
1 CALL SYMBOL ( Q(I) , Vv{I) ,0.07 4y 3 4, 0.0 y» -1 )
c o
o PLOT REGRESSION LINE
C
c Q@ VS. A LINE ' . '

YB = ({(AA_+ BA%X_QMIN) -AMIN_) /DA ) +3.0 __ _ }

XB = 0.0 .‘

IF ( YB .GE. 3.0 ) GO TO 101

YB = 3,0 '

XB = {AMIN - AA - QMIN * BA) / (DQ * RA}
101 XE = 5.0

YE = ({( AA 4+ _BA%( _QMIN +5.0 % DQ)) -AMIN)_ /_DA )_+ 3.0 .

IF ( YE JE . 8.0) GO TO 102 '

YE = 8. O ,

XE = {5.0 ¥ DA + AMIN ~ AA — OMIN* BA) / (DQ * BA )

102  CALL PLOT ( XB , YB 4, + 3 )
CALL PLOT ( XE 4 YE 5 + 2 )

c O
c Q VS V LINE

XB = 0.0 ) -

YB = (({ AV + BV*QMIN )} -VMIN) /DV ) + 3.0

IF ( YB .GE. 3.0 ) GO 7O 103

YB = 3.0 ,‘ . \

XB = (_VMIN - AV ~- QMIN_ % BV_) /. (DQ * BV) ___ .. .
103 XE = 5.0 . |

YE = (({ AV + BV *(QMIN +5.0 * DQ)) ~—VMIN )/ DV ) + 3.0

IF { YE .LE. 8.0 ) GO TO 104

YE = 8.0 -

XE = ( 5,0 % DV + VMIN - AV —-QMIN *BV ) / ( DQ * BV)
104  CALL e

PLOT { XB: 4 _YB , +3_) 3




104
1+ 70

CALL PLOT { XE 4 YE 4, #2 )

TITLE AND LEGEND

CALL SYMBOL ( 0.5y 9.0y 0.21, TIT 4 0.0 , 28 )

CALL SYMBOL { 1.0y 1.6y 0.14y 2 4 0.0 , -1 )

CALL SYMBOL ({ 1.0y 1.1y O.l4, 3 , 0.0 4 -1 )

_ CALL SYMBOL._ .. { 1¢5¢ _1¢5y.0e1l4y__9HFLOW AREA_ 5. 0.0 4.9 )
CALL SYMBOL ( 1.5, 1.0y 0414 , SHVELOCITY , 0.0 4, 9 )

COMPLETE GQUTLINE , MOVE ON

CALL PLOT ( 0.0 4, 8.0 4 +3 )

CALL PLOT { 5.0 4 8.0 5, +2 )
CCALL PLOT _{ 8B.0 v 009 .=3) o S
RETURN ’

END
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NO ID Q (L/S) TS TP ST A v
2 1 9.20 17.00 25.50 . 30.10 = 0.1400 0.0660
4 1 5.60 24.00 37.30 ~ 44.50 ° 0.1260  0.0450
71 0 0.67 110.00 180.00 193.00 0.0650 0.0103
9 0 0.16 .350.00 540.00 560.00 0.0450 - 0.0035
101 le23 . 70.00 _ 117.00 ~159.50  0.0990 ___ 0.0125 . .
16 1 58.00 4.90 8.10  9.08 0.2660 0.2180
18 1 50.00 7.20 11.60 ~ 12.58 0.3170 0.1580
19 1 158.00 2.50 5.00 ~  5.40  0.4300  0.3680
21 1 92.00 - 4.20 7.30  8.33 0.3860 0.2380
23 1 137.00 3.20 5.50 ~ 6.97 0.4810 0.2850
LOG TM VS. LOG Q
SSX 10.1903 SSy 4.5008 Sp ~6.7536
REGRESSION EQUATION Y= 0,2056 + —0.6628 X
STANDARD ERROR OF ESTIMATE 0.0558
CORRELATION COEFFICIENT  -0.9972 -
DEGREE OF FREEDOM 9 N .
E.= . 1439.3098 LOGRE' .

, COMPLETE : PRINTOUT
L0G A VS. LOG Q ‘

SSX_.__ 1041903 SSY_____1.1856 ____SP__ . 3.4399_

REGRESSION EQUATION Y= -0.0913 .+ 0.3376 X

STANDARD ERROR OF ESTIMATE 0.0553
CORRELATICON COEFFICIENT 0.9896
DEGREE_QOF_FREEDOM 9
F = , 379.7510

LOG V VS. LOG Q

SSX 10.1903 SSY 4.5095 SP 6.7599
REGRESSION EQUATION Y= 0.0934 + = 0.6634 X

STANDARD ERROR OF ESTIMATE 0.0561

CORRELATIGON COEFFICIENT 049972 ot e e
DEGREE OF FREEDOM. 9

F = _ ~ 1423.0298

LGG TS VS. LOG Q

SSX 10.1903 SSY 4.7987 sP ~6.9778




198

R

REGRESSION EQUATION Y= -0.1173 + -0.6847 X
STANDARD ERROR OF ESTIMATE 0.0509
CORRELATION COEFFICIENT -0.9978

Y

DEGREE OF FREEDOM -9

F = , 1841.9011

LOG. . TP _VS. L0G Q S— e 3 e et e o e e
SSX 10.1903 SSY -~ 4.5419 sp -6.7840

_REGRESSION EQUATION Y= = 0.1390 +  -0.6657 X . . .
STANDARD ERROR OF ESTIMATE 0.0566
CORRELATION COEFFICIENT -0.,9972

DEGREE OF FREEDOM 9

F = . 1412.1279

Loéff§§m§S.'LoG — | e
SSX 4.0349 SSY 1.7498 SP Z2.6472
"REGRESSION EQUATION Y=  -0.0787 +  -0.6561 X

STANDARD ERRQOR OF ESTIMATE 0.0466
CORRELATION COEFFICIENT -0.9963

DEGREE OF FREEDOM 7.
F = 798.5081

LOG TPP VS. LOG Q

SSX 4.0349 SSy 1.6039 SP —-2.5322
REGRESSION EQUATION Y= 0.1896 + ~0.6276 X
STANDARD ERROR OF ESTIMATE 0.0496

CORRELATIGN COEFFICIENT —0.9954

DEGREE OF FREEDGM [

& 64600571 R
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(" BROCKTON CK, REACH 2-3 20T
“NO ID Q (L/S) TS TP ™ A
11 6.70  13.60 33.00  35.00. 0.1740 0.0390
__ 4 0 6.80 27.00 34,50 34,17 0.1720  0.0400
¢ 8 0 0.73  76.00 160.00 172.00 0.0935 0.0078
11 1 1.20 53.00 ~ 97.00 119.80 0.1065 0.0113
17l 54.00._. _ 3.00 7420 8450 043400 0.1590 _
20 1 89.00 2.20 4.70 ° 5.39  0.3560 0.2500
22 1 110.00 1.80 4.00 4.53 0.3690 0.2980
LOG TM VS. LOG Q
SSX 4.7054 - SSY 2.4174 spP -3,3716
REGRESSIGN EQUATION Y= -0.0129 + =-0.7165 X
STANDARD_ERROR_OF ESTIMATE __0.0179 .~ . ... )
CORRELATION COEFFICIENT  -0.9997
DEGREE OF FREEDOM 6
F = B 7506 .9609
LOG.A._VS..L0G. Q.. ) . i
SSX 4.7054 SSY 0.3784 SP . 1.3316
REGRESSION _EQUATION. Y= -0.1437 4+ _ 0.2830 X____ B}
STANDARD ERROR OF ESTIMATE 0.0179
CORRELATION COEFFICIENT  0.9979
DEGREE OF FREEDOM , 6
F = A 1182.4143
T o T s R
SSX 4.7054  SSY 2.4167 Sp 3.3710
 REGRESSION EQUATION Y= 0.1442 +  0.7164 X B
STANDARD ERROR OF ESTIMATE 0.0185
CORRELATION COEFFICIENT 0.9996
DEGREE GF FREEDOM s
F = n ' - 7072.7969
LG TS VS. LOG Q
SSX 4.7054 SSY 2.7562 Sp -3.5577
REGRESSION EQUATION Y= ~0.4422 + -0.7561 X
\. 0.1151

STANDARD ERROR OF ESTIMATE



202~‘~~"w~

STANDARD. ERROR_OF _ESTIMATE_ ___ 0.0305 _ .

CORRELATION COEFFICIENT ~0.9990
DEGREE OF FREEDOM . ' 4
F = 1557.8159

(" CORRELATION COEFFICIENT  -0.9879
DEGREE OF FREEDOM o 6
F = ) 203.1117
\__LOG TP VS. LOG Q
~ - .
SSX_.____4.7054 SSY 2.4596 sp -3.3980__ . ...
REGRESSION EQUATION Y=  -0.0710 +  —-0.7221 X_
STANDARD ERROR OF ESTIMATE  0.0342
CORRELATICN COEFFICIENT  -0.9988
DEGREE_OF ' FREEDOM 6 N - .
F = o 2102.5312
L0G TSS VS. LOG Q
ssx” 7 2.8700 SSY 1.5750 SP Z2azss T
REGRESSION EQUATION Y= 20.4533 + —0.7405 X
STANDARD ERROR OF ESTIMATE  0.0194
.CORRELATIGN COEFFICIENT -0.9996 -
DEGREE OF FREEDOM 4
F = - ) 4198.3047
LOG TPP VS. LOG Q
SSX 2.8700 SSY . 1.4477 sp ~2.0364
REGRESSION EQUATION Y= ~0.0606 +

-0.7095 X
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( PLACID CREEK, REACH 1-2 205
NO 1D Q (L/S) TS TP ™ A B
2 1 50.30° 122.00 164.00  210.00 0.6600 0.0763
13 1 35.40  165.00 208,00  280.60 _ 0.6180  0.0573
25 1 64.60 115.00 159.00  180.60 0.7280  0.C890
28 1 95.90  94.00 130.00  144.20 0.8630 0.1110
L0G TM VS. LOG Q
SSX . 0.0997  SSY 0.0441

sp -0.0660

REGRESSION EQUATION Y=

1.4758 + =0.6622 X

STANDARD ERROR OF ESTIMATE 0.0147

CORRELATICN COEFFICIENT  -0.9951

DEGREE OF FREEDOM - 3

F = e 203.3226 e
LOG A VS. LOG Q

SSX____ 0.0997 SSY 0.0119 sp__ 0.0339
REGRESSION EQUATION Y= 0.2739 + 0.3403 X

STANDARD ERROR OF ESTIMATE 0.0141

CORRELATICN COEFFICIENT 0.9833

DEGREE_CF_FREEDOM 3 I
F o= 58.3338

106 V VS. LOG Q

SSX 0.0997 SSY 0.0437 sp 0.0656

REGRESSION EQUATION Y=

—0.2748 + 0.6587 X

STANDARD ERROR OF ESTIMATE 0.0147

CORRELATION COEFFICIENY 0.9950 .
DEGREE GF FREEDOM 3

F = 199.5172

LOG TSS VS. LOG Q

$SX 0.0997  SSY 0.0307 SP -0.0541

\.

REGRESSION EQUATION VY=

1.4121 + =0.5425 X

0.0257

STANDARD ERROR OF ESTIMATE
CORRELATICN COEFFICIENT
DEGREE OF FREEDOM

F =

-0.9782

3

44,3011




-

LOG TPP VS. LGG Q

206

SSX 0.0997 SSY 0.0210 sP ~-0.0448
\,
aa _
REGRESSION EQUATION Y= 1.6546 + ~0.4498 X
STANDARD ERROR QOF ESTIMATE 0.0202 o
CORRELATION COEFFICIENT  ~-0.9804
DEGREE OF FREEDOM 3.
F = 49.3988




TIME IN MIN.

600.

400.

150.

100.

PLACID CREEK. REACH 1-2

300.

2bo0.

C 035 . .04 o5 6 7. .08

G INCUM/ SEC

. MEAN TIME
« ~ PEAK TIME

+ STARTING TIME

207



AREA IN SQ M.

o7

o |

08

PLACID CREEK. REACH 1-2

S 038 . .04 05 be - 08

QINGUM/ SEC

A FLOW AREA

+  VELOCITY

VELACITY IN M/SEC

208



PLACID CREEKy REACH 2-3

STANDARD ERROR OF ESTIMATE 0.0074
CORRELATICN COEFFICIENT —0.9997
DEGREE CF FREEDOM 4

_ | o 209
NO ID Q (L/S) R TP ™ A v
-5 1 15.40 160.00  236.00 ©351.30 0:5340 © 0.0289
10 1 72.60 62.00 94.00 121.40 0.8590 0.0834
18 1 114.50  48.00 71.00  83.30 0.9390 0.1220
24 1 121.20. 47.50 74.00  92.10 . 1.1000 0.1100
271 181,00 36.10 54,80 62,10 1.1100 0.1630
LOG TM VS, L0OG @
SSX______ 0.6955 SSY . 0.3363 P -0.4821
REGRESSION EQUATION Y=  1.2919 +  -0.6932 X
STANDARD ERROR DF ESTIMATE 0.0265 -
CORRELATICN COEFFICIENT = -0.9969
..DEGREE BF FREEDOM 4 B
F = . 477.4194
L0G A VS. LOG @
SSX 0.6955 SSY  0.0674 Sp 0.2131 )
REGRESSION EQUATION Y= 0.2855 + 0.3065 X
STANDARD ERROR OF ESTIMATE 0.0266
CORRELATICN COEFFICIENT 0.9842 o
DEGREE OF FREEDOM 4
F = | 92.4102
L0G V VS. LOG Q
SSX . 0.6955 SSY 0.3356 sP 0.4815
REGRESSION EQUATION Y= -042868 +  0.6924 X
STANDARD_ERROR OF ESTIMATE . 0.0270 e
CORRELATION COEFFICIENT - 0.9967
DEGREE GF FREEDOM 4
F = | 456.2595
LGG_TSS VS« LOG Q I
SSX 0.6955 SSY 0.2499 sp -0.4168
REGRESSION_EQUATION Y= 1.1170_ + _ -0.5993.X e =




e SR
( F = 4588.8828
L0G TPP VS. LOG Q
k .
 SSX 0.6955 SSY 0.2397 SP —0.4077
" REGRESSION EQUATION Y= 1.3101 +  -0.5862 X '

STANDARD ERROR OF ESTIMATE 0.0146
CORRELATICN COEFFICIENT -0.9987
DEGREE OF FREEDOM 4
F = 1118.6213
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STANDARD ERROR OF ESTIMATE = 0.0312

(" PLACID CREEK, REACH 3-4 213
NO ID Q (L/S) TS TP TM A v
17 1 14.50 674.00 1000.00 1200.00 0.5650 0.0256
18 1 245.00  188.00 223,00  255.30. 2.0300 0.1210
(19 1 268.00 162.00 199.00 238.90 = 2.0000 0.1340
21 1 70.00  302.00 386.00  481.60 '~ 1.0950 0.0638
L2241 267.00.  157.50 200,00 254,00 ~ 2.2000 _0.1210
27 1 404.00  121.00 169,00 209,00 2.7400 0.1480
106 TM VS. LOG Q
SSX 1.4894  SSY. 0.4213  SP -0.7908
REGRESSION EQUATION VY= 2.0902 + -0.5310 X
STANDARD ERROR OF ESTIMATE  0.0187 ~
 _CORRELATIGN COEFFICIENT __ -0.9983 )
DEGREE OF - FREEDOM s
F = o 1203.0806
106 A VS. LOG Q.
SSX 1.4894  SSY  0.,3250 . SP 0.6934
REGRESSION EQUATION Y= 0.5958 + -~ 0.4656 X
 _STANDARD ERROR OF ESTIMATE 0.0232 i}
CORRELATION COEFFICIENT 0.9967
DEGREE OF FREEDOM 5 "
£ = 599.9749.
. .L0G.V__ V5. 106G Q .
SSX 1.4894 SSY 0.4296 sp 0.7980
 REGRESSION EQUATION Y= -0.5947_+ 0.5358 X .
STANDARD ERROR OF ESTIMATE  0.0230 o
CORRELATION - COEFFICIENT 0.9975
DEGREE_OF FREEDOM 5
F = ‘ B10.3389 _
L0G TSS VS. LOG Q o
SSX 1.4894 SSY T 0.3661 SP ~0.7345
REGRESSION EQUATION Y= 1.9227 +  -0.4931 X I

CORRELATION COEFFICIENT  -0.9947



DEGREE OF FREEDOM 5 ’ : 510
F = . 372.5400 ' S

LOG TPP VS. LOG Q

$SX 1.4894 . - SSY . 0.4252' ° SP  -0.7939
REGRESSION EQUATION = Y= 2.0035 + -0.5330 X
STANDARD ERROR OF ESTIMATE _ 0.0226 |

CORRELATION COEFFICIENT . ~0.9976

DEGREE OF FREEDOM . s
F=__ 826.4009 o
PLCT TAPE SUCCESSFULLY WRITTEN
DONE -
STOP 0 '
EXECUTION TERMINATED =
$SIG
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(" BLANEY CREEK, REACH 1-3

SSX 3.2537 ~ SSY

| | o 217
NO ID Q (L/S) TS ™ ™ A v
11 1 500.00  30.00 . 44,50 ~ 54.70  2.3900 0.2090
(12 1 1750.00  17.00. _ 23.50 _ 27.48  4.2200 _ 0.4160
15 1 11500.00 _ 7.50  10.60  12.10 12.1500  0.9470
16 1 1630.00  19.50 . 26.40  30.16 _ 4.3200 0.3800
171 1660400 18,30 25,50 ___29.63 _ 4.2500___ 0.3870 __
19 1 1950.00  15.00  22.50  25.37  4.3200 0.4510
24 1 120,00  71.00 101.00 ~ 123.00 1.2900 0.0960
31 1 146.00 ° 57.00° 90,00  117.00 ~ 1.4900 _ 0.0980
35 1 285.00  40.50  61.00  71.20 . 1.7700 0.1550
36 1 741.00  24.00  34.00 40,40 - 2.6200 0.2830
L0G TM VS. LOG Q
SSX 3.2537.  SSY 0.8994 SP -1.7018
REGRESSION EQUATION Y= 1.5854 + -0.5230 X
STANDARD ERROR OF ESTIMATE _ 0.0340
CORRELATICN COEFFICIENT  -0.9948
DEGREE OF FREEDOM e
= 770.1775__ ~
LOG A VS. LOG Q
. SSX__.3,2537 ____SSY_____ 0.7537 sp 1.5566
REGRESSION EQUATION Y= 0.5283 +  0.4784 X
STANDARD ERROR OF ESTIMATE  0.0335 -
CORRELATICN COEFFICIENT  0.9940
___DEGREE_QF_FREEDOM 9 e
L0G vV VS. LOG Q
SSX 3.2537 SSY 0.8945  SP 1.6981
REGRESSION EQUATION V= Z0.5270 +  0.5219 X
STANDARD ERROR OF ESTIMATE  0.0321 |
_CORRELATICN _COEFFICIENT __ 0.9954 .
DEGREE OF FREEDOM 9
F = o 858.6084
LOG TSS VS. LOG Q
0.7642 SP. . —1.5678




-

: ' : . & 218
REGRESSION EQUATION ‘Y= 13558 + - =0.4819 X
STANDARD ERRQOR QF ESTIMATE : 0.0331 3 S :
CORRELATICN COEFFICIENT ~0.9943
DEGREE OF FREEDCM . ) ’ : 9

\. F = : 690.2686

- —

_L0G_TPP_ VS, 1L0OG_Q. .
SSX 3.2537 SSY 0.8187  sP -1.6255
_REGRESSION EQUATION Y= 1.5139 + _ —-0.4996 X ___ .

STANDARD ERROR OF ESTIMATE 0.0287 s
CORRELATICN COEFFICIENT -0.9960
DEGREE CF FREEDOM 9
F = ) ) ‘ 985,6753
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" RLANEY CREEK, REACH 3-5

221
NO ID O (L/S) T8 TP ™ A v
8 1 870.00 8.50 16.20 21.15  3.3000  0.2640
10 1 530,00 12.00 20.5C 26.31 2.5000  0.2120
(11 0 520.00 21.00 23.00  22.55  2.1400  0.2430
12 0 1820.00 11.00 15.00 15.67 5.0800  0.3580
. 13._1_.10400.00 3,30 5460 7.10 _13.2000 _ 0.7100
14 1 11700.00 3,20 5.50 6.24 13.0000  C.9000
15 0 11700.00 4.00 5.00 6.45 13.5000 0.8700
16 0 1650.00 12.00 14.00 17.62 5.2100  0.3170
19 0  2050.00 11.00  12.00 - 12.62  4.6300  0.4430
20 1 530.00 10.00 12.20 24,78 0.2260
221 160.00____20.00._ 36,00 45,50 _ __0.1230
25 1 6£82.00 9.50 16.60 20.85 0.2680
26 1 262.00 16.00 26.00 34,20 041640
29 1 140.00 " 21.20 38,50 47.85 1.2000  0.1160
32 1 80.00 27.50 53.00 71.43  1.0200  0.0780
33 1 80.00  29.00 54,50 71.45  1.0200  0.07R0
EYSR| 748.00 8.90 15.00 19.50 _ 2.6200 _ C.285C__
37 1 1350.00 7.50 12.70 15.46  3.7300  0.3620
[0G TM VS, LOG Q
sSX 7.8009 . SSY 1.7186 SP Y Y
REGRESSION EGUATION V= 1.2862 +  -0.4657 X
STANDARD ERROR OF ESTIMATE 0.0407
CORRELATION COEFFICIENT =-0.9923 N
DEGREE OF FREEDNOM 17
F = 1C23.4207
LOG A VS. LOG Q
SSX 7.80009 Ssy 2.2487 <p 4.1651
REGRESSION EQUATION Y= 0.5391 + 0.5339 X
 STANDARD _ERROR. NF _ESTIMATE 0.0394 o
CORRELATION COEFEICIENT 0.9945
DEGREE OF FREEDOM - 17
£ = 1433.6624
106 V._VS. 106G Q ‘ . : .
55X 7.8009 SSY 1.6867 Sp 3, 5944
REGRESSINN_ EQUATION V= —0.5423 + 0.4608 X o
STANDARD ERROR OF ESTIMATE 0.0437
CORRELATICN COEFFICIENT 0.9909

DEGREFF OF FREEDOM ' 17



222

687.9802

F =

a=
LOG TS VS. LOG Q
\_ L .
 SSX 7.5619 SSY 1.4003 SP  -3.0375
~ REGRESSION EQUATION Y= 1.0047 + —0.4017 X T
STANDARD ERROR OF ESTIMATE 0.1061 o
CORRELATION COEFFICIENT  -0.9334
DEGREE OF FREEDOM 17
F = 108.3378
LOG TP VS. LOG Q
SSX 7.5619 SSY 1.5980 sp -3.4337
REGRESSION EQUATION Y= 1.2003 + =-0.4541 X
STANDARD ERROR OF ESTIMATE 0.0493
CORRELATION COEFFICIENT  -0.9878
DEGREE OF FREEDOM ' 17
_F.= 641.9316 e
L0G TSS VS. LOG Q
_..SSX _5.5511 SSY___ 1.1274. __ SP_____=2.4827
REGRESSION EQUATION Y= 0.9407 + —0.4472 X
STANDARD ERROR OF ESTIMATE 0.039%
CORRELATION COEFFICIENT = -0.9924
. DEGREE_CF_FREEDOM___ _ 12 .
F = 716.6177
LCG TPP VS. LOG Q
S5 X 5.5511 SSY 1.2177 Sp -2.5748 )
REGRESSION EQUATION Y= 1.1846 + -0.4638 X
STANDARD ERROR OF ESTIMATE 0.0461
.. .CORRELATION COEFFICIENT___ =0.9904 R
DEGREE OF FREEDOM 12
561.8801
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- BLANEY CREEK. REACH 3-5
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( BLANEY CREEK, REACH 5-4 | - 225

NO ID Q (L/S) TS TP M A v

10 0 570.00 46.00 57.50 . 63.10 2.3200  0.2460
\__12 0 1960.00 ' 25.00 29.00  30.80  3.9000 0.5030
(13 0 11000.00 . 13.50 13.90 - 14.40 10.2000 1.0800

19 0 2200.00 24.00 26.00  30.30. 4.3000 0.5120

el b 180200 . 38.50 5140 . 5660 __2.8500 __ 0.2740 . .

23 1 125.00 . 98.00 137.00 ,.165‘00 1.3300 0.0940
28 1 - 280.00 56.00 81.00 93.90 1.7000 ~ 0.1650
29 0O 140.00 93.80 133.50 158.00 1.4300 0.098C
371 O

1350.00 28.50 " 32.70 35,90 3.1300 0.4320

L0G TM VS. LOG Q

SSX 3.1444 SSY 0.9987 _ SP ~1.7627
RECRESSION EQUATION Y= 1.6828 + -0.5606 X

STANDARD ERROR OF ESTIMATE 0.0389

CORRELATION COEFFICIENT —0.9947

DEGREE OF FREEDOM ' 8

F = . 654.3979

LOG A VS. LOG Q

SSX 3.1444 Ssy 0.6162 sp 1.3802
REGRESSICN EQUATION Y= 0.4927 + - 0.4389 X
STANDARD ERROR OF ESTIMATE 0.0386 ' '
CORRELATIGON COEFFICIENT 0.9915
DEGREE OF FREEDOM 8

L= : 406.3118

LO0G V_ VS, LOG Q

SSX__ 3.1444 SSY 1.0007 sp 1.7646

REGRESSION EQUATION . Y= -0.4922 + 0.5612 X
STANDARD ERROR OF ESTIMATE 0.0387
CORRELATION COEFFICIENT 0.9948
. DEGREE_OF FREEDOM 8_ e
F = _ , 662.0354%

LGG TS VS, LDGvQ.

© SSX 3.1444 SSY 0.6478 SP ~l.4164




Y

£ =

772.1868

((F = R69.0030 596

LOG TS VS. LOG Q
SSX 7.8009 1.4003 SP. -3.0879

' REGRESSION EQUATION Y= 1.0024 + - -0.3958 X )
STANDARD ERROR OF ESTIMATE 0.1055

CORRELATION COEFFICIENT  -0.9343

DEGREE OF FREEDO 17

L0G TP VS. LOG Q
SSX 7.8009 1.5980 SP - ~3.4937
REGRESSION EQUATION Y= 1.1977 + - -0.4479 X

STANDARD ERROR OF ESTIMATE 0.0457

CORRELATION COEFFICIENT  -0.0895

DEGREE OF FREEDOM 7

S | 750.7678 o
LOG TSS VS. LOG 0

SSX_ 5.7530 1.1274 sp -2.5322
REGRESSION EQUATION 0.9382 +  -0.4401 X

STANDARD ERROR OF ESTIMATE 0.0343

CORRELATION COEFFICIENT  -0.9943

" DEGREE_QF FREEDOM 12 _ ]
F = ' 948.2959

L0G TPP VS. LOG O

SSX  5.7530 1.2177 sp -2.6281 "
REGRESSION EQUATION 1.1819 + =0.4568 X

STANDARD ERROR OF ESTIMATE 0.0394

CORRELATION _COEFFICIENT _ - -(.9930

DEGREE OF FREEDOM 12

PLOT TAPE SUCCESSFULLY WRITTEN

DONE

LsTtop_ 0

EXECUTTON TERMINATED
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BLANEY CREEK. REACH 5-4
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VELOCITY IN M/SEC

T
6

AREA IN SQ M.

1
. 2

_wb

4 & 1o .do,

T e L)
| Q@ INCUM/ SECT

I -
‘5"5
By Y
o
o

A FLOV AREA

+  VELOCITY.



’

( PHYLLIS CREEK, REACH 1-2

v

3480.00 14.50  20.00  25.81

LOG TM VS. LOG Q.

. 229
NO ID Q (L/S) TS TP ™ A v
4 1 369.00 . . 38.50 ' 56.00  69.90 1.9900 0.1850
7 1 312.00 43.50 61.00 = 76.40 1.8300 0.1710
(11 1 1470.00 21.25 . 28.50  36.19 4.,1000 0.3580
15 1 2400.00 16.50 22.50 ' 27.79 . 5.1500 0.4670
161 . .1398.00.__ . 19.00 2845036466 ___3.9600. . .0.3540__
21 1 945.00 = 24.00 33,00 39.80 2.9000 0.3260
22 1 G45,00  22.50 - 33.00 = 38.75 2.8300 0.3340
25 1 826.00 23.00 35.40 46439 2.9600 0.2790
30 1 6+9400 0.5020

~-0.4306

- SSX 0.9355 SSY 0.2044 sP
"REGRESSION EQUATION Y= 1.6262 + -0.4603 X )
STANDARD ERROR OF ESTIMATE 0.0296
CORRELATION COEFFICIENT  -0.9849
DEGREE OF FREEDOM < 8
F = 225.9623
LOG A VS. LOG Q
SSX 0.9355 SSY 0.2802 sp 0.5064
REGRESSION EQUATION Y= 0.5135 + ~ 0.5413 X
STANDARD ERROR OF ESTIMATE 0.0294 -~ .
CORRELATION COEFFICIENT 0.9891
DEGREE OF FREEDOM 8
F. = - 317.0220 . -
L0G V VS. L0OG Q
SSX ... 09355 SSY O zoazwﬁww SP.____._ 0.4295_
REGRESSION EQUATION Y= -0.5133 + 0.4591 X
STANDARD ERROR OF ESTIMATE 0.0294
CORRELATION COEFFICIENT 0.9850
DEGREE OF FREEDOM ... . . . 8. i
L0G TSS VS. LOG Q
SSX  0.9355 SSY  0.1958 sp -0.4191




0T C R

Y

| - 230
REGRESSION EQUATION Y= 1.3751 + -0.4480 X
STANDARD ERROR OF ESTIMATE 0.0339 '
CORRELATION COEFFICIENT ~-0.9792
DEGREE OF FREEDOM : : 8
F = | : 162.9622
LOG TPP VS. LOG Q

SSX 0.9355 SSY ¢

2002079 .

REGRESSION EQUATION Y=
STANDARD ERROR_OF ESTIMATE
CORRELATIGN COEFFICIENT
DEGREE OF FREEDOM
F = s

1.5288 +
0.0195 . .

"0.9936

8 o
38.0989




TIME IN MIN.
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'RREA IN_SQ M.

~ PHYLLIS CREEK. REACH 1-2.

4 6 ) 2. . & &, 10.
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+  VELOCITY
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CVELOCITY IN M/SEC



( PHYLLIS CREEK, REACH 2-3 233
NO ID Q (L/S) TS ™o ™ A - oy
3 1 748.00 25.00  38.00 ~ 43.52 2.7200 0.2780
6 1 352.00 37.50 57.00 64.76  1.9100  0.1840
(10 1 228.00 43,00  70.00 _ 87.62 1.6720 0.1362
11 0 . '1590.00  18.75 29.50 28.05 3.9300 10,4050
L4._1__2550.00____15.00 21.00 23.43___5.0000. __ 0.5100__ .
17 1 2415.00 14.25 21.20 24.15  4.8700 0.4960
20 0 985.00 22.40 33,50 40.00 3.3000 0.2980
23 1 1880.00 _ 17.00 24.00 26.78  4.2200  0.4450
24 1 840.00 23.50 35.50 40.84 2.9600 0.2840
26 1 1194.00 20.00 31.20  35.48 3.5500 0.3360
30..0...3610.00 . _12,50_ __ 17.20____18.65__ 5:6300 _ 0.6410
LOG _TM VS. L0G Q
. SSX _‘_,_w,mw_l...~3,5_1_7 SS_Y -,,WO. 6005 ‘, SP "0 o,,7 340 - e
REGRESSION EQUATION Y= 1.5798 + =0.5430 X
STANDARD ERROR OF ESTIMATE 0.0145
CORRELATION COEFFICIENT  -0.9976
. DEGREE_QF_FREEDOM 10 ) e
P 1902.6912
LOG A VS. LOG Q
'$SSX  1.3517 . SSY 0.2844  SP  0.6187
REGRESSION EQUATION VY= 0.5057 +  0.4577 X
. STANDARD ERROR OF ESTIMATE 0.0115
CORRELATION_COEFFICIENT____ 0.9979 e
DEGREE GOF FREEDOM 10
F = 2144.6553
L0G V VS. LOG Q
SSX 1.3517" “SSY . 0.3986 sp- 0.7327
REGRESSION EQUATION Y= -0.5055 +  0.5421 X
STANDARD _ERROR OF ESTIMATE __0.0122_ .
CORRELATION COEFFICIENT 0.9983
DEGREE OF FREEDOM 10
F = ‘ 2648 .8000 -
LOG_ TS VS. L0G Q . S S S
__SSX 1.3517 ssy 0,2809 $p -0.6144




£

. . | . , . 234

REGRESSION EQUATION Y= - . 1.3481 + -0.4546 X

 STANDARD ERROR OF ESTIMATE 0.0135
CORRELATION COEFFICIENT  -0.9971

L, DEGREE OF FREEDOM ' 10
( F = o 1522.2800

" LOG TP VS. LOG Q T
SSX 1.3517 SSY 0.3411 SP -0.6764
REGRESSION EQUATION Y=  1.5257 + -0.5004 X B
STANDARD ERROR OF ESTIMATE 0.0170 o
CORRELATION COEFFICIENT ~-0.9962
DEGREE OF FREEDOM | - 10
F = - 1166.0486
106G TSS VS. LOG @Q
SSX 1.0294 SSY 0.2185 SP -0e4729
REGRESSION EQUATION Y= 1.3457 + —0.4593 X
STANDARD ERROR OF ESTIMATE 0.0148
CORRELATICN COEFFICIENT  -0.9970
DEGREE OF FREEDOM _ 7

Ly =__ ' ' 985.6196 o
LOG TPP VS. LOG Q

SSX.___1.029% ____SSY._ ___0.2615__ __SP.___ =0.5186
REGRESSION EQUATION Y= 1.5219 + =0.5037 X

STANDARD ERROR OF ESTIMATE 0.0071
CORRELATICON COEFFICIENT -0.9994

DEGREE _OF FREEDOM 1

_ 5139.0664
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PHYLLIS CREEK. REACH 2-3
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PHYLLIS CREEK. REACH 2-3
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("~ PHYLLIS CREEK, REACH 3-4 - 337

NO ID Q (L/S) TS TP ™ A , v
3 0 - 750.00 18.00 37.00 39.56 2.8800 0.2600
\, 5 1 339.00 32.00 45.00 52+46 1.7400 0.1950
(6 © 338.00 39.50 47.00  53.34 1.7500 0.1930
10 O 228.00 53.00 64.00  64.70 1.4870 0.1608
131 2490.00. 0 11050 00 16.80 . 18.83 0 4.5600 0.5460_ .
19 1 1070.00 - 19.00 26.50 29.88 3.1200 0.3440
27 1 1200.00 . 17.00 - 24.50  28.52 . 3.3300 0.3610
28 1 3100.060 10.30 14.50 17.33 5.2200 0.5950
29 1 3690.00 8.90 13.50 15.41 55300 0.6550

©LOG TM VS. LOG Q

SSX 1.5952 SSY. 0.4250 spP -0.8211

REGRESSICN EQUATION Y= 1.4903 + -0.5147 X
STANDARD ERROR OF ESTIMATE 0.0184% '
CORRELATICN COEFFICIENT -0.9972

DEGREE GF FREEDOM , 8

F = 1248.8062

LG A VS. LAG Q

SSX 1.5952 SSY 0.3676 SP 0.7636

REGRESSION EQUATION Y= 044801 + 0.4787 X
STANDARD ERROR OF ESTIMATE 0.0173

CORRELATION COEFFICIENT 0.9971
DEGREE OF FREEDOM - : 8
S S el 219..0845

LOG V_VS. LOG Q

1.5952___ . _SSY 0.4183____ _SP____.0.8146 ___ . .

SSX___

REGRESSION EQUATION Y= ~0.4786 + 0.5106 X
STANDARD ERROR OF ESTIMATE 0.0182 :
CORRELATION COEFFICIENT 0.9972

DEGREE_OF._FREEDOM_____ . 8 . e

F = | 1260.8452

L0G TS VS. LOG Q

55X 1.5952 SSY 0.5792 - SP  -—0.9452



http://24.9il.00

LOG TP VS. LOG Q

238

( REGRESSION EQUATION Y= 1.2809 + -0.5925 X

STANDARD ERROR OF ESTIMATE 0.0523 .

CCRRELATICN COEFFICIENT ~-0.9833

DEGREE OF FREEDOM ' 8

F = 204.5374
\,
-

SSX " 1.5952° SSY 0.4718 SP -0.8616
REGRESSION EQUATION Y= "1.4390 ¢+ -=0.5401 X
_STANDARD_ERROR _OF ESTIMATE - 0.0303 e e e ;
CORRELATION COEFFICIENT ~0.9932
DEGREE OF FREEDOM 8
£ = : _ 506.9019
.. LOG_TSS VS. LOG Q . R ;
SSX 0.7485 SSY 0.2131 . 'SP ~0.3982
_ REGRESSION_EQUATION Y= 1.2698 ¢ =0.5320 X ____
STANDARD ERROR OF ESTIMATE 0.0173 _
CORRELATION COEFFICIENT -0.9972
DEGREE OF FREEDOM 5
F = _ 706.3044
LOG TPP VS. LOG Q T
SSX 0.7485 SSY 0.1959 Sp ~-0.3825
REGRESSION EQUATION Y=  1.4235 + -0.5109 X
STANDARD ERROR OF ESTIMATE 0.0113
CORRELATICON COEFFICIENT -0.9987
DEGREE CF FREEDOM 5
F = 1521.2705
_PLCT_TAPE_SUCCESSFULLY WRITTEN___ - R _
DONE
STOP 0

EXECUTION TERMINATED
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" PHYLLIS CREEK. REACH 3-4
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PHYLLIS CREEK, REACH 4-6 541
NO ID Q {(L/S) . TS TP ™ A v
5 0 385.00 20.00 28.00 29.44  2.2300 0.1730
8 1 366,00 15,00 26.00 31.49 2.2700 0.1610
(10 0 239,00 31.00 35.00  35.00 1.6580 0.1450
12 1 2370.00 5.10 8.40 9.54 . 4.4500 0.5330
18 .1 1160.00 B.00 12.80 14.43 3.1300 0e35%20 . _
27 O 1200.00 9,00 14.00 16.23 3.8400 0.3130
28 0O 3100.00 4.70 7.30 7.57  4,6200 0.6710
29 0 3720.00 5.60 6.90 7.79 5.7100 0+6510
LOG_TM_ VS. LOG_Q e
SSX "~ 1.4633 SSY 0.5280 SP -0.8730
REGRESSION EQUATION Y= 1.2102 *  -0.5966_X_ R
STANDARD ERROR OF ESTIMATE 0.0345
CORRELATION COEFFICIENT -0.9932
DEGREE OF FREEDOM . 7
F = 437,0291
L0G A VS. LOG Q ) T
SSX T1.4633 SSY 0.2438 SP 0.5887
REGRESSICN EQUATION Y= 0.5049 +  0.4023 X
STANDARD ERROR OF ESTIMATE 0.0341
CORRELATICN COEFFICIENT 0.9856
DEGREE OF FREEDOM T
F = 203.3331
LOG vV VS. LOG Q
SSX 1.4633 SSY 0.5279 sSp 0.8729
REGRESSION EQUATION Y= -0.5044 + 0.5965 X
STANDARD ERROR OF ESTIMATE 0.0346
CORRELATIGN COEFFICIENT 0.9932
DEGREE OF FREEDOM 7
F = 435,2229 )
LCG TS VS. LOG O
SSX C1.4633  SSY  0.630T sP -0.9286
\  REGRESSION EQUATION Y= 1.0009 + -0.6346 X



http://EQUATI.ON._Ys_

( STANDARD ERROR OF ESTIMATE 0.0831

. | CORRELATION COEFFICIENT -0.9666
' DEGREE OF FREEDOM LT
F = e B85.3634

10C TP VS, LOG @

ssx 1.4633 SSY | 0.5447 P ~0.8898 i
REGRESSION EQUATION Y= 1.1672 + -0.6081 X
STANDARD ERROR OF ESTIMATE 0.0246
CORRELATICN COEFFICIENT  -0.9967 o
DEGREE DF FREEDOM 7
- F = o 893.3013
~ LOG TSS VS. LOG Q
p SSX 0.3326 SSY 0.1108  sP -0.1919
N REGRESSICN EQUATION Y= 0.9250 + —0.5771 X
’ STANDARD_ERROR_Of ESTIMATE ___0.0028 e e
CORRELATICN COEFFICIENT -1.0000
. DEGREE OF FREEDOM 2.
‘ F = - : 14613.2969
LOG_TPP VS. LOG Q o
.

SSX 0.3326 SSY 0.1230 sp -0.2020

REGRESSION_ EQUATION__Y=_ __ 1.1447 +_ _ -0.6076_X___
STANDARD ERRQOR 0OF ESTIMATE 0.0152
CORRELATION COEFFICIENT -0.9991

DEGREE OF FREEDOM 2

F = 529.8909
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'PHYLLIS CREEK. REACH 4-6
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" PHYLIS LOWER

| 2115
NOED Q@ (L/S) . TS ™ T™. A v
10 1 365.00 . 4.58 10.33 7 13.79 2.3300 0.1565
20 1  269.00 4.75 12,00 ~ 18.18  2.3190  0.1159
(300 1 4358.00  1.56 2.55  2.78  5.6140  0.7760
40 1 3415.00 1.75 3.00  3.60 . 5.6910  0.6000
L0G TM VS. LOG Q.
SSX 1.2032 SSY  0.5027  SP -0.7765
REGRESSION EQUATION Y= 0.8764 + -0.6454 X
STANDARD ERROR OF ESTIMATE _ 0.0280 ’
CORRELATION COEFFICIENT  -0.9984
DEGREE OF FREEDOM - 3
F.= 6397966
LOG A VS. LOG Q
.5SX 1.2032_____ SSY 0.1489 sP 0.4206 ~
REGRESSION EQUATION Y= 0.5449 + _ 0.3496
STANDARD ERROR OF ESTIMATE  0.0310
CORRELATION COEFFICIENT  0.9935
_ DEGREE_QF FREEDOM . 3 _ S
F = "152.6978

LOG VvV VS. LGOG Q.

STANDARD _ERROR OF ESTIMATE 0.0197

CORRELATION COEFFICIENT -0.9981
DEGREE OF FREEDOM 3

F = 525.7346

5SX 1.2032 SSY 0.5114 sp

REGRESSION EQUATION . Y= -0.5451 + 0.6507 X

STANDARD ERROR OF ESTIMATE 0.0309

CORRELATION COEFFICIENT 00,9981 e
DEGREE OF FREEDOM 3

F o= 532,2039

LOG TSS VS. LOG Q

SSX 1.2032 $SY 0.2045 .  SP -0.:4951
REGRESSION EQUATION Y= 0.4604 + —=0.4115 X




DN ITA

( ] ] L v

LOG TPP VS. LOG @

SSX 1.2032  SSY 0.3704  SP . -0.6675
ve i T }

REGRESSION EQUATION VY= 0.7671 + -0.5548 X

" _STANDARD _ERRQR QOF ESTIMATE 00073 . < )

CORRELATION COEFFICIENT . -0.9999

DEGREE OF FREEDOM 3

F = ' 6927.8672
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FORTRAN /360 PROGRAM ipD' FOR ﬁnLUTIGN OF ‘THE DIFFERENTIAL
EQUATION. OF UNSTEADY FLOW THROUGH A CascaDe OF RESERVOIRS.

FDNTROL (ARDS

o AT START " AL = ALPHA;" = BETA  (FA.O)

- 00
,,,mf'"
W

AWNQ”_';QQ;f
NG 2y TS’?‘STARTING T = END T ~ DT TIME INT
TC. = START:OF TIME COUNT T | (F&.0)
N 3, W = WIDTH , :L‘= LENGTH . " AA €& BA (FA.1)
NO 4 TIT= TITLE (ZOA#) L

MEXPLANATIGN DF TERMQ'

' UNITS ARF MFTERS AND SECDNDS FXﬂEPT AS NDTED BELOW.
BETA IS THE DISPERSION COEFFICIENT, WHICH CAN BE

ESTIMATED AS (Q0 / QDI*%0.2 .
ALPHA IS THE RELATIVE CHANGE IN DIQCHARGF,

__{OUEND) 7/ Q{START)) = 1.0 . .. ' o
THE COMPUTATIONS ARE PERFORMED FOR- “THE PERTIOD TS - TE.
TS AND TF ARE IN MINUTES FROM THE START OF THE TEST,

TO IS THE STARTING TIME IN HOURS AND MINUTES(E.G. 1420.

FOR *20 MINUTES PAST 2pPM' )
WIDTH IS THE CHANNEL WIDTH, WD,.:
LENGNTH IS THE, TGTAL LENGTH DF THE TFST PEACH.

,ourpur-'

sEelalellolelaNeEeNellaleleNaNaNellaNaeRalalelinEaNeole Nolelie Nele el

THE PRUuRAM PRINTS THE. SOLUTION OF THE CASCADE EQUATIGHN
A(T)y THE CORRESPONDING ‘QIT), AND- SOME QF THE TERMS
_ vIN THE FQUATIDN FOR A(T3°f“¢;' [ e
UIMENSION ,TIT(ZO) ‘4, R
COMMON Ly Py BEy Wy Cy T,EXl .y EXZ, K-

EXTERNAL AUX1, AUX2
REAL L 4 LS , LE

READ INITIAL DATA
READ (5,41) Q0. AL, BE .
READ (541) TS, TE, DT , TO

SO

"READ (541) Wy L 4 AA, BA
CREAD 0542 TIT el
FORMAT {20A4) ‘

INITIALIZE

AL = (_ AEND - AQG )/ AQ

AQ = AA #{0Q0 . *x BA) »
AEND = AAX{(QO*(1. + AL)) %%BA ) -

[ Q0 % (1.—BA)¥"/'(AA*BA)-~

C =
P = SORT((240.% C) /7 ({BE * W’**Z’)
CGEF1 =- AD / {BE *W * SQRT (6.283 % P })

DR

PI8=A0% ( 1. + ALY/ SQRT( B. * 3. 1416 5 . .
COEF2 = . PI8 x* (1('240. * C * l /70 iBEW*fW”)**Z’3**O-25 }
L/ZQQ_”;gm”" SO ‘ L

i,

féiéﬂﬂ‘hn
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N = (TE = TS) /DT -

WRITE INITIAL DATA
WRITE (6, 3) TIT

250

1 W, L, AAy BA

FORMAT(1H1, 20A4 )
ITO =70 | L

WRITE (65 %) Q0 4 AL_5 BE , ITO. ,TS. 5y TE.y DT

-

2 A0 4 C 4 77 "V COEF1,CO0EF2 P
FORMAT ( 'INITIAL CONDITIONS? /

3' WIDTH (W) 5 LENGTH (L), AA, BA

1! INITIAL Q (Q20) , ALPHA (AL), BETA (BE)
2 START OF TIME COUNT (ITO)y TS, TE, DT

B oo

B

47 INTTIAL AREA (AO), CELERITY (C)
5t COEFl , COEF2, P . .
WRITE (6,5) - :

. i
T e am W -

3F10.3

/

I6, 3F8.1 /

. 4710.3

2F10.3
3E14.5

/
/7
)

O

DB LOOP FOR N VALUES OF A{T)

FORMAT { 'OTIME 1S7 EXPO. 15T INTEG.  1ST TERM

12ND INTE.. 2ND TERM ALT) ' ~QUTY 7Y

nn 6 1
T

1y N

ot

2ND EXPO

(@]

TS+ (I-1)1% DT

FIRST INTEGRAL OVER X
AINTL  =.0.0. .
LE = 0.0

DO 7 J= 1l 20

LS = LE '

LE = LS + DL
K =1 .

ALl = _FGAUL6ILS, LE, AUXL ) . =~

AINT1

= AINTL + All
CONTINUE '

OO,

£T1 = COEF1l * AINT] / (T %%0.25)

SECOND INTEGRAL OVER T -
AINT2. = Q.0 - e
TTE 0.0 ‘
TDIFF = T/ 20.0
no 8 J =1 420

"

non

S i
AT2 = FEGAUl6{( TTS, TTE, AUX2 )

178 TTE
TTE TTS + TDIFF
1

AINT?2
CONTINUE

AINT2 + AI2

OO

COEF2 % AINT2
FT1 + F12 )
CLALZ ARV RELLLO /BAY

FT2
A
Q.

WRITE RESULTS

O

MRITE (6,49) T, EX1l, AINT]l 4 FT1 , EX2 4 AINT2,
FORMAT [1Xy F4.0 » 8E12.4 ) o
COMTINUE : :
.STOoP
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FUNCTION - AUX1 (X )
C FUNCTION CALLED BY THE LIBRARY PROGRAM FGAUL6:
C - . '
REAL L.
COMMON L,P, BE, W, Cy Ty EX1,EX2, K
EXI = P XSOQRTACL=-X)=T) + ( X —L -(60.* C % T)) / (BE* ¥ )
AUXY=  EXP (EX1) /1( L=-X)*%x 0.25)
K = 0 ‘
RETURN
- END
-FUNCTION AUX2 ( 2)
. :
C FUNCTINN CALLED RY THE LIBRARY PROGRAM FGAUL6
£

REAL L

COMMON Ly Py BEs Wy Cy Ty EX1, EX2 4K

EX2 = P % SQRT {L3(T = Z)) + (60.%C%7 = 60.%C*T - L1}/,
AUX2 = EXP {EX2) / { T = ZV**%0,.75) BE®W

K = 0

RETHURY

END




'PD.

SAMPLE OUTPUT

( PHYLLIS CREEK, JUNE 22, 1968. DOWNSURGE
INITIAL CONDITIONS
INITIAL Q (Q0) , ALPHA [AL), BETA (BE) = 0.815 -0.065 0.540
START OF TIME COUNT {ITO), TS, TE, DT = 1300 12.0 60.0 2.0
WIDTH (W) , LENGTH (L), AA, BA = 11.500 777.00C0 3.260 0.541
>, INITIAL-AREA (AO), CELERITY (C) = 2.918 0.516
COEFl , COEF2, P = 0.14005E GO  0.3B484F 01 0.17919F 01
_TIME 1ST EXPO. 1ST INTEG. 1ST TERM 2NO EXPO. 2ND INTE.  2ND TERM A(T) QT
12, —0.3461E 02 C,3874E 02 0.2915F 0l -0.9813E 02 0.45386-06 0.1746E-C5 0.2915€ 01 0.8134E 00 -
14. -0.4229E 02 0.4027F 02 0.2915€ C1 -0.9611F 02 0.2572E-04 0.9899E-04 0.2916E Ol 0.8136E 00
16, -0.5012E 02 O0.4161F 02 0.2914FE 01 -0.9425F 02 0.5727E-03 0.2204E-02° 0.2916E 01 0.8137F 00
__ 18. -0.5809E 02 0,4253E 02 0.2892F 01 -0.9251¢ 02__ 0, éDQ,E-0Z__Q;Z_LZE:QL___LZ2LiE_QL_wQL&lilﬁ_gg_~________*,~,_
20, -0.6616E 02 - 0.4192E 02 0,2776F 01 -0.9089F 02 0.34C8E~01 0.1312F 0.2908E 01 0.8095€ 00
22. -0.7433E 02 0.3768F 02 0,243TF Ol -0.8936F 02 O0.1168E 00 0.4496E oo 0.288TE C1 0.7987E 00
24. ~0.8257E 02 0.2881FE 02 0,1823F C1 —0.8791F 02 C.2664E 00 0.1025E 01 0.2848E 0Ol " 0.7792E 00
26. —0.9089F 02 O0.1775F 02 O0.1101F Ol —-0.8653E 02 O0.4423E 00 O0.L702E Ol O0.2803E Ol 0.7565E 0O
28. —0.9927E 02 0.8570F 01 0.5218E 00 -0.8521FE 02 0.5833F 00 0.2245F 01 0.2767TE Ol 0.7384E 00
30, -0,1077€ 03 _0.3222E Ol 0.1928E 00 -0.8395€ 02 0.6634E_00 0.2553F 01 0.2746E 01 0.7283E 00
32. -0.1162€E 03 0.9474F 00 0.5579E-01 —-0.8274E 02 0.6968E 00 0.268lF 01 0.2737E Ol 0.7240€ 00
34, ~0.1247TE 03 0.2202E 00 0.1277E-01 —0.8157F 02 GC.7073E 00 0.2722€ C1 0.2735E 01 0.7228E 00
36, —-0.1333F 03 0.4098F-01 0.2343E-02 -0,B8045FE 02 0.7098E 00 0.2732E 01 0.2734E 01 0.7224E 00
38, ~0.1419€E 03 0.6187TE-02 0.349CE-03 —0.7936E 02 O0.7103E 00 0.2733FE Gl 0.2734E 01 0.7224F 00
40. —0.15C5E 03 O0.767T7E-03 0.4275E-04 -0.7831FE 02 O0.T7103E 00 0.2734F Cl - 0.2734E 01 0.7224E 00
42, -0,1592E 03 0.T7926E=04 0.4360E-05 —0.7729E_ Q2 0.T104FE_00 0Q.2734F Q1 0.,2734F 01 _0,7223E 00
44, -0.1679€ 03 0.6885E-05 0,3T744E-06 -0.T631E 02 O0.7104F 20 0.2734E 01 0.2734E C1 0.7223E 00
46, -0.1767E 03 0.5086E-06 0.27356-07 —0.7534E 02 C.TL04E 00 0.2734E 01 0.2734E Ol 0.7223F 00
48, —0.1854F 03 0.3224E—-C7 0.1716E—08 —0.7441FE 02 O0.7104F 00 0.,2734F 01 0.2734E 0l 0.7224E 00
50, —0.1942F 03 0.177ICF—08 0.9325E—10 ~0.7351F 02 O0.7104FE 00 O0.2734F 01 O0.2734E 01 0.7224E 00
52. —0.2030E 03 0.8486F—10 0.4426E-11 -0.72625 02 0.7104F G0 0.2734E 01 0.2734€E Ol 0.7224E 00
.54, —0.2119€E 03 0.3576f=11_0.1848F-12 -0.71T6E 02 0,7104F 00 0.,2734E Ol 0.2734F 01 0,7224E 00
56, —0.2207E 03 0.1334E-12 0.6832E-14 —0.TC92E 02 0.7104E 0C 0.2734E C1 0.2734E 01 0.7224E 00
58, -0.2296E 03 0.4435E-14. 0.,2251E-15 -0.TOLOE 02 O0.7104FE 00. 0.2734E Ol 0.2734E 01 0.7223E 00

26e
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PROGRAM FOR FLOOD ROUTING THROUGH SEQUENCES OF NONLINEAR
RESERVOIRS AND KINEMATIC CHANNELS, WRITTEN IN FORTRAN /360.

1 CONTROL CARD PER CHANNEL (CONSISTING OF SEVERAL REACHES):
NO OF REACHES, KR, (I2) & TITLE OF CHANNEL, TITR, (10A4),

'3 CONTROL CARDS PER REACH;

ND 1 CONTAINS:

NO OF RESERVOIRS, Ny (I2)3 & FACTOR ALPHA , AL, (F6.0);3
LOCAL INFLOW ALONG REACH, QINC, (F6.0).

' + TITy (10A4), is'"Alpha" in lSNLR'a

NO 3 CONTAINS:
LENGTH OF REACH, L, (F6.0)3; STEADY FLOW PARAMETERS, AA AND
BA, (F6.0); FORMATIVE DISCHARGE, QD, (F6.0) .
RATING CURVE PARAMETERS, AHl, BHl, HOl, AH2,
BH2, HO2, (F6.0); STARTING TIME, TS, {F6.0); TIME INT.
OF H-DATA, DELT, (F6.0)5 2X 3 NO OF INITIAL H-DATA, 1IN,

JrS

{12)s NO OF INTERVALS 70O BE COMPUTEDy Ky (F6.0).
DATA CARDS:

INITIAL H-DATA » (12F6.0)

EXPLANATIONS:

ALPHA = L(RESERVOIR) / L{TOTAL REACH) . .
GAUGE RATING CURVES ARE DEFINED AS:
Q = AH* (H-HO)#%*%BH , INDEX 1 REFERS TD THE UPSTREAM
GAUGE, INDEX 2 TO THE DOWNSTREAM ONE.

TS IS THE STARTING TIME IN MINUTES OF THE INPUT DATA.
- DATA : THE PROGRAM READS 'IN' H-DATA, AND ASSUMES THAT
~ ALL FURTHER {K-IN) DATA POINTS ARE_EQUAL_TO THE LAST
INPUT VALUE

 QUTPUT:

THE PROGRAM PRINTS THE CONTROL -CARD DATA AND INITIAL _
 H=-DATA; 17 _THEN ROUTES THE FLOW THROUGH SUCCESSIVE REACHES,
WITH THE OUTRPUT OF REACH (I-1) + QINC BECOMING INPUT DOF

 DIMENSION  Q(100),

THE OUTFLOW OF EACH REACH IS PRINTED, AND, TF THE RATING
- CURVE PARAMETERS ARE GIVEN, THE GAUGE READINGS.

R U S0 Uy 0 o utt S

Y(2) 4 F(2) JTEMP(2),H(100),T(100),Q1(100),
1 T1(100) , TIT(10) , TITR 100 - . - ,

COMMON FQ, QIM1l, BA ..
REAL L
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1

C LOOP FOR REACHES
READ {5,40) KR, TITR
40 FORMAT { 12, 10A4)
DO 41 KK = 1 LKR:
C ,
c READ CONSTANTS o :
. .. READ {5,30)_ N s AL __ o QINC . . __ ) e
30 FORMAT (12,2F6.0 ) :
READ { 5,20) TIT ‘ ‘ .
20 FORMAT _ ( 10A4) ‘ (HO2,
READ (5 , 1) L 9 AA , BAy, QD , AH1,BH1,HO1,AH2,BH2,)
1 TS 4 DELT , IN 4 K
1 FORMATL . . 12F6.0s __2Xe 212 Y o
KL= K :
K= K+1
IF { KK GT. 1 ) GO TO 43
C ' -
C READ INITIAL HIGHT DATA
CREAD_ (542)0 H (1) I= 1,INY .
2 FORMAT{12F6.0) '
IF ( IN .EQ. K ) GO TO 4
C .
C COMPLETE INITIAL ARRAY
Do 3 1 = IN, K
3 HULY = HUINDY
c _
c CONVERT HIGHT TO DISCHARGE, COMPUTE TIMES
4 DO 5 I =1, K :
T(I) = TS + (I-1) * DELT
QUIN=({H{I)-HOL)/AHL1)*% (1. /BH1)
5 CONTINUE e e e e e
GO TO 45
C : , _
C ANDJUST FOR KK .GT. 1 AND KLA .NE. K
43 "IN = K
IF { KLA .EQ. K ) GO TO 45
DO 90 N1 = KULAs K
90 QI(N1) = Q(KLA)
c
C INITIAL CONSTANTS
45 AD = AA% QD *%BA
' FTT= ( L%*AD* BA) / {(N*QD*60.0 )
FT. = ETT 2 0 1aQ = AU ) e e
FQ = {( le. = AL ) 7 (FT % AL ) :
TC = ¢ FTT % AL )} /7 ( Q1) *%x ( 1.0- BA))
QFAC = Q{1) / QD :
IDT = 2.0 * DELT / TC
IfF ( IDT LY. 1 ) IDT =1 o
IF { QFAC .G6T.0.15 ) IDY = 2*IDY }
C .
C WRITE INITIAL CONDITICNS
WRITE (6, 6) TITR LKK
6 FORMAT{*INON-LINFAR RESFRVOIR ROUTING?' / YINITIAL CONDITIONS!?

/ 1CA4, *ROUTING OVER ',12,'. REACH ')
WRITE & (6,21) _TIT e .




FORMAT{ 1HO, 10A4 )

21
WRITE ( 6, 31) N , AL 4 QINC |
31 FORMAT ('ON = NO OF RES. = * , 15, ' AL{PHA) = L{RES)/L
1 F10.5 / ' QINCREMENT = ', F10.5 )
TS = 1S ,
WRITE (6,7) KLsINyAA,BA,DELT,IDT, TS5, QD,
1 AHl, BH1,HOl, AH2, BH2, HO2, AD, €Q, EY__ _ . _ .. . .
7 FORMAT ('0K , IN ', 217 , / 'AA , BA ', 2F12.5 , /
1 *DT OF QO IN MIN , NO. STEPS PER DT ' F10.5, 18 / ‘
2 'STARTING TIME , LENGTH (M) , QD %, 3X,14, 2F 12.3 /
3 TAHl, BHl14HOLl,' , 3F15.6  / '
4 YAH2, BH2, HO2, ' , 3F15.6 / /
5 'ADy FQy _FYy % v 5Xy 3BE15e6_// oo
IF { KK .GT. 1 ) GO TO 65 - -
| WRITE(6,8) ( I 5 T(I) 4, H (1) , Q(I ), I = 1, IN)
8 FORMAT ( ' NO TIME LEVEL DISCHARGE ' //
T 1 1Xe  12:1Xs FT.192Xy FT.34 2X, F10.5 1)
C : .
c CONVERT Q TO NONDIMENSIONAL Q ..
65 CONTINUE /
00 46 1= 1, K , ‘
46 Q1) =(Q{I) + QINC)/ QD
C
C ADVANCE SOLUTION BY 1 RESERVOIR
P09 T =l\N_
Y(1) = T(1) + FT 7 ( QU1)%* {1.-BA))
Y{2) = Q{1) |
Q1) = Y(2)
TI(1) = Y(I)
AIN = IDT
D = DELT /AIN . ]
DO 10 J= 2,K
C
C COMPUTE  QI-1)
DT = FT 7 (({Q(I=1) + QL(J-11172.) *%(1. - BA))
T0 = T1(J-1) + DELT / 2. - DT
DO 82 M = 1 o Ko e e
IF (T(M) .GT. TG ) GO TO 85
82 CONTINUE
8BS IF (M .EQ.1) GO TO83
QIM1I = QIM=-1) +({Q(M) - Q (M-1)) / DELT) *(T0 -T{M-1)
GO 70 89
83 QIMY = Q ) e
89 CALL RK (Y 4 F oTEMPy,D 4 2 ,LIDT )
12 FORMAT  (6El4.4, 215 )
QL(JY = Y(2)
TI(J) = Y(1) ;
10 CONTINUE | £
DO 13 1t = _1.K_ e . - -
Q@ (I1) = QL{ID)
13 T (11) = TI(ID)
9 CONTINUE
c
C PRINT OUT RESULTS AFTER 1 REACH

DO 50 1 = 1K ...




QtI) = Q1Y =* QD
IF { BH2 .LE. 0.0 ) GO TO 50

H{T) = AH2 *(Q(I) *%BH2 )+ HO2
50 CONTINUF :
' WRITE {6,11) N .
11 FORMAT(*ODI SCHARGE AFTER *,12,' RESERVOIRS® //)
CIF { BH2 oLE. 0.0) WRITE ( 6461 ) (I, T{I)y . QEI)eI=1,K)
61 "FORMAT ( ' NO - TIME LEVFEL DISCHARGE * // '
1 { 1X, 1291Xy FTel92Xy TX, 2X, F10.5 ))
IF ( BH2 .GT. 0.0) WRITE ( 6, 8 ) ( 1, T(E)y HII)y QU1),I=1,K)
KLA = K .
C _
41 CONTINUE . . e
WRITE ( 6 , 70)
70 FORMAT ( 1H1 )
STOP
C .
END

SUBROUTINE AUXRK {Y,F)

C

DIMENSION Y{2), F(2)

COMMON FQ, QIMl, BA

IF ( Y{2) .LE. 0.0 )} STOP 6 v
4 F{2)= FQ% (QIMIx{Y(2)**{1l. - BA)) ~ Y(2)%*x(2., - BA ))
11 RETURN | ‘

END
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INITTIAL CONDITIONS :
BLANEY CREEK, OCT. 13,1968, 1-3-5-4 ROUTING OVER 1. REACH

BL, CK. REACH 1-3, DAM IN 12H15, OUT 45

N = NO OF RES. = 9 ALI{PHA) = LIRES)I/L = 0.700C0
QINCREMENT = 0.02300
K o 1IN 50 36
AN , BA 3,37500 0,47800
DT.OF QC IN MIN » NO, STEPS PER DT 1.00000 4
STARTING TIME , LENGTH (M} , QD 14 686.000C 12.000
AHY ., BH1.HOL - 163720000 0465000 ~i3, 110020
AHZ, BH2, HD2, 1.230000 0.354000  14.G00CO0C
AD, FQo £T, 0,110693F 02 _ 0.255037F 01 C.168043E CC
NO TIME LEVEL DISCHARGE
1 14 .0 1.265 1.09607
2 15.0 1.265 1.69607
3 16.C 1.185 - .95794 :
4 17.C 1.180 0.94965 I A ]
5 18.0 - 1.180 0.94965 ' SNLR
6 19.0 _1.180 0.94965 .
7 20.0 1.181 0.95130 Printout for one of the
8 1.0 1.182 0.55296 . .
5 ;2.0 1.183 0.05462 computations of Figure 24
10 73.0 1. 184 C.95628R \
11 24.0 1.185 0.95794
12 25.0 - 1.186  0.95960
13 26,0 1.186 $.95960
14 27.C 1.187 0.06127
15 28.0 1.188 0.96293
16 29.0 1.188 0.96293
17 30-0 1.189 0.96460
18 31.0  1.189 0.56460
19 32.C 1.190 D.06627
20 33,0 1.190 0.,96627
21 34,0 1.191 0.96794
22 35.C 1.192 096962
23 36.0 1.193 0.97129
24 37.0 1.193 0.97129 L S
25 38.0 1.194 C.97297
26 39,0 1.195 0.97464
27 4C.C  1.195 C.0T464
7R %1.0 1.196 0.97632
29 42 .0 1.197 C. 07800 °
30 43.0  1.197 0.97800 . o
31 44,0 1,198 0.97969
32 45,C 1.199 0,98137
33 46,0 1.285 ~ 1.13223
34 47 .0 1.290 1.)4137
35 48.0 1.293 1.14687
36 49,0 1.295 1.15054

DISCHARGE AFTER 9 RESERVOIRS
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ND TIME LEVFL NDISCHARGE
1 19.2 15.279 1.11607
2 20.2 15.279 1.11607
3 21.2 15.279 1.11605
e 22.2 15.279 1.11603
5 23.2 15.279 1.11596
6 24.2 __15.279 1.11568
7 25.2 15.278 l1.11488
8 2642 15.278 1.11302
q 27.2 15,276 1.10951
10 28.2 15.274 1.16382
11 29.2 15.270 1.09577
12 3042 15.266 1.08554
13 312 15.261 1.073565
14 32.2 15.256 1.06083
15 33,2 15.251 1.04785
16 34,2 15.245 1.03539
17 35,2 15.240 1.02396
18 36,2 15.236 1.01392
19 37.2 15.232 1.00543
20 38,2 15.229 N.068%53
21 3.2 15.227 0,99313
22 4C.2 15.225 1.7800R
23 41.2 15.224 2.986190
24 4242 15,223 C.98427
25 43,2 15.223 C.08311
26 44,2 15.222 0.98255
27 45,2 15.222 (1.99244
28 46.2 15.222 G.G8266
29 4742 15.223 C.9P314
30 48,2 15.223 C.98279
31 49,2 15.223 0.,98459
37 5042 15.224 C.0548
33 51.2 15,224 0.O8645
34 52.2 15.225 C.CRT48
35 53,2 15.225 £,58858
36 54,2 15.226 C.9R932
37 55.2 15.226 0.99144
38 5642 15.227 0.991390
39 57,2 15.229 0.59737
40 58.2 15.232 1.C0415
41 59,2 15.236 1.01337
42 6C.2 15.241 1.02574
43 61.7 15.248 1.04094
44 6242 15.255 1.06812
45 6342 15.262 1.07612
44 64 42 15.27¢C 1.09373
47 £5.2 15.276 1.10993
48 6£he?2 15.282 1.12406
49 67.2 15.287 1.13532
50 6842 15,290 1.14521
51 6G.2 15.293 1.15245




( NON=LINEAR RESERVOIR ROUTING

AH2, BH2, HO2, 1.459999 0.331000

AD, FQy FT,

INITIAL CONDITIONS 259
BLANEY CREEK, 0OCT. 13,1968, 1-3-5-4 ROUTING NVER 2. RFACH
BL. CK. REACH 3-5, DAM IN 12H15, QUT 45

\ _

( N = NO OF RES. = 6 ALIPHA)Y = LI(RESY/L = 0.70500C0
QINCREMENT =  0,08000 .
K 4 IN ' 60 61
AA ., BA 3.48300 C.527C0
NT OF Q0 IN MIN , NO. STEPS PER DT 1.00G00 4
STARTING TIME o, LENGTH (M) , QD 14 335,000 12.000
AHl, BH1,HG1, 1.230000 0.3400C 14.000000

G.B00000

G.12G027E 02 0.27C925E 01 0.1521885 GO

DISCHARGE AFTER A& RESERVOIRS

NO TIME LFVEL NISCHARGE
1 224G 11.049 1.19607
2 23.0 11.049 1.19606
3 24,0 11.049 1.19605
4 25.0 11.049 1.19604
5 2640 11.049 1e1G603
6 27.C 11.049 L.19602
7 28.0 11.049 1.19601
8 29,0 11.049 1.19598
9 30.0 11.049 1.19592

10 31.0 11.049 1.15576

11 32.0 11.049 1.19539

12 33.0 11.049 1.194666

13 34.0 11.048 1.19232

14 35,0 11.047 1.15110

15 36.0 11.046 1.18775

16 37.0. 11.044 1.18306

17 38,0 11.041 1.17693

18 39,0 11.038 1.16947

19 4C.0 11.034 1.16671

20 41.0 11.03C 1.15109

21 42,0 11.025 1.14291

22 43,0 11.021 1.13055

23 44 ,C 11.016 1.12038

24 45,0 11.012 1.11071

25 46.C 11.0C8 1.175179

26 47.0 11.004 1.09379

27 48,0 11.001 1.08683

28 49,0 10.968 1.0R094

29 50.0 10.996 107609

30 51.0 10.994 1.07224

31 52.0 10.993 1.06929

32 53.0 10.992 1.06713

33 54.0 10.991 1.06565

34 55.0 10.991 1.06474

35 56 .0 10.990 1,66629
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(3¢ 57.0 10,960 1.06422
2 58, C 10.990 1onb&4s
38 59,0 10.6891 1.06491
3G 6660 10.991 1.06557
40 6140 1C.991 1.06642
41 6£2.0° 10.992 1.CAT49
(42 63,0 10,993 1.0A889
43 64 .0 10.993 1.070R1
44 6540 10.955 1.07353
45 At o O 10,966 1.07740
46 AT .G 1G.999 1.08217
47 68,0 11.002 1.03009
48 69,0 11.007 1.C9947
49 7C.C 11.012 1.11079
50 7140 11.018 1.12394
51 72.C 11.024 1.134727
52 73.0C 11.031 1.15345%
53 74.0C 11.537 1.16843
54 75.0 11.043 1.197258
55 76.0 11.049 1.19521
54 77.0 11.053 1.20582
57 78.¢ 11.057 1.21420
58 79.¢ 11.G60 1.22047%
5G 80,0 11.061 1.22431
IS 81.0 11.063 1.22774
61 82.0 11.063 1.220962




NGN-LINEAR RESERVOIR PCUTING ' 261
INITIAL CONOITIONS
RLANEY CREEK, OCT. 13,1968, 1-3-5-4 ROUTING OVER 3. REAGH

Bl. CK. REACH 5-4, DAM [t 12H1S5, QUT 45

Y

N = NC CF RES. = 12 ALIPHA) = L(RFS)/L = Co70000
QINCREMENT = 5.0

Koe IN: ¢ 71
AN, BB 3.110L00 043900
DT OF GO IN MIN , NOW STEPS PER DT 1.CO00C 5

STARTING YIME , LENGTH (M) 4, 0D 14 930,040 13,700

AH1, BHIL.HGL, 1.459999 DL.321000. G.BCEONE
AHZ, RH2, HC2, 0. 783000 CL.63C000 bo (NN

Ay  FQy FT, 0.9583917F 01 Ce341546F 01 C.1254800 OO

ODISCHARGE AFTER 12 RESERVDIRS

NG TIME LEVEL NISCHARGE

1 27.8 4,873 1.19607
2 28.8 40873 110605
3 29.8 4 RT3 116615
4 30.8 4,273 1.194604
5 31.8 4,873 1.19507
G 372,18 AN E 1.15607

1 33.8 4,873 1l.149671
8 34.8 “eBT73 1196320

9 35.9 4,973 1.19A0G

11 3748 4.873 1.19598

12 36.8 4,873 La1G597
13 338.A 4,673 1.19594

14 1‘0.8 4.873 1.1‘)‘)(7':)
15 41.9 4.973 1.19563

16
17

4,073 1.19591
4.872 1.19598

Bl

4,873 1.19583
4,873 1415575
4087?‘ l-)L‘JYDK)?

18
19
20

FalP S

N B N e
.

SIS oliEe s ] -« Iy o)

21 4T.8  4.873 1.195%9
22 48.8 4,873 1.19501

23 46,8 4072 119441

5% 578 G872 1.19350
25 51,8 4871 1.16217

26 S2.%2 4,870 1.13273%4
27 52,8 44,845 118790
28 54,8 44868 1.19476
)G 5h LR 4. 8A6 ‘ 1.1%289
35 5648 bty 1.17626
31 57.8 44862 1e17CH39
12 58.8 4y 259G 1. 16485
33 59.8 4.556 PolBR22
34 G W8 44957 l.15112

25 E1.8 0 44349 1.1437)
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(36 h2.P 4,845 1.13610
37 £3.8 4,842 l.12848
38 b4 o R 4.838 1.12099
39 65.8 4,835 1.11274
40 Y% 4,832 1.10686
41 67.8 4,828 1.10044
(4 68,8 4,826 1.09455
43 6948 4,623 1.084925
44 7C.8 4,821 1.NB45A -
45 71.8 4,819 1.08CA9
46 72.8 4.817 1.077064
4 73.8 4,816 1.07419
48 T4 .8 4,815 1.07190
49 7548 4814 1.07014
50 76 .8 4,813 1.06887
51 77.8 4,213 1.C6807
52 78.8 4,913 1.G6771
53 79.6 4,813 1.06780
54 80 .8 4,813 1.04837
55 El.8& 4,814 1.06547
54 £2.8 4,815 LLTI20
57 H3 .8 4,816 1.07368
58 84, & 4,817 1.07704
59 85 .8 4.819 1.092143
I T 4,822 1.CAT09
61 87 .8 4,825 1.00207
62 68 .8 44329 1.10216
62 89,8 4,834 111159
64 0.5 4,839 la12211
65 91,8 by Ll 1.13246
Eh 92.8 44 B5(; le14%27
£7 93,8 4,855 1.15715
€9 G4, 8 heBED 1.16349
69 S 4y 8HEB 1.173%2
70 96 .8 4,870 1.18%725
71 a7.R8 4,874 1.16797
\




