EXPERIMENTAL INVESTIGATION OF
SMALL WATERSHED FLOODS

by

E. F. Schulz
V. M. Yevjevich

June, 1970

Colorado Water Resources Research Institute
Completion Report No. 18



EXPERIMENTAL INVESTIGATION OF
SMALL WATERSHED FLOODS

Completion Report lg

OWRR Project B~030~COLO

Juyne 30, 1970

by

E. F. Schulz and V. M. Yevjevich
Department of Civil Engineering
Colorado State University

submitted to

O0ffice of Water Resources Research
U. S. Department of Interior
Washington, D. C.

The work upon which this report is based was supported (in part)
by funds provided by the United States Department of the Interior,
0ffice of Water Resources Research, as authorized by the Water
Resources Research Act of 1964, and pursuant to Grant Agreement
No. 14-01-0001-1885.

NATURAL RESOURCES CENTER
Colorado State University
Fort Collins, Colorado

Norman A. Evans, Director

June, 1970 CER69-70EFS-VY38



ABSTRACT

EXPERIMENTAL INVESTIGATION
OF SMALL WATERSHED FLOODS.

An outdoor experimental rainfali-runoff facility was constructed at
Colorado State University. Initially the watershed consisted of a conic
section having an interior angle of 120°, a radius of 110 feet and a uniform
slope of 5%. The surface of the watershed was stabilized by covering with
a sheet of butyl rubber. The rainfall is simulated by overlapping sets of
rainfall patterns from 164 sprinkler heads set at 10 feet above the surface of
the watershed. Rainfall intensities of approximately 0.5, 1.0, 2.0 and 4.0
inches per hour can be produced by utilizing various combinations of sprinkler
heads. At the present time the experimental rainfall is uniformly distributed
in time and space over the watershed. In the future almost any variation of
distribution is possible since each of the 164 sprinklers can be individually
controlled according to any program. The runoff is measured through a 1.5-ft.
H-flume equipped with a modified FW 1 water stage recordar. The time scale has
been speeded up so that the smallest scale division corresponds to 5 seconds of
time, Experiments on butyl rubber surface have demonstrated that the kinematic
wave theory can be applied to computing the output hydrograph from the conic
sector by considering the watershed as a 5-element kinematic cascade where each
succeeding element is narrower than the previous element. For the case of the
converging flow on the conic section, it was found that the flow can no longer
be éharadterized as laminar. Research work is continuing.

Schulz, E. F., and V. M. Yevjevich
EXPERIMENTATL, INVESTIGATiON OF SMALL WATERSIED FLOODS
KEY WORDS: - *Rainfall-Runoff, *Hydrologic Models, *Rainfall Simulator, Hydrology,

Surface Detention, Experimental Watershed, *Kinematic Wave Theory,
Kinematic Cascade, Laminar Flow, Turbulent Flow.



EXPERIMENTAL INVESTIGATION OF SMALL
WATERSHED FLOODS

This report presents the developments and summarizes the results of
the research up to the termination of Project B-030-~COLO on 30 June 1970.
Certain aspects of the research work is continuing. The research support
we have received from the Office of Water Resources Research has aroused
some interest on the part of other public and private agencies. The
facility has the benefitiof a moderate amount of support from the Agri-
cultural Research Service, and the Department of the Army. The matching

funds have been provided through the Colorado State University Experiment

Station.



OBJECTIVES

The objectives of this research project were 1) to develop an
experimental facility wherein various theories and analytical methods

could be evaluated and 2) test analytical theories and 3) merge the

analytical models with observations of floods from small natural watershads.
The long term objectives of the experimental rainfall-runoff facility is

to bridge the results between the small scale, "low-noise' experiments

with the larger scale randomized data from natural watersheds.

The basic design of the experimental facility has been described in
reports issued in connection with a previous project and will be brought
current in this discussion. The results of experiments in connnection with
the Kinematic Wave Theory will be briefly summarized.

During the period of the current project considerable research effort
was devoted to the design, testing and development of a practical rainfall
simulator system. Initially it was desired to create a reproducible
storm having a uniform areal distribution of rainfall at a uniform intensity
for whatever duration required to bring various elements of the catchment to
an equilibrium rate of runoff. As the basic knowledge about the rainfall-
runoff process matured the areal and time distributions within the duration
of the model storm would be varied. The design and testing‘of the rainfall

system is presented in detail in a report included as Appendix I.



SUMMARY OF FINDINGS

Initially effort was devoted to develop a rainfall simulator which
would duplicate some of the natural atmospheric processes in producing
the rainfall. In addition it was thought that any structure of the
rainfall simulator must not interfere with the trajectory of any rain-—
drop falling on the experimental catchment. This meant that the simula-
tors must either be arsund the periphery of the catchment or would have
to be suspended above the catchment.

The effort to produce a rainfall simulator over a catchment of so
great extent proved to be unsuccessful. It was decided to build a sim-
ulator over the upper conic section of the watershed based on the rainfall
simulator built in Israel and reported by A. Shachori and I. Seginer.

This design was based on the overlapping patterns of rainfall from a
number of adjacent individual sprinklers.

Extensive tests were made on various types and designs of sprinklers
and ﬁozzles used for lawn irrigation. Several of the nozzles were thoroughly
tested over practical ranges of operating pressure and distance above the
ground. The model 78c Rain Jet nozzle operating at a pressure of 28 psi and
10 feet above the ground was selected for use.

Overlapping patterns from adjacent nozzles were combined by means of a
computer program to find the optimum spacing of nozzles. A test was conducted
on a small number of nozzles to verify experimentally the computer predicted
rainfall distribution. The final design was based upon overlapping patterns
from sprinklers equally spaced at 40 foot a distance. Higher intemsitiee
were obtained by increasing the density of the nozzles. The nozzles were

spaced at 10-foot intervals along a 2-inch aluminum supply line. These



aluminum supply lines were spaced at 17.5 - foot intervals along the long
axis of the watershed. Additicnal features of testing and design of the

rainfall simulator are given in Appendix I.

Kinematic Wave Experiments

The butyl covered upper conic sector was used as watershed to test
various aspects of the kinematic wave theory. The rainfall was uniformly
distributed over the catchment but since the flow is converging, the
depth of flow is increasing. As a result, the flow passed from a laminar
fiow in the headwaters to a turbulent flow at the outlet where the runoff
hydrograph is measured.

It was found that the conic watershed could be rep:esented by a kine-
matic cascade of five elements of decreasing width. A finite-difference
solution based on a rectangular grid was used to solve the kinematic cascade.
Three finite-difference methods were used, they were:

1. Lax-Wendroft (Single-Step),

2, Upstream Differencing,

3. Brakensiek's Four Point Method.
A comparison of these results are shown in the report included as Appendix II.
The results presented in Appendix II were based on tests on the 120° butyl
covered conic section having a 110-foot length of overland flow.

Some experiments were conducted with shorter lengths of overland flow
and with sectors of 30°, The butyl surface was roughened by scattering gravel
over the surface. Some of these data for the smaller watersheds and for the
smaller rainfall intensitias have been difficult toc interpret because of
.stilling - wellvlag on the runoff recorder and because of uncertainty with
regard to the time of beginning and ending of the rainfall with respect to

the time scale of the runoff hydrograph. The runoff recorders have been



modified and improved to eliminate these uncertainities and some of the
data will be repeated during the coming season. A summary of the other

runs is included in the report presented as Appendix III.

CONCLUSIONS

The facility has been in operation and has verified the validity
of the Kinematic Wave Theory as applied to the concept that the conic
watershed can be considered as a series of cascades.

Weakness in the design of some 0f the instruments have been located
and corrected. The watershed in now being enlarged to add two intersecting
plane sectors to the conic sector. A variety of experiments dealing with
the mathematical modelling of flood runoff, channel morphology in an erodible
material and the routing of pollutants in a watershed system will be

investigated during the coming summer.
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were lowered s]iggt1y to furtner reduce the interaction, but the problem
was not completely removed.

A more serious problem was found to be the concentration that occurred
at the ends of the sweep of the nozzles. There is a certain amount of time
required to stop the nozzles and reverse the direction of movement. As
the speed of movement increases to provide a more uniform distribution
in time, the proportion of time required to reverse the movement becomes
greater. _ Large concentrations develbp at the ends of ithe swceep.

This could not be lessened without causing the time distribution to be
worsened.

The above problems, coupled with the sensitivity of the jéts to the
wind, led to the rejection of the rain gun system. The wind effect is |
partly shown in Figure 7,lwhere the Jower part of the facility, at the

right edge of the figure, is receiving no rainfall. The break-up of the

jet to reduce other problems only intensifies the sensitivity to wind., This
sensitivity is greatest for the lower intensities, which would be a frequent

part of the testing anticipated on the facility.

Grid System

When the preliminary survey of literature was made, the grid system
was rejected because of the cost of the structural support required to
holud the nozzles and water supply lines above the_faci]ity. During the
fall and winter of 1968-69, a modification of the grid system was given
further consideration. The system used by Shachori and Seginer (5) used '
supply lines laid along the ground with the nezzles: raised by small pipas
to a height of 2 meters. Thus, no additional structural support is

required. The design that was considered for thé experimental facility



Figure 7. Testing of Irrigation Guns



Figure 8. Test for Distribution of Intensities
for a Nozzle with Circular Pattern



COMSTRUCTION OF AN EXPERIMENTAL RAINFALL-RUNOFF FACILITY

Chapter 1

INTRODUCTION

The advantages of controlled experimentation into the problems of
flood runoff, as distinct from the use of actual storm and flood data on
natural catchments, are sufficientiy great that many attempts have been
made to utilize laboratory experiments in the study of runoff processes
(1,2,3). Rainfall simulators have been used in the past mainly for studies
of infiltration, detention storage, and overland flow. Hydrologists have
long felt the desire to use rainfall in such a way that results obtained
from a rainfall-runoff simulator couid readily be applied to natural catch-
ments. However, the size, complexity and cost of a structure suitable for
study of the whole runoff cycle, and the inherent difficulties of extra-
po]ating results from a "model" catchment to a natural catchment have
discouraged the use of rainfali-runoff simulators for these purposes.

The rainfall-runoff experimental facility described in this paper
makes possible the study of a number of processes that cannot be studied
by small-scale laboratory models because of the problems of achieving
dynamic similarity of hydrologic events. The philosophy and the general
classes of prob]éms that can be studied on the experimental facility have
been presénted previously (4) and will not be discussed in detail here.
However, a brief review of the history of the development of this facility
will be presented before the facility itself is described.

Development and use of the experimental facility is one phase of a
three-phase research program into floods on smaii catcrments. The other
two phases are:

(i) The collection and processing of rainfall, streamflow, and catch-

ment data for a large number of flood events that have been recorded



on small catchments throughout the world, and tha storing of these data
on punched cards and magnetic tape for ready use and distribution, and,

(ii) Theoretical studies of the relation betwzen flood hydrographs
and the factors that affect them, as well as the study of statistical and
other techniques that can be used for the analysis of data from experimental
investigations as well as from natural catchments. The three phases of the
research program operate in a complementary fashion to permit the application
of data and analysis techniques from a spectrum of sources to the study of
the rainfall-runoff relationships in natural watersheds.

OBJECTIVES AND CRITERIA

The rainfa]]-runoff experimental facility was established in the early
1960's as a part of the three-phase approach to the study of floods from
small watersheds. Although the rainfall-runoff simulator was originally con-
céived as a tool in the study of floods, it soon became clear that such a
device could be useful in studying other hydrologic problems not related,
or only indirectly related to flood estimation. These include such things
as erosion studies and studies of the travel and dissipation of pollutants
. (chemical, biological and radioactive) in the watershed environment. The
patential uses in these areas are discussed in more detail in the previous
report (4). The aspects of interest for this report are the advantages in
using the experimental facility and requirements that such uses place on
the facility.

| A1l the advantages in studying simulated rainfall-runoff events on an
artificial catchment rather than naturally-occurring events on natural
catchments derive from the fact that the simulatzd evant can be controlled,
whereas the natural event cannot. Briefly, the advantages are: (a) the

potential homogeneity of any factor; (b) the controlled variability of any



factor; {c) the time factor in obtaining results; and (d) the convenience
in experimentation. These will be explained more fully below.

Homogeneity. Whereas in nature all variables in general are variable
in either space or time or both, in a rainfali-runoff simulator, any one or
all variables cz~ be made homogeneous over the whole area of the simulator
and throughout the period of a test. This capability should be helpful in
isolating the effect of a variabie, since it will avoid the necessity of
developing and using "average" or “index" measures of variables, or sampling
variables across the area or in time. For example, if main stream slope
is made uniform for a particular test, there will be no doubt about the
appropriate measure of this variable as there is in the case of natural
streams. This doubt has jed to the development and use of at least four
different measures of main stream slope, two being purely geometrical, and
the others allowing for the effects of slope changes on velocity of flow.

No one method is widely accepted, so the avoidance of this confusion will
be an advantage for the artificial stream. The advantage applies to all
characteristics of both the rainfall and the catchment.

This capacity for homogeneity of variables will also be useful in pro-
viding standard conditions against which results for non-homogeneous conditions
can be compared. For instance, it seems logical to run tests in which rain-
fall intensity is approximately uniform with respect to time and area (al-
though this never occurs in nature) to provide a yardstick agéinst wﬁich
the results of rainfalls of varying degree of non-uniformity can be compared.

Variability. An obvijous advantage of the artificial event over the
natural is the ability to change any particular variable between tests, while
keeping all other variables unchanged. This variability between tests is

not to be confused with the homogeneity or otherwise of a variable within a



test, wnich was discussed in the preceding paragraphs. Any particular
variable can be either homogeneous or non-homogeneous over the area of the
simulator or throughout the duration of a test, but it is important to be
able to vary its value or average value over a wide rangerin a series of
tests (without varying any other independent variable) to isolate its effect
on whatever dependent variable (such as flood peak) is being studied. This
is Tpossible to do on natural catchments and so it has been impossible to
isolate the effect of any one variable with confidence.

In nature, it is necessary to use data from many catchments in order
to get a range of values of any one variable, but use of many catchments
also results in a range of all other independent variables. Thus,extracting
the effect of any one variable becomes an inaccurate process, especially if,
as is usual, thé number of catchments and runoff events used is small.

Time Factor. A major disadvantage and inconvenience in most hydrologic
studies is the relative paucity of data that arises from the relative short-
ness of most hydrologic records. Since, with an artifical rainfall simulator,
it is not necessar}’fo wait for natural storms to occur, a large body of
data can be obtained in a short time. This is an important advantage of
the use of simulated events.t

Convenience. The ldcétion of the experimental facility at the
Engineering Research Center makes workshop, laboratory, storage, office and
data digitizing facilities readily available. The faculty members can
supervise and monitqr the progress of experiments during each day. Continual

contact can be had with the ekperimenta] effort.

REQUIREMENTS FOR FACILITY

The requirement§ for the experimental facility may be presented in
three general classes: (1) control of rainfall, (2) measurement of variables

and (3) modification of basin characteristics.
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1. Control of Rainfall

Uniformity and reproducibility. The controlled application of rain-

fall is the most important feature of the rainfall-vunoff simulator. This

1s the characteristic that distinguishes the facility from experimental water-
sheds. The basic requirements of the artificial rainfall are areal unifonnity‘
and reproducibility. The facility should be capable of producing an approxi-
mately uniform spatial distribution of rainfall over the basin to minimize the
masking of the basin response by rainfall variations. A perfectly uniform
distribution will not be achieved, but a close approximation should be
possible. Natural rainfall is never complietely uniform, but the more nearly
uniform the rainfall is over the entire basin, the more easily the effects

of the watershed response may be evaluated from the experimental data.

The reproducibility of rainfall conditions is more important than
uniformity. A repetition of an experiment under idéntical conditions is_
frequently useful to confirm results for the observed trial or to fill in
measurements that may have been missed when an instrument did not operate
properly. It is not necessary that a specified distribution be achieved
without a trial-and-error approach, but once the control settings for a given
pattern of rainfall have been determined, it should be possible to reproduce
the conditions with a high degree of reliability at any later time by
making the appropriate control settings.

Fof many studies it will be convenient to have the ability to vary
the input in time and space. The experimental facility does include some
provision for this.

For erosion studies, the artifical rainfali should approximate the
spectrum of impact energies of natural raindrops. This will be difficult

to achieve over the full range of input intensities.



2. Measurement of Variablies

General requirements. The distribution of parameters and variables

in both space and time are needed to interpret the response of the water-
shed system. If control of the input and state parameters of the system
were perfect, their measurement would be of only minor significance because
the values could be determined fraom the control specifications. Since the
control 1is imperfect and the uniformity of rainfall can only be estimated
before the facility is operated, the measurements will be quite important.
The instrument readings from all instruments should be transmitted
to one Tocation for observation and as much of the data as possible should
be recorded automatically. This is needed because the changes in the
variables may frequently occur faster than a person can take down values.
Also, when the data are recorded automatically, there is less chance of
error in recording values. Since most of the data wi]] be analyzed with a
computer, direct digital recording should be utilized as much as possible

to speed the assembly of the basic data into form for computer input.

3. Controlled Parameter Variations

The third requirement of the rainfall-runoff experimental facility
is the abili’éy té vary the basin parameters in a controlled manner. The
shape of the basin and the stream configuration represent large scale
parameters that can be varied, and the surf ace roughness and detention
characteristics represent more readily variable parameters. The

large sf:ale parameters will be modified by using earth-moving equip-

ment to reshape the basin, so they will be varied less frequently than

the other variables, -

The major points that should be recognized in scheduling para-
meter variations are (a) tiat ire research poun-shouald be designod- 305+
‘the more easily varied parameters are modified as much as possible
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before the major features such as shape and stream network are
changed; (b) that the ranges and step sizes of parameter variations
should be adjusted as experimental data clarifies the relative signifi-
cance of various factors; and (c) the processes may be more readily
evaluated if they can be physically isolated in the basin.

PRELIMINARY STUUIES OF FEASIBILITY

The initial investigations of the concept of the experimental
facility were supportied by the Colorado Agricultural Experiment Station,
now called the Colorado State University Experiment Station. These
efforts included the selection of the location for the facility, the review
of literature concerned with the use of rainfall simulators in erosion,
infiltration and overland flow studies and the determination of how
the slopes and overall shape of the catchment would be changed.

The location of the experimental facility was determined on the
basis of water supply, shop, office and autoxhatic analog-to-digital
data conversion facilities. All of these facilities are readily available
at the CSU Engineering Research Center, Foothills Campus. A site that
could contain the one-acre facility was available adjacent to the Research

Center and was sclected. The water supply for the hydrologic and hydraulic

facilities comes from Horseiooth Reservoir, beside which the Engincering
Research Center is located. A 36-inch supply line bring s an ample
supply to the facilities,

| The literature review on rainfall simulators revealed that
_ sirr'xulators-have been used for a number years for erosion and infil-
tration studies and for small-scale laboratory eXperiments in overland

flow. No system was found in the preliminary revicws that could be



efficiently adapted to the proposced {acility. A tentative design based
on large fog nozzles mounted on towers was formulated during this
period, but a continuing review was made of other potential systems.
The existing system was adapted from one found later in the study.
The final decision in the feasibility phase of the research concerned
the method of changing the slopes and shape of the catchment. Small-scale

laboratory models can utilize platforms that are tilted to provide the

desired slopes. The 3-foot diameter, 800-foot long pipe at the Engineering
Research Center facilities, had also been provided with slope adjustment.
However, because of thelarge area involved in the proposed facility, the
platform would be very costly. It was decided, instead, to use earthmoving
equipment to mold the large-scale features of the facility. A number of

experiments can be run with small-scale features varied before a major change

is required.

OWRR GRANT-PHASE I

In 1966 the Department of the Interior, Office of Water Resources
Rescarch, provided a matching grant for Phase 1 of the design, construc-
tion and use of the experimental facility. The work during this two-year

period consisted of making a concise formulation of the philosophy of use

and objectives of the experimental facility, conducting preliminary
design studies and installing the major facilities, such as the water
supply lines from the 36-inch main to the experimental facility., The
results of this work are reported in a previous report (4) and only a few

points will be touched here.

The first design project was the main supply line for the facility.

A 26-inch diameter main ran past the site of the facility carrying water



from the 36-inch main to the Hydromachinery Laboratory. A 10-inch line
was connected to the 26-inch main and was laid around the site of the
facility. The 10-inch line lies outside the experimental runoff area
except at the upper end where it had to cross the area. Thus, whatever
rainfall system was later instailed could be supplied from both sides

of the facility. The main control valves were installed in the 10-inch line
and a drain line was located between the 10~inch line and a creek draining
the site. The drain line can be used to empty the {0-inch line or to
control the pressures in the line by diverting part of the fl(')w at times.

Although no attempt was made to model a specific watershed, it
was necessary to decide on a shape and slope for the Facility represen-
tative of typical small watersheds. Rather than make a capricious decisic
it was decided to study the shapes and slopes of actual watersheds for whi
data were available,

Sixty-one small watershed were studied to determine a represen-
tative shape. For the initial geometric shape o‘f the Facility it was
decided to compromise between the reéults obtained in the survey of the
~small watersheds in nature and the natural shape of the selected Facility
site. Furthermore, it was decided to simplify the initial shape and
drainage characteristics as much as possible. The less complex the
geomectrical shape of the basin, the less difficulty will occur in data
analysis. The shapc sclected is composed of two intersecting planes'
and an upper conic section., Each of the sections can be readily
described by a simple mathematical function.

The preliminary shaping of the facility was performed after the
10-inch supply line had been installed. The slopes were broughtapprox-
imately to their design values so that settling could take place hefore

the final adjustments were made.



The tests of rainfall systems during Phase ! were related mainly
to nozzles that could be used in the tower system. A number of tests
were performed on individual nozzles under varying wind conditions to
delermine the distributions of intensities. The testing program will
be discussed more in Chapter 2. A rotating head was designed to
provide a more uniform spatial distribution with the nozzles. The
intensities of rainiall that would occur with several of the towers operating
were rather h’igh, so alternative systems were still being considered.

The necessary prerequisites in the operdion of the facility are the
simulation of natural precipitation, and the subsequent measurement of the
precipitation and runoff, Precipitation measurement should be as accurate .
as possible and should be continuous during any given simulated storm. To
accomplish the objective of both accuracy and sensitivity, the capacitance
gage system for measuring and recording very small surface waves was
adapted to a standard precipitation gage. The capacitance gage senses
the depth of water at a given instant of time. The depth is transmitted
as an electric signal either to a magnetic tape recorder or directly to
the analog-to-digital converter. The latter records the data on punch
cards for analysis by computer.

In addition to precipitation, it will be necessary to measure
the runoff amount produced by a given rate of precipitation. The
H-flume developed by the Agriculture Research Service was chosen
for the purpose. The principal reasons for selecting the H-flume
were: (a) simplicity in design and construction, (b) freedom of
passage of debris through the measuring section, and (c) below
surface construction of the head box minimizing the formation of

backwater at the measuring structure.
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OWRR GEANT-PIIAST 2

l

the construction of the cxpe: imenta

q
L

The second phase of ¢
facility was funded under a two-year matching ¢ -vut by OWRR in
1368, The level of funding was less than had originally been planned
for, and thercfore only the upper conic section could be developed
to demonstrate the use of the facility.
The primary emphasisduring the first year of ’nase 2 was

on the selection of the final rainfall system. Two alteenatives to
the tower systom were examined. One was the usc of large irrigation
guns 1océtcd outside the catchment area. These guns left the area
free of obstructions, but had significant dloadvdllt.lg(‘, that led to the
rejection cf this approach. The second alternative was based on
small-diameter aluminum irrigation pipe with swnall sprinklers,
such as are used in lawn sprinkler systems. A numnber of sprinkiers
were investigated, and one was found that performed acceptably. The
indi?idual nozzles were tested in the laboratory to delermine thie
distribution of intensities. A computer program was then used to
simulate the operation of a number of nozzles with overlapping
patterns. A coefficient of variation of about 109 was found to be
possible for a range of intensities from 0.5 to 4 inches per hour.

A pilot system was field tested and found to be satisiuctory., The
full sys stem for the upper conic scction was installed during the
second summer of Phase 2, and an initial set of experiments were
run during the fall.

During  Phase 2, o cooperative effort by the Department of
Agriculture, Agricultural Rescarch Service, became o par ol he

experimental rescarch,  This cooperaiion inciuded prolessicnad



and graduate research assistant work on the development of the
facility and provision of equipment such as chart-recording gages for
rainfall and streamflow. The chart-recording gages provide
immediate graphical presentation of data to supplement the digitized
records.

The treatment of the surface of the facility to make it impermeable
- was changed in Phase 2. Originally, the covering of the facility with
butyl material had been rejected on the basis of cost. However, the
availability of a quantity of butyl on surplus made it economically
feasible to use. The upper conic area was, therefore, covered with
butyl after the final shaping was performed.

The capacitance raingages, which had performed satisfactorily
in the laboratory, were found to have instabilities when installed
in the field., A number of tests by project personnel resulted in the
use of larger probes with heat-shrink plastic coatings instead of
enamcl. Several gages have been modified and appear to be operating

satisfactorily in the field.

The upper conic section is essentially complete and has been used
for a series of tests in the cooperative effort of CSU and the ARS. The
tests varied the area of the catchmeﬁt contributing runoff by (a) separating
off a 30° sector, giving data from 30°%, 90% and120°sectors, and (b)
by using shorter radiithan the 110-foot radius of the basic sector.

In addition, a series of tests was run with small-size gravel providing
roughness and surfece detention effects.

The following chapters of this reporf describe the development
of the major components of the 'éxperimental facility in more detail.

Chapter 2 discusses the rainfall system, Chapter 3 presents the instru-
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mentation for measuring rainfall and runoff and Chapter 4 discusses the
shapes and surface treatment of the facility.

POTENTIAL APPLICATIONS

The experimental facility has potential, not only in studies of
watershed feSpoxlse as reported in Chapter 5, but also in other investi-
gations. Two such uses —are included in research that has already
been funded this year. One study concerns the quality of water running
off from waste piles of oil shale in Colorado. Part of the research will
use the facility to provide artificial rainfall on oil shale material and
collect the runoff for chemical analysis. The other project is a study of the
geomorphological development of river basins. An erodable material
will be used and several drainage systems will be developed. This project

‘

is funded through the Geology Department at CSU, but is of interest in

Hydrology as well.

The potential of the rainfall-runoff facility is indicated by the nature
of the research that has already begun to develop around it. The results
from these initial studies will stimulate additional rescarch efforts. The
facility will be of very great value in the study of many processes of
watershed response in runoff, water quality and geomorphology

| that are now either obscure or neglected.
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Chapter 2
ARTIFICIAL RAINFALL SYSTEH

Preliminary Studies

The artificia] rainfall system is such an important part of the
experimental facility that considerable research and test studies were
performed before the final design was achieved. A review was made of
literature concerning the use of rainfall simuTators in laboratory
studies of overland flow and field studies of erosion and infiltration.
basea on this review the following factors were considered to be
important in fhe design of the system: (1) distribution of intensities
in time and space, (2) distribution of drop sizes compared to the drop
size distribution of natural rainfall, (3) cost of constructing the
systein, (4) convénience and flexibility of the system in providing a
variety of inputs under a range of field conditions and (5) the degree
Qf interference with access to the catchment and with operatfon of
other hydraulic facilities at thHe Engineering Research Cénter.

‘The intensities and drop sizes are.re1ated because large nozzles
tend to produce !arger drop sizes and higher intensities, while smaller
nozzles can generally provide more uniformity and greater flexibility
in the choice of intensitiés. A number of indices of the uniformity of
rainfall have been described in the literature. For the purpose of
comparing different systems, the coefficient of'variation_of the spatial
distribution of intensities was used. The criterion for acceptance of
the uniformity of an input wés set as a coefficien® of variation less than
0.10 over the range of intensities to be used for the rainfall tests. The

.criterion for drop sizes is more difficult to specify. The point of

interest is the distribution of impact energies for erosion. The effect



of rainfall is nodified by the protective influences of natural vegeta-
tion and the overland flow water depth in natural watersheds. Another
factor to be considered in selecting the rainfall system is the sensi-
tivity of the input to wind. The facility will be subject to a certain
amount of wind at all times. If the system is highly sensitive to wind,
there will be more times that the facility must be shut down and there
will be morebdifficulty in reproducinginput patterns.

Combining the criteria for the rainfall system with the study of
simulators that had been used previously led to the selection of three
types of rainfall systems for further study. A system of fog nozzles
on towers about 30 to 50 feet high was the first system investigated in
detai]; The second type of simulator was the large-diameter irrigatidn
gun system that has been used for irrigating large fields. The third
- system was based on the concept of a grid of small nozzles over the
catchment. This type was originally rejected because of the cost of the
subporting structure, but a modification of this type was found to be

feasible and was given further testing.

Fog Nozzle, Tower System

The systen utilizing fog nozzlesof the type used in fire fighting
seemed to offer the most potential for adaptation to the needs of the

facility. The first studies were therefore conducted with these nozzles.

A number of nozzles were obtained from government surplus and laboratory
‘studies were per‘-'formved to determine the flow characteristics of the nozzles
under various line pressures. Thé head loss through the nozzle and the flow re
at each pressure and at each position of the nozzle, from the smallest

opening to the full open position, were determined. It was found that



the discharge was the same for all openings at a given pressure and the
loss characteristics were similar for all pressures. Thus, the nozzles
could be modeled by the standard hydraulic principles to extend experi—
mental results with computer analyses. |

The fog nozzles have too long é trajectory for the jet to be tested
in the laboratory to determine the distribution of intensities that will
be generated. Therefore; an outdoor testing rig was constructed as
shown in Figure 1. A framework onAthe right side of the figure provides
sﬁpport for the nozzle at a height of about 8 to 10 feet above ground.
Water was supplied to the test site by the- large supply line from
Horsetooth Reservoir. The water was pumped thfough a fire hose to the
nozzles. For some of the tests an elevation greater than 10 feet was
required. A 2-inch diameter steel pipe was temporarily supported by a
crane for this series of tests, and heights up to 50 feet were tested. -
A grid of cans was set up to collect the precipitation from the nozzle
during a measured length of time. The nozi]e was oriented at various
posit{ons from horizontal to vertical to provide varying trajectories.

Examples of the test results from three of these runs are shown
in Figures 2, 3vand 4. The isohyets of the depths of water collected in
the cans are drawn on these figures. In the first example the nozzle
is located in the lower righthand corner and is oriented in a horizontal
direction. It is seen that the larger drop sizes provide a concentration
of input fn the area where the main jet is directed, and é degreasing
amount is carried beyond and to the sides of the main jet. The degree

of spreading that occurs depends on the opening of the nozzle.
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Figure 4 Distribution of Precipitation from a Nozzle at 45° from Horizontal




The second example shows a nozzle in the center of the measurement
grid and oriented vertically. The isohyets show the general radial char-
acter of this distribution, grading from a high intensity at the nozzle
to zero as you move away from the nozzle. A slight wind effect is notice-
able in this test. There is a shift of the ischyets toward the top of
the figure from the radial symmetry that would be expected in the absence
of wind. Note that the higher intensities are less affected than the
Jower intensities. This supports the hypothesis that the higher inten-
sities are in areas that have larger drop sizes. The smaller drops are
affectea more strongly by the wind.

The 45-degree orientation is shown in the third exampie. A large
concentration still occurs in the immediate vicinity of the nozzle.
However, the distribution is more uniform a short distance aviay from the
nozz]é and the highest concentrations occur slightly removed from the
nozzle. The center of‘the pattern shows greater uniformity than in the
case of the vertical orientation.

The effect of the wind was investigated more fully in a set of
tests is which the wind speed and direction were measured several times
during each run. Figures 5 and 6 show the isohyets from a few 6f these
tests. The runs illustrated are made with the nozzle at different
elevations. This shows that the effect of the wind is greater at the
higher elevations. Part of this is due to the greater degree of breaking
up of the large drops into smaller drops as the f;]] is increased. A
second factor ié the higher velocities of wind that 0ccurvat greater
heights above the ground. The velocity measurements were alT made &t
about the same height, so the wind speeds actually acting on the nozzle

is greater at the higher heights than the measured wind speed indicates.
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The greater influence of the wind on the areas of Tower intensity is
still shown in these results.

Rnother effect of increasing the height of the nozzles is to increase
the area of coverage. Part of this is due to the influence of the wind
on the smaller drop sizes. The effect is to cover more area with rela-
tively low intensities, so the average infensity over the original area
of coverage is not changed much. The increased area covered tends to
counter some of the djsadvantages of increased height, but is not a
dominating influence by itself.

The testing program also provided data for comparing the effective-
ness of the different nozzle openings. The smallest opening gives the
concentrated jet that has a long, narrow distribution. This pattern is
not satisfactory for a nozzle that is held stationary over the facility
because of the small area covered. The full open position gives the
extreme fog effect, which has small drobs and a small area of coverage.
This causes high intensities and high sensitivity to the wind. An inter-
mediate opening gives a greater area of coverage and a more uniform pattern
of inﬁut. The major disadvantages of both extremes are absent, giving
the most sat{sfactory stationary distribution.

The distributions of rainfall provided by the nozzles were super-
imposed to determine the pattern of input that would result from a set
of nozzles located on a single tower and directed in different directions.
Several patterns were tried, with the superposition being'done manua]Ty.
It was clear that there is considerable non-uniformity in the distribu-
tion over relatively small distances and the pattern is not very satis-
factory. In the real system there would be a certain amount of random-

izing due to the wind and the interaction of drops from different nozzles,



so the actual distribution should be more uniform than is indicated by
these tests. However, the basic characteristics of the pattern will
Apersist in the actual system, giving high intensities with considerable
]qca] variation. In addition, the best orientation for the nozzles
change as the wind pattern changes. |

Because of the unsatisfactory nature of the distribution that was
expected from the stationary placement of the nozzles, a rotating head
was designed to be mounted on the top of a tower or pipe. Four or five
nozzles can be mounted on the head, and, as the assembly rotates, each
of the nozzles sprays over the entire 360-degrees of the compass. The
result provides radial symmetry in the aSsence of wind effects. The
rotating head is driven by the reaction of the jets issuing from the
nozzles. The directions of the jet can be adjusted, so the amount of
reaction can be controlled and the spray can be directed at some angle
between horizontal and vertical. The rotating head has been described
in the prevjous report and will not be presented in more detail here.
A pilot syséem was cqnstructed and operated satisfactorily, under moderate
wind conditfgns, but the high intensities and the sensitivity to wind led

to further study of alternative systems.

Irrigation Gun System

The tower system described above also had the disadvantage that it
required the insta]]ation of permanenttowers on the interior of the
faci]ity.l This restricts the movement of 1érge machinesrused to‘change
the shape of.the éatchment. Therefore, one of the criteria given extra
weight in tﬁa addftiona] studies was to leave the catchment as free from
obstructionvas possible. The system based on large irrigation guns was

particularly attractive from this standpoimt. These guas.have: been used.



in irrigation systems to give a very uniform input over large areas. The
catchment could be left entirely free of towers. Four of the guns were
obtained and a pilot system was tested on the facility.

The testing indicated several problems that had not been anticipated
in the preliminary study of the system. The first problem was the inter-
mittent nature of the jet because of the reaction arm used to drive the
sprinklers. Part of this was anticipated, so a motor drive was designed
for the system. However, the reaction arms were left on the nozzles to
give a more uniform distribution of input. It was found that the reac-
tion arms caused a definite jump in the position of the nozzle as can be
seen in Figure 7, where the jet on the far side has two jets, or parts of
jetS, separated by a discrete increment. The near jet shows a related
problem, namely, the intermittent input that occurs in the immediate
vicinity of the nozzles. There is input only when the reaction arm has
just hit the jet, as is the case with the near nozzle. The reaction
causes a long delay before the arm again hits the jet. Thus, the areal
average may be uniform over long periods of time but there is considerable
short-term variétion in the distribution. This can be partially overcome
by replacing the reaction arm with a stationary deflector in the jet.

This causes a more uniform distribution, but it also cuts down the distance
to which the jet can reach.

A second problem with the large guns was the interference occurring
between jets from different nozzles. The jets reach beyond the center of
the facility and collide with those on the other side. This causes local-
ized areas of high intensity. The deflector in the jet could only par-

tially overcome this effect. The nozzles on one side of the facility



nere at Colorado State University is based on the use of small diameter
aluminum irrigation pipe supported slightly above the ground and having
the nozzles raised to height of 10 feet by the smaller steel pipes. The
aluminum pipe is supported by a small bipod at the riser for the nozzle.
Thus, a minimum of structural support is required and the pipe is above
ground so it does not influence the surface flow. The details of the
system will be presented {n a later section of this chapter.

A number of nozzles were given a preliminary screening to find some
that could satisfy the needs of the facility. (Thg nozzles that were
used by Shachori.and Seginer were no longer available.) Several sprink-
lers of the type used in lawn sprinkler systems were found to be worthy
6f further testing. The individual nozzles were first tested in the
laboratory to determine the distributions of intensities that are given.
Soine of the nozzles being tested provided circular patterns and one
nozzle gave a square pattern. A series of tests were run at different
pressures to Qetermine the intensity patterns. Then the testing was
shifted to the outdoors to include the effects of wind. The test facility
is shown in Figure 8, set up on the outdoor facility for one of the nozzle
tests. The results of three tests are shown in Figures 9, 10 and 11.
The nozzle was operated for a measured length of time, usually 15 or 20
minutes, and the volume of water collected in each of the ééns vias

measured.

Computer Simulation

A computer program was written to simulate the operation of the
system of nozzles over a part of the facility. The program reads in the
data from the test run and converts the measured volumes to intensities

in inches per hour. The locations ofi the nozzles.arz read in terms.of
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coordinates on a master grid. The distribution of the input is then
determined as a function of the relative position with respect to a
nozzle. This is handled in one of two ways, depending on whether or not
radial symmetry is assumed. If radial symmetry is assumed, then the
location of each measurement is computed as a radijal disfance from the
nozzle. The measurements within one grid interval, centered on a grid
point along a radius, are then used to determine the average value of
the input at that distance from the nozzle. For example, looking at .
nozzle 415, there are eight measurements that are between 5 feet and 7
feet from the nozzle. The average volume is 23 ml. The corresponding
intensity, 0.15 in/hr, would then be assigned to the 6-foot radius if a
2~foot grid increment is being used. The other measurements would be
treated in a similar manner. If radially symmetry is not assumed, the
observed data are used to fill in the complete grid by a process of inter-
polation. One quadrant of the distribution is given more compietely.
For example, the second quadrant is filled in on 4-foot increments for the
square nozzle of figure. The second quadrant would then be filled into
2-foot increments to correspond to the step size on the axes. Then the
second quadrant data is used with the observations in the other quadrants
to complete the entire grid about the nozzle.

For each nozzle, the positions of the locations of datg points on

the relative grid about the nozzle are converted to the corrésponding
location on the master grid, and the intensity contribution for the nozzle
is added to the intensity matrix of the master grid. When all nozzles
have been thus considered, the effect of the set of nozzles is contained
in the master grid intensity matrix. The average intenéity over a section

in the center of the overlap area.is comnuted and the.coefficient of



variation of the intensities in that section is computed. These items
are printed out along with the master grid intensity matrix. A summary
of the averages and coefficients of variation for the last simulations
before the grid system was designed is presented in Table 1.

The criterion for acceptance of a distribution pattern had been set
at a coefficient of variation of 10% for the spatial uniformity. An
examination of the table of simulated patterns indicates that all of the
circu]ar patterns coﬁld meet this criterion for all but the Towest inten-
sities. The performénce of the nozzles is better at a pressure of about
238 psi than at lower pressurés. The square-pattern nozzle, which must
operate at the lower pressure, was found to be unsatisfactory. The
nozzle that was selected for the prototype system is the #78. The
system was installed on the upper conic section of the facility during
the summer of 1969. The distribution that actually resulted on the
facility is shown for one test in Figure 12. The location of the cans
used for the test are shown on the figure and can also be seen in
Figure 13, which shows the facility in operation. In addition to the
grid of cans in the upper part of the facility, a number of cans were
located at random positions.elsewhere on the facility. The average
intensity and the coefficient of variation were computed for both sets
of cans. For the grid, the average was 2.76 in/hr»and the coefficient
of variation was 0.049. For the randomly spaced cans, the values are |
2.76 and 0.053, respectively. The averages and the coefficients of
variation of several tests are listed in Table 2. The results show the
same trends as the computer simulations, except for the run at 1.22
inches per hour, which has an anomalous coefficient of‘variation. - This

run will have to be examined in more detail to determine the cause of



Table 1 SUMMARY OF COMPUTER SIMULATIONS
OF INTENSITY PATTERNS
: Pressure  Spacing No. sets P
Nozzle psi ft. operations in/hr. C. V.
Square
Pattern 20 40 1 0. 390 0. 288
' 2 0.783 . 0.185
3 1.172 0.175
4 1. 560 0.154
415C 20 48 1 0.160 0. 311
2 0. 323 0.195
3 0. 484 0.185
4 0. 647 0. 165
415C 24 48 1 0.138 0. 260
2 0. 276 0.150
3 0.415 0.130
4 0.553 0.103
415C 28 48 | 0. 341 0.111
2 0.672 0. 0985
3 1.013 0,0779
4 1. 343 0.0761
415C 28 40 1 0.473 0. 137
2 2 0. 952 0.0713
3 1.433 0.0662
4 1. 910 0. 0561
5 2. 388 0.0590
6 2,868 0. 0546
7 3. 348 0.0548
: 8 3.830 0.0525
415C 28 35 1 0.634 0.104
2 1. 274 0. 0504
3 1. 907 0.0439
4 2. 546 0.0294
75 20 40 1 0. 368 0. 210
' 2 0.738 - 0.127
3 1. 106 0.113
4 1.476 0.0838
75 24 40 1 0.426 0.199
2 0.853 0.104
3 1. 279 0.102
: 4 1.706 . 0.0738
75 27 40 1 0.414 0.0909
‘ ' 2 0.827 0.0618
3 " 1.238 0. 0466
4 1.652 0. 0366
5 2,066 0. 0365
6 2.482 0.0333
7 2.895 0.0304
8 3. 311 0

. 0276
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Table 1 - Continued

Pressure

) Spacing Ho. sets P
iozzle psi ft Operations in/hr C.V.
75 27 35 1 0. 547 0,171
2 1.102 0.100
3 1.649 0. 0576
4 2.203 0.0235
78 19-20 40 1 0.412 0. 224
: \ 2 0.824 0. 147
3 1.235 0.132
4 1.648 0.101
78 24 40 1 0.473 0. 186
2 0. 944 0.125
3 1. 417 0.112
‘ 4 1.888 0. 0868
78 28 40 t 0.442 0. 146
2 0.890 0. 0902
3 1,337 0.0838
4 1.790 0. 0685
5 2.234 0. 0680
6 2.671 0. 0630
7 3,142 0. 0626
: .8 3. 565 0. 0558
78 28 35 1 0. 707 0.124
2 1.419 0. 0824
3 2. 132 0. 0546
4 2.852 0. 0402
78 28 30 1 0. 933 0.149
2 1.870 o. 104
3 2. 841 0. 0739
4 3.818 0. 0558



- Table 2 PARAMETERS OF RAINFALL DISTRIBUTIONM
OF PROTOTYPE GRID SYSTEM

Average Coefficient of

(in./hr.) Variation
0.64 ‘ 0.199
1.19 0. 089
1,22 0.131
1. 26 0.073
2.6 0.049
4.93 0. 037

the high values. A large number of runs have been made, but the data

for the other tests have not yet been analysed completely.

Drop Size Study

The,distribution. of drop sizes provided by the artificial rainfall
system will be of significance in Jater studies of erosion processes.
Therefore, a study of the drop sizes at various distances from the nozzle

was made for the two nozzles that were considered best from the intensity

distribution study.



The article by J. Otis Laws and Donald A. Parsons (6) was used as
a guide in determining the drop-size distribution for the number 75C
and 78C nozzles. The procedure used was the flour technique whereby
drops of rain are allowed to impinge into sifted flour thus creating
pellets. Under the system developed by Laws and Parsons and followed in
the analysis under discussion, the flour pellets were left undisturbed for
24 hours before being placed in an oven for an hoqr for hardening and
further dehydration. The particles were then sieved, using a stack of
standard U.S. sieves in the appropriate size range. Following sieving,
the pellets retained on each were counted and weighed on an analytical |
balance to the nearest one ten-thousandth of a gram. Using this infor-
mation and a calibration curve (Figure 2 in Laws and Parsons), the diam-
eter of the drop retained on each of the sieves was obtained for each
sample Tlocation.

In selecting raindrop samples from the 75C and 78C nozzles, 9-inch
pie pans were used. A sample was taken along a radius in 2.5 foot 1incre-
ments starting at the nozzle. The pie pané were filled with sifted
f]our; covered, hand carried, and placed on top of a gallon can about
6 inches above the ground to avoid splash from raindrops hitting the
ground. The covers were taken off for a period of 4 to 10 seconds to
allow the drops to impinge into the flour. As stated above, the pie pans
were stored for 24'hours before being placed in a drying oven for an
" hour at 250°F. They were then sieved. On the larger éieves all pellets
were counted but on the smaller sieves, where the number of drops was
much more nuﬁerous, only 50 pellets were counted and weighed. However,
the total mass on each sieve was determined so that the percentage of

total rainfall falling as a given drop size could be determinad.



Following the collection and weighing as described above, the data
was initially processed in the manner outlined in Table 2 of Laws and
Parsons. The 9100 A.H.P. Computer was used in the data reduction. One

prcgram is used to determine mp = M = mass of the average peliet.

p/n
Using this value a mass ratio "R" is determined from Figure 2 in Laws

and Parsons and this value is entered into the program sc the mass of all
drops M = RMp may be détermined. This program also detetTjnes the
diameter of the average drop using the formula d = V/é;;zh) . A

second program was developed to find the percent of rain that fell as a
given drop size at each location.

At this point in the data reduption, the data was processed to get
it into a form that would be suitable for input data into the CDC 6400
6éigital computer prdgrams developed previously for overlapping rainfall
intensities from a given nozzle pattern.

The data collected in the above analysis was summarized as shown
in Table 3.

After collecting the data in one table, the weighted mean—drdp size
at each location was determined by multiplying the average drop diameter
by the éorresponding percent which indicated the fraction of rain that
fell as the given drop size. Another program for the 9100 A.H.P. computer
was used for this determination.

The mean droﬁ size at 2.5 foot intervals from the nozzle and the
intensity at the gfven poihté are shown in Table 4. Thfs table indicates
the deficiency in the 75C and 78C nozzles in pkoviding a high percentage
of large drops. The drop size increases as the distance from the nozzle
increases but the intensity decreases with distance from the nozzle.
ence, there is only a small percentage of the total rain that falls as

large drops.

!
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Table 4 MEAN DROP SIZE DISTRIBUTION

75C 78C

Dist. From Inteasity Mean Drop Intensity Mean Drop

Nozzle in/hr. . . size-mm in/hr. Size-mm
0 .325 .68 097 .66
2.5 .325 .63 497 .66
5.0 .353 .71 . 434 .67
7.5 .373 .70 455 .51
10.0 .378 .95 468 .90
12.5 .373 1.13 460 1.16
15.0 .330 1,57 403 1.09
17.5 .289 2,07 - .358 1.45
20.0 .259 2.02 .285 1.62
22.5 .185 _ 2.31 .209 1.83
25.0 .095 2.77 .152 2.18
27.5 .061 3.07 ~.093 2.2
30.0 .00¢ 3.37 .097 2.78
32.5 .069 2.68

The 9100 A.H.P. Computer was used to determine the weighted drop
size retained on each sieve size. The percentage that fell at each
location was used a weighting factor to determine the mean drop size at
each sieve. The percent of rain that fell as a particular drop size at
each Tocation was used to weight the respective diameters in the deter-
mination of a weighted mean for each sieve size because it was noted
the the accuracy of the diameter determination was a function of the
given percent.

The next step in the procedure was to determine the quantity of
rain in inches per hour that fell as a particular drop size at each loca-
tion. In order to do this the intensity at each location determined
from a previous test was tabulated in column 2 of Table 6. These inten-
sities were then proportioned into the different.drop sizes using the

percentages determined in the drop size ~nalysis.
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The intensities of a given drop size at every samnle location were
used as input data to determine the effect of overlapping on drop-size
distribution for the nozzle patterns found to be best for uniformity in
the rainfall intensity analysis. It is to be noted that the nozzle
patterns selected may not be the optima for drop-size distribution, but
are close to the optima for uniformity of rainfall intensity.

The overlap program printed out the amount of rain falling in inches
per hour of each drop size at grid points within a sample area. By com-
bining the results of all drop size overlaps, the drop-size distribution
at any point within the sample grid can easily be determined.

As an»examp]e of how the overlap output can be used, the drop-size
distribution at two different locations was made. The drop-size distri-
butions of 78C nozzle at two arbitrarily selected locations, (13,11) and
(23;13), for the basic and maximum intensity nozzle patterns are given

in Table 5.

Table 5 EXAMPLES OF POINT DISTRIBUTIONS
OF DROP SIZES

Location 13, 11 Location 23, 13

Drop Basic Maximum Basic » Maximun
Size Intensity % Intensity %  Intensity % Intensity %
(om) in/hr in/hr - in/hr in/hr
.55 0.01 1.9 .31 7.0 .22 44 .50 10.9°
.68 .04 7.7 .64 14.5 .20 40 .56 12.2
1.04 .25 48 1.30 29.5 .04 8 1.21 26.4
1.64 - .13 25 1.27 28.8 0.0 0 1.54 33.6
2.36 0.0 0 .20 4.5 0.0 0 17 3.7
2.77 .05 9.6 .39 8.8 0.02 4 .37 8.1
3.29 . .04 1.7 .26 5.9 0.02 4 .21 4.6
3.71 0.0 0 .04 0.9 0.0 0 Loz L
Total .52 100.0 4.4 100.0 .50 4.58 100.0




For the basic pattern there is a considerable difference in the
dfop-si;e distribution although the intensities are the same.

For the maximum intensity pattern both the intensities and drop-
size distributions are essentially the same even though the sample points
are 25 feet apart. This indicates the value of the multi-nozzle approach
for increasing the uniformity of the distribution patterns.

The mean drop-size distributions over the sample area for both the

75C and 78C nozzles, with a comparison with natural rainfall, are given

in Table 7.
Table 7 COMPARISON WITH NATURAL RAINFALL (Ref. 5)
Natural Rain . 75C 78¢
Drop Size Intensities Drop Size % Drop Size %
mm 0.5 'hr 2.00"/br _ mm - mm
‘0.0-0.5 0.5 0.z 47-.66 7.1 47-.59 8.1
0.5-1.0 5.4 2.3 .73-.83 14.2 .65-.82 15.6
1.0-1.5 14.1 6.4 .97-1.21 18.0 .93-1.17 22.7
1.5-2.0 18.7 10.4 1.37-1.98 35.5 1.32-1.86 37.5
2.0-2.5 21.5 13.9 2.24-2.51 14.6 2.16-2.59 4.6
2.5-3.0 16.3 15.3 2.72-3.15 4.4 2.49-2.87 7.1
3.0-3.5 12.1 14.4 3.34-3.59 3.3 3.17-3.34 3.9
3.5-4.0 7.0 12.4 3.60-4.14 2.9 3.71 .5
4,0-4.5 2.9 9.5
4.5-5.0 1.5 6.5
5.0-5.5 4.1
5.5-6.0 2.4
6.0-6.5 1.2
6.5-7.0 1.0 v
Total 100.0 100.0 100.0 100




Althouch tne above chart is based on the basic pattern, additional
patterns will have essentially the same mean drop size over the sample
area because the basic pattern is superimposed. Thus, the mean drop-
size distribution over a given area will be essentially the same for all
intensities for the simulator. However, for natural storms the drop
size increases as the intensity increases. The two nozzles are seen to
have a higher percentage of drops smaller than 2 mm than natural rainfall.
If larger drops are required for later studies, it will be necessary to
seek nozzles with different characteristics or to modify some of the

existing nozzles in the higher intensity patterns.

DESCRIPTION OF THE CURRENT SYSTEM

The current rainfall input system is shown in operation for-the
upper conic section of the facility in Figure 13. It is based on nozzle
78, with each nozzle located on a riser above the aluminum supply main.
The rfser section is about 10 feet high and is pictured in Figure 14. The
entire riser is shown in Figure 14a, where it can be seen that the 3/4-inch
riser is guyed to the adjacent.risers by a wire. The wire is anchored at
the ends of the aluminum supply line. Figure 14b shows the detail at the
bottom of the riser. The elements that make up the riser are identified
in the schematic of Figure 15. The sprinkler head is mounted at the top
of the riser. A 7-foot section of 3/4-inch steel pipe joins the sprinkler
to the tire pressure tap. The pressure tap allows a rapid check of pressures
at a number of risers in a very short time, using a ﬁressure gage that has
. been equipped to fit the tire pfessure tap. The pressure regulator main-
tains the pressure for the sprinkler at a constart value, so all sprinklers
wiii have the same pressure. The pressure is currently setat 28 psi.
The hydraulic valve below the pressﬁre regulator turns the sprinkler on

and off. Each nozzle is fitted with a control valve, and a series of valves
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IFigure 13. Operation of Grid System on Upper Conic Area
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Figure 14(a). Typical Riser for Sprinkler

Figure 14(b). Detail at Base of Riser
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Figure 15 Schematic of Sprinkler Riser ior Grid System




is connected to one pressure manifold to provide simultaneous operation
of a set of sprinkiers.

The control system is illustrated in Figure 16, where several risers
are shown on a 2-inch aluminum supply line. A small plastic pipe joins
a set of risers to the pressure manifold. In this figure only the first
and last risers are connected to the pressufe manifold that is shown. The
other risers are connected to otheyr manifolds. The supply to the pressure
: manifo]ds is controlied by electric control valves that are connected to
a switching panel in the instrument trailer. There are four different
sets of sprinklers in the system at the present time. These are shown
in the overlay Figure 17. The colored overlays represent the pressure
manifolds for the hydraulic control valves. The arrangement can, of
course, be changed by changing the connections of the sprinkler risers
to the pressure manifolds, but the system shown in Figure 17 will be used
for the current studies. The four intensities available are approximately
0.5 inch/hour (red), 0.5 inch/hour (yellow), 1 inch/hour (green) and 2
inch/hour (blue). By adding the sets as illustrated with the overlay, the
four 1nténsities 1isted on the figufe can be obtained. Starting with the
red set, there is an intensity of 0.54 inch/hour. By adding the yellow
set, it is increased to 1.11 inch/hour, and with the green and blue sets
added in_turn it becomes 2.31 and 4.24 inches per hour, respectively.
By changing the switching patterns it is also possible to obtain the
intensities of about 1.5, 2.5,3, and 3.5 inch/hour. The actual location
of the risers on the pipe system is shown by black dots on the solid black
lines of the base figure. The black lines represent the 2-inch a]uminum
supply lines. They are connected to the larger aluminum supply manifolds
along the east side of the facility. The slashed lines on these aluminum
pipes indicate the locations of the.quick coupling.joints.. Becaguse of

these joints, the system can be set up or taken down rapidly. The supply
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manifolds are connected to the 10-inch supply main the surrounds the
facility. Only part of the 10-inch line shows in the figure of the
upper section.

This rainfall system has been Qperated during the fall of 1969.
It can be programmed to generate pulses of varying durations for any
of the intensities available. By increasing the @pacity of the switching
circuit it is possible to create varying distributions in space as well.
This is, however, not planned at this time. A summary of the runs that

have- been made on the facility this fall will be given in Chapter 5.



Chapter 3. MEASUREMENT OF RAINFALL AND RUNCFF

REQUIREMENTS OF INSTRUMIENTS

[n a system with complete control over the input in both time and

space variations, there is little need for the measurement of rainfall.
This is the condition for the laboratory models which have individual
droplet formation by small tubes or other similar systems. The experi-
mental facility, on the o‘gher hand, utilizes the measurement of rainfall
as the prime means of determining the input over the catchment. There
is a reasonable degree of uniformity and reproducibility provided by the
artificial rainfall system described in the previous chapter, but there
are also variations duc to the natural atmospheric conditions that vary
in a random fashion over the facility. The wind patterns over the outdoor
facility will céuse small variations that need to be recorded. Therefore,
the selection of a measurement system for the rainfall was a very impor-
tant part of the design of the instrumentation for the facility. The runoff
measuremen’c. is the depenuent variable in nearly all hydrologic studies and
is important in ;Lll physical modeling systems, even those inside laboratories.

- The objective in both rainfall and runoff measurement is a nearly
continuous record of the variation of the respective variable as a function of
time. In addition, the rainfall must be determined at a number of locations
across the catchment. Because of the large quantity of data that is collected
in a relatively short ti me on the facility, computer analysis is essential.
T‘hcrcfor'e, automatic recording of the data in a form suitable for input to the

computer is also very important.

PRINLIMINARY STUDIES

In the preliminary studies of raingage systems, several types of



cutomatic recording gages were considered. The need to record data
firom a number of locations on the catchment using only one analog-to-
digital converter placed an additional constraint on the system. It is
impossible to record the data from each location continucusly, so it is
necessary fo arrange for a recording from the various locations in

a sequential manner. This makes it more difficult to use gages that
record on an intensity basis, because extremely high or low values
may occur at the measuring point during the short interval of time
data are being recorded. For gages of the volume type, that is, those
that measure the volume of precipitation that has accumulated to a given
time, there is an averaging of the extreme points, so the sequential
sampling procedure is not a serious problem if the period between
readings is small,

The most common recording raingages are the weighing type and
the tipping bucket type. The tipping bucket gage provides a signal that is
already in an electrical form when the bucket tips. However, this is an
intensity form of measurement, and it would be necessary to remain at a
given gage for a short time to record the number of times the bucket tips
during the known time interval. This increases greatly the time between
measurcements at each gage. The weighing type raingage can be modified
to generate an eleetrical signal by replacing the weighing mechanism with

a pressure transducer. But the weighing gage is not very sensitive at low
small volumes of input that may occur in tests of short duration at the lower
intensities. Alternatjves were sought that would be more sensitive at.low
volumes.,

The Bell Telephone Laboratory (7) has a raingage that records the

intensity of rainfall by measuring the depth of water running down an



inclined plane between two plates. The two plates form a capacitor,

and the changing depth of water changes the capacitance between the
plates. This suffers from the disadvantage of sampling point intensities
it it is used for the facility., However, the idea of using a capacitance
gage to measure rainfall led to the consideration of a gage that was
developed by Dr. Eric Plate for the measurement of waves in a flume.
Dr. Plate's gage was developed in the Fluid Mechanics Laboratory to

measure the waves generated by wind in the water-and-wind tunnel.

CAPACITANCE RAINGAGE

The capacitance gage can be used to measure the depth of water
in the raingage. The grgéter sensitivity for lower volumes of rainfall
is obtained in the same manner as in the standard non-recording gage,
by using a smaller tube inside the large can. The depth in the smaller
tube is magnified by a factor of 10. The opration of these instruments
is outlined as follows. Referring to Figure 19 a probe is installed vertically
in a precipitation measuring can, “such that the height of water directly
causes a change iﬁ the capacitance to ground. This probe is essentially an
insulated rod, with water as one capacitor ''plate', and the rod as the other.
T"his capacitor probeA is connected by a shielded cable approximately 100 feet
long to a converter, which converts the capacitance to a voltage by means of an
clectronic circuit and amplifier. There is one converter for each probe in the
present system, although a switching device could rcduce the number of
converters as désired. Voltage from the converters is recorded either on
ma gnetic tape or punched cards as strown .il".;*« Figure: 8. The: details of
the recording system have been presented in the previous reéor‘t on the

facility (4).
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As shown in Figure 19, the measuring unit consists of an outer
aluminum measuring can 7, 6 inches inner diameter and 6.5 inches high,
and a smaller concentric plastic cylinder 2.5 inches inside diameter.
The inner can overflows when full into the outer can. Rain enters the
"smaller inner can through a funnel-shaped cover. Probes measure water
rise in both inner and outer cans. The capacitance yﬁrobes in the cans
originally consisted of a lacquer-coated copper wire running the depth
of the can, plus a bare wire to make con’gact with the water. These
probes were copied from the system developed by Dr. Plate.

The raingages were tested in the electronics laboratory and found
to work very well. They produced consisteht records of high sensitivity
and precision. However, when they were installed in the field, the results
were not satisfactory. After a series of tests, the electronics laboratory
concluded that the cause of the problem must be a temperature sensitivity.
The testing program was turned over to a graduate research assistant

working for the Agricultural Research Service and assigned to the fécility.

TEMPERATURE SENSITIVITY STUDIES

Using 120 feet of cable like that installed in the field setup and a
randomly sélected can and converter, tests were conducted in the labora-
tory making measurements at various water and can temperatures. It
was quickly noted that for any test, starting from a dry can, a severe
“initial drift in voltage output occurred for several minutes after water was
:x_dded. Tests of an empty can at temperatures from less than 40° to 75°F,
however, indicated negligible effect of can temperature. Tests with water
temperature varying from 33% to 75°F showed only a small temperature
clffect, as presented in Figure 20, These‘ results were taken after allowing -

the initial drift mentioned above to sub:sides
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Further measurement of the nature of this drift indicated it was
in some way connected with the initial dryness of the can, and that
it continued even when water was temporarily removed from the can.
Figure 21 shows the results of one such test.

The conclusion drawn was that the wire coating was affected enough

by contact with water to alter its dielectric strength some 20 percent.

IMPROVEMENTS MADI

It was decided that a probe with capacitance comparable to the

old probes was required, since the electronics were designed for a
certain capacitance range, but that a uniform coating inert to water should
he found. Since capacitance is proportional to plate area and inversely
proportional to ''plate' separation, a larger diameter probe could be used
with a somewhat thicker insulation. From suggestions of Dr. Plate, it
was decided to try a larger rod or tube. After a trial with thicker materials,
a high tolerance 0. 009 inch thick KYNAR heat shrink tu'bing' was chosen as
quite suitable as a watertight dielectric coating. Brass tubing was used as the
probe, the bottom was sealed with epoxy after the shrink-fit tubing was shrunk
on, and a lead soldered to the top end. Different sizes of tubing were tried,
and cach had differenf sensitivity to water height. A 1/8" O. D. tube was
chosen  as being most suitable for the inner can, and a 5/32” probe used in
the outer can. Allowable sensitivity is limited in this case by the converter,
since too high capacitance will "'saturate’ the amplifier, and dv/dc will
approach zero. |

ach cﬁn and new probe u,"as calibrated by careful titration, and the
results analyzed by least squares regression, All gages were slightly

nonlinear, but all data fit on the same. normalized curve to within 0. 9998
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multiple correlation coefficient, and a standard error of estimate of 0. 0029
inches of precipitation. No drift on wetting was noted.

Six of the modified raingages were operated du rinvg the fall series of
tests on the facility, The complete data have not been analyzed, but the
data collection system appears to be functioning satisfactorily. Therc is
one problem that has occurred in the field tests with the modified gages.
The capacitance gage does not alwciys give a reproducible zero. The gages
must be warmed up for several hours before a series of tests is run. When
the zero depth reading has shifted from that used in a previous set of tests,
it is necessary to provide a new calibration. This is not a major problem
because the calibration curves all fit the same type curve when they are
normalized. This is an inconvenience, but not a major fault. The warm-up
problem is also a minor one because the system can be left on for sceveral
Cdays wal a time without damaging the components.

The raingages sense the depth of water accumulated as a capacitance
measurement. The measurement of the capacitance is not made at the gage
but is made at one of the bunkers located at the edge of the facility aé shown
in Figure 22. The length of lead wire from the gage to the bunker is the
same for all gages. Since only the upper conic section of the facility is in
operation, only bunker A, at the top of the area is being used at this time.
The llmwm' supply to the bunkers and the readout lines have been installed

to all ol the bunkers.

ADDITIONAL, RAINGAGES

[n addition to the capacitance raingages, which transmit readings
1o the A=D converter for punched card format, there is one weighing
bucket rainguge on the facility that produces a chart repord. This rain-
suge was provided by the Agricultural Research Service and hés been

modificd to use a synchronous motor drive that provides a chart rotation
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in 15 minutes, instead of the normal 6 hours., This gage has two uses,
frirst, it serves as a check on the operation of the capacitance gages.
It can be moved to locations near the capacitance gages to provide
additional calibration data. Second, the chart gives a visual trace of
the rainfall pattern that can be checked to see that the performance of
the input syétem was along the lines that were intended,

A large number of cans will also be used in the early tests on
ihe facility to determine in more detail the actual distribution of rainfall
in space that is provided by this system. The results of the early tests
have ulfeady been mentioned in Chapter 2. After the characteristics of the
input distribution have been defined, less use will be made of the non-recording
cans,

The data for the \veighing bucket raingage and for the non-recording
cans must be cdnverted to the form used for computer input. The data for
{he cans must be punched by hand. The chart record from the weighing
hucket gage is digitized by using an AutoTrol digitizer. This converts the
record to a series of x and y coordinates as a tracer is moved along the
pén trace. The data must be adjusted for the curvature of the chart grid

lines, but this is a simple matter on the computer.

RUNOFF MEASUREMENTS

The measurement of runoff from the experimental facility uSes the
H-flume developed by the Agricultural Research Service. The design and
(:;)nstructi(>n of-the flumes for the facility has been adequately described
in the prg:vious report (4). The measurement of stage is vnow,being done

by two methods -- a chart recording float gage and a capacitance gage.



Figure 23(a). Chart Recorder at H-Flume

Figure 23(b). Capacitance Gage at H-Tlume



When the difficulty with the raingage capacitance probes developed, the
use of the ca‘pacit'ance probe in the flume was shelved bhecause the conditions
in the flume would be even more variable than in the raingages.  The runoff
_in the flumes will contain a more variable quantity of dissolved and suspended
material, especially in later stages of use of the facility. Therefore, the
float gage was made the prime recording system. There are only two
ftlumes for the facility, so the conversion of the data to digital format by
tie /_\utoTrol is not too difficult. At the present time, of course, only the
upper flume is in operation.

The char‘t recorder at the flume was also supplied by the ARS and
was modified to use the synchronous motor drive for a faster revolution.
The succe»ssful modification of the capacitance probe for the raingages
led to the installation of a longer capacitance pfobe at the flume. The two
systems are pictured in Figure 23. The chart recorder in Figure 23a shows
Q& recession occurring, The capacitance probe in Figure 23b requires a smaller
stilling well and has a faster response than the chart gage. The two systems
will both be operated for some time before a decision is made about which will
ultimately be the preferred system. ‘The direct recording of the capacitance
¢ages is an advantage that is offset by the value of the visual fecord immediately

available from the chart.

ANALYSIS OF DATA

Thé rainfall and runoff data will be analyzed jointly to determine the
input to the facility. The recording and non-recording raingages will be used
to determine the volume of input. The volume of runoff will also we used as a
reference for the total quantity of input to the catchment. The time distribu-

tion of rainfall will be well described by the recording .raingages. Thege are



<ix capacitance raingages and one weighing gage for a total of seven
obscrvations over an area of 1/3 acre. Additional data for each run
can be added when the data from the non-recording cans is added io

the computer input.



Chapter 4. GEOMETRY AND SURFACE TREATMENT

The sclection of the geometry for the experimental facility was
described in the eaflier report (4). It was based on a study of sixty-one
small watersheds drawn from the Research Data Assembly Program for
Small Watershed Floods (8). The general shape of the facility was decided
R compromisé between the best-fit shape for the natural watersheds in
the study and the existing counfiguration of the area in which the facility was
Lo bg} located. In additipn, it was decided to use simple geometric shapes
to make up the facility, so description of the areas would be readily provided
to the computer., The result is the shape made up of three segment.s, each
1/3-ucr-é in size. The two lower segments are planes that intersect to form
:‘“_1 arrowhead shape, and the upper area is a sector of a cone. This shape
gives the générai characteristics of natural watersheds in idealized form.’

A de‘cision was rﬁade early in the project design to usé an impervious
surface in the initial operation of the facility. This provides a significant
simplification of the watershed processes, and will be mdré suitable for the
tirst studies, After the system has been in operation for a period of time, the
izzl'fhz-utinn process will be inc_:luded. A variety of methods were considered
for mziking the surface impermeable, including treatment of the soil with soil
cement, the use of plastic or rubberized sheeting to cover the ground and the

placement of asphalt or concrete surfaces.

SOIL CEMENT STUDIES

A series of tests were run to determine the characteristics of the soil

cement treatment. It was found that the soils existing at the facility site were



not suited to soil cement treatment. An example of this is shown in
Figurc 24. In the upper part of the figure the natural soil is shown
before and after water has been run across it. This series of tests
was run in a flume in the ERC laboratories. The natural soil shows
the coffects of erosion, which was being tested at the time, but the soil
remains in a continuous mass. At the bottom of the figure the soil has
been treated with soil cement. It is clear that the cracking which takes
place when the soil is dried causes a permeability that will vary with .
time when water is added to the system, This is of course completely
unsatisfactory.
| Both soil coment and lime were tested for use on the facility. The
reduction in permeability for these is indicated in Figure 25. The only
region in which the soil cement had a significant effect of lessening the
saturated permeability of the soil is in the range where cracking is the
most serious. The lime treatment also requires a fairly high dosage to
provide any reduction in permeability, There is also a marked variation
in the soil characteristics at certain points on the facility because of
. an outcrop of shale, The shale is a problem to work vﬁth in all conditions,
wet or dry.

" The use of soil cement treatments were rejected as an alternative for

the devclopment of the impermeable surface on the facility.

OTHER METHODS CONSIDERED

The second method counsidered for the treatment of the soil was the
use of liquids, such as paraffin-base materials. Some samples of the
materials were obtained and a few tests were made on small area within
the facility. However, these liquids were very expensive, and before the

tests were completed, the availability of less expensive alternatives led

by 4y Aicnantinanee f tho toctineg
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The use of asphalt or concrete surfaces was considered as a possible
last-resort solution. The coét of these approaches would be high and the
surfaces are rigid. bne of the objectives in the use of the facility is to
test the response of the system under a variety of conditions of slope,
drainage network, etc., and the use of the rigid surface would preclude
this to a great exfent. Therefore, these methods were never given de-
tailed study.

Plastic sheeting has been used as a covering material in a variety
of ways in outdoor applications. The lining of canals andvreservo'irs
are examples of uses that are somewhat similar to the use on the facility.
However, in the previous uses of plastic, the material was covered by
a layer of soil or other material to weight is down or the use was such

that the effect of wind lifting the blastic would be unimportant. For the
experimental facility application’ﬂxere will be times when it is desired

to use the facility with no soil cover of any type. The shifting of the

-surface as wind causes waves on the plastic is also unacceptable. Therefore,
plastic sheeting, although a potential material when covered by a thin layer
of soil, was rejected for the present.

-
£

RUBBERIZED CLOTH SHEETING

Butyl sheet with cloth reinforcing was ‘considered‘as an alternative
for the facility at a early date. The material is very expensive, and
was thcrefore rejected. However, when some of third material was found
to Abe available in government surplus, it became a feasible method. The
butyl material is better than the plastic material because it is stronger
and wears longer, and also because it is heavier. The material is affected
by the wind when it is first installed, but is quickly stabilized by the action

of the soil moisture adhering to the underside enough to keep it down. The



weight of the material is sufficient, together with the moisture effect, to
provide stability.

- The material available in surplus was not sufficient to cover the
facility, so more was purchased. However, the upper conic section
and most of the lower area could be covefed at a reasonable cost. A
survey of government surplus material is continually made in case
additional mater'ial becomes available.

The butyl material is placed in strips extending compietely across.

the catchmeént, and the ends are buried in a small trench to prevent

the wind from getting under the material to lift it from contact with the
ground. The material has been in place for over a year and shows some
wear in a féw locations, When water seeps through the material, it may
collect at a joint and form a small ridge that affects the flow on the surface.
Therefore, the worn areas are patched by painting with a rubber-based
liquid or, if the area is more extensive or more seriously worn, by

cutting out the worn area and replacing it. Patches can be made fairly
ve-asily, and joints can be covered with a light plastic sheet glued to the
rubber to make a watertight joint withput oéerlapping the thicker rubber

material,

DEFINITION OFF BOUNDARIES

The houn.dar.y of the facility is sharply defined by using a wood section
covered with a sheet of plastic. The plastic is bonded to the rubber .
cové\ri_ng the area, and the wood prevents water from overtopping the
boundary. This method has aiso been used to fr~m temporary boundaries
for changing the arca contributing runoff to the flume. Ponding on the

comiributing arca can also be created in this way.



Chapter 5. USES OF THE FACILITY

INITIAL RUNS

The initial series of tests run on the experimental facility are -cu rrently
being analyzed. A set of 68 runs were made in the fall to test the facility
"and to provide data for testing a kinematic model of overland flow on a
(-.onvérging section. This model was developed under the direction of Dr.
Woolhiser of the Agricultural Research Service and will be presented
by him clsewhere.

The variations that were made in this series of tests illustrates some
of the potential of the facility. The first tests were on the bare facility,
with the intensity of rainfall as the variable. The intensity was maintained
constant until an equilibrium flow was achieved in some cases. In other
runs, the duration was lesé than the time to equilibrium and in some runs
the intensity was changed during the course of the run. In later tests
the. arca contributing funoff to the flume was changed by erecting temporary
boundaries to separate a 30° sector from the remaining 90° sector and to
create shorter radii of 72 feet and 36 feet. The results of these experimental
tests are being compared with the computer model output to determine the
al.)i].ity of the model to reproduce the variations that are caused by the res-
pcctch parameters.

In the final scries of tests, a very coarse gravel was used to provide
oughness and detention effects on the facility. This is illustrated in
Figurc 26, where a uniform spread is shown in part (a) and a section‘without
gravel spread were used on the facility at different times, Only the 30°
‘sector was used for this series of tests because the spreading was done
entirely by hand and a number oftest runs were desired before the cold
weather set in, A number of different patterns were used in the placemt_ent

of gravel for the runs,  The uniform spread and the lower bare section



Figure 26(a). Gravel Spread for Uniformly Distributed Roughness

Figure 26(b). Roughness on Upper Section with Bare Section Below



have been shown. In addition, alternating strips of gravel and bare surface
eécll 10 feet wide were used, a checkerboard pattern of sections with |
grav_ei cover was tested and finally a uniform gravel was laid out with a
trce arrangement cleared to represent a stream .network. ‘The initial
brosults indicate that the total quantity of gravel on the éysterﬁ is the most
important parameter and the pattern makes little difference except when
the flow can define a route to the flume by-passing the gravel completely.

A more detailed analysis will yield more definite conclusion on the effect

of the gravel in specific patterns.

FUTURE STUDIES USING THE FACILITY

The experimental facility will be ﬁseful in a number of different
studics of hydr’oloéic and related phenomena, Two projects have already
been funded that will utilize the facility.

The first p'l'oj.ect is a study of the pollution characteristics of waste
piles from oil shale development. As a part of this study, several piles
of 0il shale wastes will be arranged in the form of lysimeters on the
facility. The artificial rainfall will be provided and the runoff, both surface
and subsurface, will be collected and chemically analyzed, The effects of
varying beriods without rain can be determined with the facility. It is not
currenily known whether drying and weathering effects will increase the
p()llutant‘ outflow from the system, This project is being conducted by the
Sanitary Tingincering group of the Civil Engineering Department.

The sccond project was funded to the Geollog'y Department in cooperation
with personnel from the experimental facility project. It is a study of the
geomorphic development of stream networks. Under this project several
containers about 10 feet by 40 fcet in size will be filled with material that

can be easily eroded. The development of the stream networks will be



observed and recorded photographically. The process that requir‘es mény
decades and centuries in nature will be studied in av few weeks.

Both of these projecis will be utilizing the experimental facility
in the coming spring and summer. The possibility of conflicting needs
for the projects usir.xg the facility have already become clear. The operation
of the facility will have to be carefully managed to allow effective use for
a diverse set of projects. This will be even more important as additional
projects in.the areas of water quality and geomorphology, for example,
are funded to use the facility. |

Each prpject that uses the facility is expected to provide some permah-
ent contribution to the development of the facility. Thus, no single project
or agency will have to provide the entire funds for developing the facility
while little is gained in terms of research results. Now that the value
of the facility is being shown, a number of proposals are being made to -
use it‘. Eéch of the projects using the facility and benefiting from the
investment that hé's already been made will be inve_sting in the further

development of the area and versatility of the experimental facility.

(]
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ABSTRACT

A kinematic cascade is defined as a sequence of n discrete overland flow
planes or channel ﬁegments in which the kinematic wave equations are used to
describe the unsteady flow. Each plane or channel is characterized by a length,

1k , width, LW and a rgughness-slope factor, o . Outflow from the kl.'-l-l
plane, along with the parameters for planes k and k + 1 , establishes the
upstream boundary condition for plane k + 1 . Nondimensional equations are
presented for Fﬁe k—ti-}l element in a kinematic cascade. Prope;ties of the
solutions for a kinematic cascade with pulsed lateral inputs are examined.

Cascade solutions are compared with characteristic-analytic solutions and with

experimental data for flow over a linearly converging section.
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THE KINEMATIC CASCADE AS A HYDROLOGIC MODEL*

by

ngid F. Kibler** and David A. Woolhiser¥*

Chapter 1

INTRODUCTION

‘Scope and Objectives of the Study

The basic premise underlying the "reductionist"
approach to hydrologic modeling is that the complex
geometry and topography of natural catchments can be
replaced by large numbers of simple elements such as
overland flow planes and channels. 1In its most
elementary form, the surface runoff process is thus
reduced to the hydraulic problem of unsteady,
spatially-varied flow over a uniform plane or channel.
The simple plane or channel thus represents a single
element in a distributed hydrologic model of the
catchment.

In general, a distributed watershed model should
possess the following characteristics:

1. The model should be based on sound physical
reasoning. :

2. The parameters should have direct physical
significance.

. 3. The model should be numerically accurate;
i.e., the approximation introduced by finite differ~
ence schemes should not influence parameter estimation

in any significant way.

4., The model should be subject to experimental
verification.

5. The structure of the model should not be so
complicated as to require extremely difficult program-
ming logic.

The kinematic cascade is a distributed hydrologic model
that exhibits many of these desirable properties and
has, therefore, been selected for further analysis in
this investigation. The broad objective of this study
is to examine certain mathematical properties of the
selected model and to describe its application to the
problem of watershed transformation and simulation.

i

The kinematic cascade is defined in this study
as a sequence of n discrete overland flow planes
or channel segments in which the kinematic wave equa-
tions are used to describe the unsteady flow. An
n-plane cascade receiving lateral inflow and discharge-
ing into a channel segment is shown in Figure 1.
Discharge leaving the downstream boundary enters at
the upstream boundary of the next plane and establishes
the upstream boundary condition for flow on that plane.
Discharge leaving the downstream boundary of the last
plane is then fed laterally into a channel of known
dimensions where it is conveyed via a cascade of
channels to some downstream gauging point.

Previous investigators using the kinematic wave
technique for simulating watershed response either
have relied on severe gecometrical simplification or
have not examined the approximation errors of their
finite difference schemes. Errors caused either by
geometric oversimplification or by the finite-
difference scheme can affect.optimized model para-
meters in a manner which casts doubt on their physical
significance.

Thus, the specific purpose of this study is to
evaluate errors introduced by various computational
algorithms and by transformation of watershed slope.
The dimensionless equations describing kinematic flow
over a cascade of planes will first be developed.
Solutions to these -equations, obtained by the method
of characteristics, will then serve as standards in
subsequent comparisons with solutions obtained by
three rectangular grid methods., The effects of
kinematic shock waves, which are produced by exact
integration of the characteristic equations for
certain cascade configurations, will then be analyzed.
A method for tracing the propagation path and a
discussion of hydrograph distortions caused by shock
propagation are presented. Finally, the effects of
transforming the slope of an overland flow surface
will be examined by means of outflow hydrograph com-
parisons. This discussion is prefaced by a brief

* Contribution from the Colorado Agricultural Experiment Station and the Northern Plains Branch, Soil and
Water Conservation Research Division, Agricultural Research Service, USDA, Fort Collins, Colorado.

*k Associate Engineer, Water Resources Engineers, Incorporatéd, Walnut Cre.«, Célifornia.

Student, Colorado State University, Fort Collins.

Formerly Graduate

***Research Hydraulic Engineer, USDA, Port Collins, Colorado.



Pigure 1. Cascade of n planes discharging into the jgl channel section.

review of work leading to the formulation of the
kinematic cascade as a hydrologic model.

Background of the Kinematic Cascade

The concept of the kinematic cascade was first
introduced by Brakensiek (1967a) who transformed an
upland watershed into a cascade of planes discharging
into a single channel. His transformation technique
was based on preservation of the hypsometric curve
and the contour length-elevation curve for the water-
shed. Brakensiek has also written on basic applica-
tion of the kinematic flood-routing method and has
described the properties of the kinematic technique
within the context of hydraulic and hydrologic flood-
routing procedures (1966, 1967b).

The theory of kinematic flow, which forms the
mathematical basis for this hydrologic model, was
first set forth by Lighthill and Whitham (1955) in a
paper dealing with flood movement in rivers. The
authors used the term "kinematic" to describe those
waves whose properties are given by the equation of
conting}ty and a stage-discharge relation, such as
the Chézy or Manning friction formula. This is in
contrast to dynamic or long gravity waves whose
motion is governed by both the continuity and momentum
or shallow-water equations. Accordingly, kinematic
waves possess only one velocity and one system of
characteristics along which flow is to be computed.
The resulting first-order differential equatioms for
the kinematic wave are in marked contrast to the
hyperbolic system associated with the shallow-water

z

equations. The latter possess two families of charac-
teristics and can be solved only by resort to finite-
difference methods.

In a paper on the celerity of subsiding flood
waves, Henderson (1963) described the conditions under
which flow in a prismatic channel (without lateral
inflow) could be classified as kinematic. The criter-
jon developed for kinematic flow was that the partial
derivative terms appearing in the equation of motion
must be negligible in comparison with the bed slope;
i.e., the flow must be essentially uniform. 1t was
thus concluded that flood waves will be kinematic in
rivers with slopes that are steep, but flatter than
those found in torrential mountain streams. Woolhiser
and Liggett (1967) also examined the hydraulic
conditions required by the kinematic flow assumption
and concluded that much of the experimental work
on overland flow has been carried out under essentially
kinematic conditions.

Iwagaki (1955) used the kinematic assumption
implicitly in his analysis of unsteady flow in steep
channels, However, the kinematic wave technique was
first applied to flow over a sloping plane by Hender-
son and Wooding (1964). 1In a series of three papers,
Wooding (1965a, 1965b, 1965c) discussed the applica-
tion of kinematic wave theory to the overland and
channel components of runoff from a hypothetical V-
shaped watershed consisting of two rectangular planes
and a straight channel. Investigation of the response

" of this elementary watershed system represents one of

the first attempts to simulate catchment behavior
using the kinematic wave technique.



The rising hydrograph of overland flow on a
single plane has been analyzed by Woolhiser and Liggett
(1967, op.cit.) using both the shallow-water equations
and their kinematic approximation written in dimension-
less form. Comparison of results obtained from the
complete equations and from the kinematic wave solu-
tion disclosed that the degree of departure was
related to the dimensionless parameter, k . This
parameter is an index representing the magnitude of
slope and friction effects--i.e., high values of k
indicate that slope and friction dominate the flow and
consequently that the kinematic hydrograph is a good
approximation to that derived from the complete shal-
low-water equations. Because of the finding that the
shape of the dimensionless hydrograph can be dependent
on both k and the Froude number, it was concluded
that there can be no unique dimensionless rising
hydrograph of overland flow--in contrast to the con-
tention of Izzard (1946)., Morgali's (1968) analysis
of experimental overland flow hydrographs by means of
the kinematic equations is noted in this regard.
Woolhiser (1969) has further discussed kinematic flow
on an inverted cone-shaped surface having a specified
degree of convergence at the apex. This basic water-
shed element is investigated later in the current
study.

The reductionist approach to watershed simulation
alluded to earlier in this paper was used by Huggins
and Monke (1966) in developing a distributed watershed
model. They employed a finite element or square grid
technique for decomposing a complex watershed into
elemental surface units. The kinematic wave technique
was then applied sequentially in the downstream direc-
tion to route overland flow generated by each subarea
and thereby obtain a complete hydrograph of watershed
runoff. As in the kinematic cascade used by Braken-
siek, the value of Mannings roughness was ad justed
to minimize the discrepancy between observed and com-
puted hydrographs. '

Other work on which the present study is based is
identified at appropriate points in the text. However,
the literature on overland flow is replete with inten-
sive analytical and experimental investigations and
clearly, an exhaustive review is outside the scope of
the present effort, For a summary of related work in
the areas of numerical flood-routing methods, experi-
mental overland flow, mathematical watershed models,
and finite-difference solutions to the shallow-water
equations reference is made to a publication by
Kibler (1968).



Chapter I

" KINEMATIC EQUATIONS FOR A CASCADE OF PLANES

The kinematic flow relations are based on the
continuity and momentum equations, commonly referred
to as the De Saint-Venant or shallow-water equations,
These basic equations are derived in Appendix A. 1In
the kinematic wave derivations which follow, the depen-
dent quantities are the local velocity, u , in fps and
the depth, h , in feet. The independent variables
are the space-time.coordinates, x in feet, and ¢t
in seconds, respectively.

Kinematic flow on planes and in channels arises
whenever a balance between gravitational and frictional
forces is achieved. The existence of such a balance
implies that the derivatives of the energy and velocity
terms in the momentum equation are negligible in com-
parison with gravity and friction effects. The momen-
tum equation is thus reduced to the form:

s =5, 1)

where S and Sf are the bed slope and friction

slope, respectively. The hydraulic conditions required
by this assumption have been examined by Lighthill and
Whitham (op.cit.), Henderson (op.cit.) and by Wool-
hiser and Liggett (op.cit.).

The continuity equation appears in the usual form
for planes or wide rectangular channels

2)

gh + 3uh = q
At 9x

where q 1is the lateral inflow (precipitation less

infiltration) in cfs/ftz.

In this study a parametric form of the Chézy
friction relation is used to represent equation (1)
as follows:

u = ahN-l

&)

where o and N are parameters related to channel
(or plane) roughness and geometry. For a wide channel
or plane, o and N have values

a=0CfF ;

where C 1is the Chézy roughness coefficient.

N = 3/2 %)

Dimensionless Equations for ksh Plane

The characteristic equations can be expressed in
dimensionless form by defining normalizing quantities

for the kEh overland flow plane.

Let Qk = maximum or steady-state discharge per
foot of width from the downstream boundary of the
ksh plane resulting from Y where 9 is the
maximum rate of rainfall excess in cfs/sq.ft.

units for the first through the l<-t--‘1 plane.

W,
Q = %y k-J+q 1, (3)

Y

where lk

and w, are the length and width,
respectively, of the kEh plane.

In general Qk is given by the summation

1 k
Q =— 314q, » L. . w (6)
k Vi jo1 i i i
. th
Let Lk = normalizing length for the k— plane
k
L = L 1 (7)
k =1 i
where li is the length in feet of plane 1 .
Let Hk = normal depth in feet corresponding to
Q, at the downstream boundary of the kgh
plane,
1
Q -_—
: _ (kN
: H = % (8)

where o and N are ChéEy parameters of the
kEE plane.

Let Vk = normal velocity in fps correspoading to

Qk at the downstream boundary of the kEh plane.

N-1 ’
Vk = ak Hk
%) B2 9
= %\ %
Let Tk = normalizing time in seconds for the
kEE plane
L
k
T, = o (10)
k Vk
The normalizing quantities have been obtained
with the assumption that the planes have equal lengths:
11 = 12 B L. e= ln.

Substituting the parametric friction relation in
the continuity equation and using the normalizing
quantities of equations (5) through (10), the dimen-

sionless kinematic flow equation for the ksh plane
is given by



B tgnyt Lw an
at, ax, *

where the asterisk indicates the terms are dimension-

less. The only terms in equation (11) previously un-
defined are g, and § . The dimensionless lateral
inflow is:
9 = _9 (12)
T

where Ik is the normalizing lateral inflow given by

1
Q\n Q
. El kN - EE (13)
k \% k

1

and the ﬁarameter B is defined as

N-1

p=%NT [4) T N 1
n Q’k n -
D D
1=1 i=1

The dimensionless characteristic equations developed

from equation (11) for the ) plane in a cascade
‘of n planes are:

Oy o pll! (15)
dt* -
dh

* =
= % (16)
dt*

The asterisk has been dropped from the dimensionless
equations for the remainder of this paper except where
noted. Integration of equation (16) leads to

h = ho + q(t - to) (17

where ho and to are initial values of depth and

time, respectively. The equation of the characteris-
tic curve, obtained by integration of equation (15)
is:

1
L1 N, Mg
TR Ex xo)B+h0]N h{i (18)

When the lateral inflow rate, q , becomes zero, the
hydrograph recession is described by the equations:

he=h (19)
xex +pa Ve -t (20)
»o [] o
t=t +X %op !N (21)
[¢] '_'B_'_—O

where X, to , and ho are the values of x , t ,

and h at which the lateral inflow ceases.

The dimensionless velocity of flow on the ksh
plane, as given by the Chézy formula, in terms of the
dimensionless depth is:

= hN~1

(22)

From equatfion (22) the dimension less discharge per
foot of width leaving the ksh plane is obtained as

Q=uh=n" 23)
Equations (17) through (23) can now be used to
compute the entire outflow hydrograph arising from

th

known rates of rainfall excess, q , on the k—

plane.

]th

The problem of hydrograph computation for the
plane is thus completely specified once the initial
depths along plane k at time zero and the inflow
hydrograph coming from plane k-1 are known. The
initial and boundary conditions for the cascade are as
follows:

plane 1: h1 (x1 , 0 =0
hl (o, tl) =0
plane k: hk (xk ,}0) =0

h (0, ) = £y ), ) (24)
That is, all planes in the cascade are considered dry
at time t = 0 ; the inflow hydrograph coming

from the previous plane in the cascade establishes the
flow at the upstream boundary for t > 0 . No flow
enters at the upstream boundary of plane 1. Because
of the difference in normalizing quantities used in
defining the dimensionless flow variables for each
plane, it is necessary to convert the depths and times
associated with the inflow hydrograph at the upstream
boundary to those of the current plane. The following
recursion formulas have been developed for that
purpose:

N -1 /N
t W, W N o
kek -1 k-l fl4 ko k
t Kk w k-1 o
k-1 k k-1
Y (25)
i=1
i .
(-1 I/N

k = i=1 26
h k (26)
k-1 .
i
i=




where tk—l and hk-l are time and depth at the down-

stream boundary of plane k-1, and tk and hk are

the corresponding time and depth at the upstreanm
boundary of plane k . The use of these relationships

allows all computations to be done in dimensionless
quantities with a general program for plane k.,

The dimensionless equations for a cascade of wide
rectangular channels are analogous to those for
planes and so will not be reproduced here.



Chapter III

KINEMATIC SHOCK-WAVE FORMATION

Several dimensionless rising hydrographs were
computed for various two-plane cascades to obtain
estimates of the influence of the parameters o
(Chézy slope-roughness coefficient) and w (width of
plane) on the outflow hydrograph. However, it soon
became clear from the hydrograph computations that
shock-wave formation occurred for certain o and w
combinations and that these shock waves had a profound
influence on the properties of the hydrograph. The
discussion of this chapter is thus directed at the
properties of shock waves in kinematic flow,

A shock wave is represented by the intersections
of characteristics in the x - t plane and produces
an abrupt increase in flow depth. The surge causes
successive wavelets to travel with greater celerity
so that earlier wavelets are eventually overtaken and
a shock wave, representing the coalescence of wavelets,
is formed. Since the discharge-depth relation at the
point of intersection of two characteristics is no
longer valid, it is necessary to terminate the charac-
teristics at the intersection and fit in the path of
the shock. The path of the shock wave in the x -t
plane will be given by the locus of the intersection
of pairs of characteristics. There are two main
objectives in this section: (1) to establish when
shock waves will form in terms of the « and w
ratios between two successive planes in the cascade;
and (2) to devise a technique for tracing the path
of a shock wave in the x - t plane and determining
the time at which it intersects the downstream
boundary of a given plane.

k-1

Figure 2.

Solution domain for planes

The solution domains are shown for planes k
and k-1 in Figure 2. The domain enclosed by the
line t = 0 , the downstream boundary and the charac-
teristic originating at t = 0 at the upper boundary
of the plane is indicated by the letter A . Within
this zone the solution depends only on the initial
conditions at t = 0 for that plane. If the initial
conditions are uniform and the overland slope para-
meters are constant for each plane, characteristics
originating along the x-axis at £ = 0 cannot

jntersect. This is seen from the fact that in order
for an intersection to occur, the slopes of the
characteristics must bear the following relation at
the point of intersection:

dx | along upper 5 dx
dt characteristic dt

along lower
characteristic

27

dx _ _,N-1 _ .
Since Frie Bh and h = 9t in domain A for

plane k , the slope %& is constant at any given

time t and hence the inequality in equation (27)
can never be satisfied in this zone. It follows that
a shock can never originate in domain A , although
characteristics originating along the upstream
boundary may intersect those in domain A . This
argument holds for the case of changing 9 s the

lateral inflow rate for plane
q
k

k , since at a given

time coordinate will be a known constant and

Xk

k and k-1,



de
hence the slope oy

constant for all characteristics in A . It is con-
cluded from this argument that a shock wave can never
form on the uppermost plane in the cascade for initi-
ally dry conditions.

at that point in time is also a

In the domain labeled B 1in Figure 2, the solu-
tion depends upon the upstream boundary condition of
plane k which in turn is affected by the initial
conditions for plane k - 1 . The necessary condition
for an interesection of the characteristics 1 and

2 is:

dx dx
dt > dt (28)
2 1

[
where the derivatives are the inverse slopes of the
- characteristics originating at t2 and t1 , res-

pectively. From equations (15) and (25) we obtain the
condition at the intersection

B, G, )% > gy G, 00"

or ) (29)
hz(x,t) > hl(x,t)

By integrating the characteristic equations we obtain

hz(x,t) h2 + qk(t-tz)

(30)

[}

hl(x,t) hy + qk(t-tl)

where h1 , and h
tl , and ;2
(30) into inequality (29) leads to:

5 are the depths of flow at times

, respectively., Substituting equation

“hy - by >q(t, - t)) (31)

For uniform stepped lateral inflow the depth in
zone A for plane k-1 is:

M1 = %ep Sl
and h

and hk-l K K
using equations (25) and (26) and substituting these
relationships into inequality (31), we obtain the
following after algebraic manipulation:

(32)

By converting tk_1 to t

Yol Tl = > 1 (33)
& %k
Equation (335 defines the shock parameter, Ps , and

establishes that shock formation will occur on plane
k whenever Ps exceeds unity for the condition of

a spatially uniform stepped time-distribution of
rainfall excess, Note that while equation (33) is
valid for time varying lateral inflow, it does not
hold when the inflow changes with distance.

Hence, the inequality of (33) is the general
shock~wave criterion, denoted by PS , for zone B

of any plane k . If it is satisfied, then an inter-~

section of any characteristic emanating from the up-

stream boundary in zone B and a characteristic
originating along (x,0) occurs somewhere in the
(extended) x - t plane, though not necessarily withia

the boundaries of the k—ti-}l plane for a sufficiently
small interval, t, =ty , on the e axis. It has
been shown that for initially dry conditions and a
time-varying, spatially uniform rainfall excess, shock
waves cannot originate in zone A of any plane, includ-
ing plane k = 1 ., However, shocks originating in

other regions can be propagated into zone A . Further,
it is clear that zone B is the critical one from the
standpoint of shock-wave formation and propagation in
other planes of the cascade. Sequential application
of the general rule stated in equation (33) to the

k ~ 2 preceding planes permits one to determine the

number of shocks crossing the ksh plane in the
cascade.

Shock-Wave Propagation - Tracing the Shock Path -

In an early paper dealing with kinematic flood
waves, Lighthill and Whitham (op. cit,) outlined a
technique for obtaining the path of a shock wave in
the x - t domain. Their semigraphical method is
based on continuity of flow and the rate at which flow
passes a kinematic wavelet having a given velocity.
The procedure described in this chapter is based on
the geometry of characteristics which intersect on the
shock path and the continuity of flow across the shock
front, Figure 3 shows the general features of a shock-
wave path as defined by the locus of successive pairs
of intersecting characteristics. 1In particular, two
intersecting characteristics, labeled A and B ,
or?ginate at LI t1 , and. x_, tu , respectively,

u
and carry initial depths h, and hu at those points,

. i
The space~time coordinates at the point of intersection
are X/ and ts , respectively, as shown for the

characteristics labeled A and B in Figure 3.

t)

(xs' s

8 - Characteristic

Shock Path

A - Characteristic

Figure 3. Shock-wave path given by locus of

intersecting characteristics,



Prom the equations for the characteristic ground
curves, the following system of equations can be
developed for the A and B characteristics:

The B characteristic is defined by:

1 ey, N U
%= t, + a Ex.b xu) 8 + hu ] hu (34)
where Xy and t, are coordinates along the

B-characteristic curve; N and B are parameters
defined previously; q is the rate of lateral
inflow; tu and hu are the initial values of

time and depth, respectively, for the B
characteristic. .

The A characteristic is defined by:

N| /N
E"a - xi)lé—‘l *hy ] - n| B9

Equations (34) and (35) along with an expression
for the local velocity of the shock wave
N N
Vs =p hb - ha (36)
Nohy -hy

are sufficient to obtain the shock path by a numerical
procedure. : .

Iterative Scheme for Locating the Shock Path

The procedure is as follows. The x axis is

divided in increments As as shown in Figure 4. The
t }
AS
t B - Characte

ristic

AN
AW

shock path originates at the point (0,0) and 1its
velocity is first approximated by expression (36).
The time of arrival of the shock at s, can then be

obtained and equations (34) and (35) can be solved

for t, and Xy The depths hb and h8 at s,

can then be computed and are substituted back into the
expression for shock velocity. This iterative proce-
dure is continued until - ty is stabilized at 8, ¢

Then the shock path is projected to the next coordinate
84 by using the stabilized flow depths at s, in

equation (36) and the process is repeated. This proce-
dure is terminated when the downstream boundary 1s
reached. The discharges Qa and Qb existing on the

shock path at the time of its arrival at the downstream
boundary are then inserted in the outflow hydrograph.

When all shock paths traversing the kEE plane have
been projected to the downstream boundary, the values
of xg and t, (or ty and t, ), corresponding to

the intersection at this boundary of each shock path,
can be used in filling with characteristics that por-
tion of the x - t plane unaffected by shock-wave

propagation. A complete outflow hydrograph, showing
the effects of shock formation, can thus be obtained.

Shock-Path Intersections

If a first-order or simple shock wave is defined
as the locus of intersecting A and B characteris-
tics, then second-oxrder shocks would be those result-
ing from the convergence and intersection of adjacent
shock paths. While higher order shock waves could
conceivably be produced by the mathematical model
representing the cascade, attention is focused on the
simple or first-order case.

j+t Sn

A - Characteristics
| { |

X

Figure 4. Scheme for describing complete locus of

. shock-path by use of As

increments.



Chapter IV

’ RESULTS OF KINEMATIC SHOCK FORMATION

Tracing the Shock Path

To illustrate certain aspects of the method des-
eribed in the last chapter, a three-plane kinematic
cascade was defined in such a way that shock formation
occurred at the origins of planes 2 and 3. The uniforu
lateral inflow was a pulse of rainfall excess having
intensity 0.75 in./hr. and duration 30 minutes. The
planes described below are listed in order of highest
elevation. All three planes are equal with respect to
length, width, and roughness. Only the overlana slope
is different as indicated by variations in the «
parameter.

The shock paths crossing planes 2 and 3 are pre-
sented in Figure 5. The shock-path computationms,
involving integrations along the intersecting charac-
teristics, were carried out by means of the dimension-
less kinematic flow equations. Ouly those charac-
teristics which intersect on the shock path at the
dovmstream boundaries of planes 2 and 3 are shown.

Several features of the shock paths presented in
Figure 5 are noteworthy. The first is that shock 2-A
travels faster than either shock 3-B (a continuation
of shock 2-A) or 3-A even though the shock-parameter,

Po is equal on both planes. This indicates the

dependence of absolute shock speed on the overland

Table 1. Description of Three-plane Cascade slope of plane 3, since (assuming constant roughness)
- the slope of plane 2 is four times that of plane 3.
Plane No. o = C/S_  Length-ft. width-ft. P The apparent discontinuity in shock path 2-A is thus
. attributed to a sudden decrease in velocity upon the
1 10.0 400 400 - shock's arrival at the upstream boundary of plane 3.
2 5.0 400 400 2.0 Another interesting aspect of the shock paths
illustrated in Figure 5 is the constant velocity of
3 2.5 400 400 2.0 propagation achieved over the lower portions of each
: plane, This can be observed from the linearity of
shock 3-B over the entire length of plane 3. Such a
Plane 2 Plane 3 |
=— Shock - path
0.5} ——— Intersecting Characteristics
o4t
@
E
=
»
8
2 03t
Q0
P
é ///
a =
1] 0‘2— //
i » . / /
- // Shock 2-A , /7 Shock 3-A
e /
ol 7 /
7 7/
ty 'u //
| : X X
b O ‘ ] \ 1 N d . 3 A A
0.333 o417 0.500 0.583 0.667 0.750 0.833 0.917 1000

X, = Dimensionless Distance along Length of Cascade

Pigure 5. Shock-paths on planes 2 and 3 for the cascade of Table 1.
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condition, once detected, could be used to project the
shock path across greater distances and thereby in-
crease the speed of the. iterative procedure described
in the last section,

The outflow hydrograph for plane 3, showing the

- surges in discharge associated with shocks 3-A and 3-B,
is presented in Figure 6. The outflow. hydrograph ob-
tained when shocks 3-A and 3-B are ignored is showm
for purposes of comparison by means of a dashed line
in Figure 6. This hydrograph was obtained by eliminat-
ing from the computations those characteristics passing
through disturbed regions of the x, plane

created by the shock. It therefore represents an
approximate sotution over the two intervals, shown in
Figure 6, which are affected by the arrival of kinema-
tic shock waves. :

-t*

1.00-
0.80+~ »
Shock 3-B

'0.60(
Q, Shock 3-A f

0.40 ]

Legend _
0.20- Hydrograph with Shock
————Hydrogroph without Shock
0-00 1 L 1 1 1 i -1
000 025 0.50 0.75' .00 125 150 |75
*

Dimensionless hydrograph for cascade of
Table 1 showing effect of 2 shocks on
plane 3.

Figure 6.

Shock Paths for Various 2-plane Cascades

In order to examine the effect of the shock para-
meter, Ps , on the shock path, a number of 2-plane

cascades were defined as indicated in Table 2. The
lengths ‘and widths of the upper planes were held
constant while the slopes, as represented by the «
parameter, were varied between the limits: 1.25 < o
< 10.0. The lower plane was maintained at a constant
length, width and slope for all cascades. The Chézy
¢ factor was assumed constant for all planes. The
resulting ratios of overland slopes for the upper and
lower planes in each cascade are also listed in Table 2.
Lateral inflow was given as a uniform pulse having
intensity 0.75 in./hr. and duration 30 minutes.

The family of shock paths observed on plane 2
of the cascades described in Table 2 is presented in

Figure 7. The influencer of the shock parameter, P_,

1s clearly evident from thée decreasing passage tlme:
of shocks associated with high Ps values. This

result indicates the dependence of shock velocity on
Ps when the slope of the lower plane is held constant.

The same shocks would occur if the slopes for
each plane were the same but if the Chézy € were
varied so that « remained as shown in Table 2.

11

Table 2. Description of upper and lower
planes in 2-plane cascades.
Cascade Length Width P, S§,/s,
No. «-slope fc. ft.
(upper
planes) .
1 1.25 100 400 1.25 1.56
2 1.50 100 400 1.50 2,25
3 1.75 100 400 1.75 3.06
4 2.00 100 400 2.00 4,00
5 2.50 100 400 2,50 6,25
6 3.00 100 400 3.00 9.00
7 4,00 100 400 4.00 16.00
8 5.00 100 400 5.00 25.00
9 6,00 100 400 6.00 36.00
10 7.00 100 400 7.00 49,00
11 8.00 100 400 8.00 64,00
12 9.00 100 400 9.00 81,00
13 10,00 100 400 10.00 100,00
(lower .
planes) 1.00 100 400 - -
LEGEND
0.70 Curve
I 1.255R <200
2 250<R<300
3 B=400
4 P 3500
0.60 5 £ =600
6 PR =700
7 800<R<900
8 Py =10.00
050
te
0.40(-
8
7
6
45
030}
3 3
2
|
0.20}-
0.10}
0.00
0.50 060 0.70 0.80 0.90 1.00
L :
Figure 7. Shock-paths in dimensionless x, - t,

plane for varjious P. values and

cascades of Table 2.
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In order to more fully investigate the effect of
changing Ps on the shock path, another series of

2-plane cascades was defined. According to this defi-
nition, the upper plane was held constant with

o = 10,0, length = 400 feet, and width = 400 feet,

The lengths and widths of each lower plane were set

at 400 feet, while the overland slope was varied in
the range 1.00 < o < 8,30, The shock parameter was
thus given values over the interval 1.25 < Ps < 10.00

as in the previous set of cascades.
The resulting shock paths possessed the general

features presented in Figure 7, except that they
varied with Ps in reverse order. Thet is, the shock

paths assoclated with higher values:of Ps arrived

at the downstream boundary of plane 2 later than
those having a smaller value of Ps . This inv~rted

relation between Ps and time of arrival is a result

of the shock traveling across an overland | .ane of
small slope compared with the second plane having the
same Ps in the previous set of cascades described

in Table -2,

Outflow Hydrographs for Various 2-plane Cascades

The outflow hydrographs observed at the downstream
boundary of the second plane for the cascades of
Table 2 are presented in Pigure 8. It is observed
that the hydrographs for all cascades coincide over
the regions that are outside the influence of the
shock front. The effect of Ps is evident from the

varying position of the vertical portion of the rising

limb representing the surge in flow created by shock
formation., Previous results have shown that both the
strength and velocity of the shock will increase
directly as Ps for the cascades of Table 2., This

relationéhip is clearly observable in the outflow
hydrographs of Figure 8.

1.00r T
11 ?
6
3
0.80-
3
2
— 1
0.601
Legend
Q, | ~1.255R<1.50
0.40- 2-R =1.75
3-8 =2.00
4-B =250
5-8 =300
0.20+ 6-R =4.00
7-8 =500
8-6.00% Rs 8.00
9 - 900< R <10.00
0! 1 1 1 |
00355 0.50 1.00 1.50 2.00
. b
Figure 8, Dimensionless outflow hydrographs for

various P‘ values and cascades of
Table 2.

12

The dimensionless shock paths and rising hydro-
graphs presented in Figures 7 and 8, respectively,
are perfectly general for cascades of 2 planes, having
equal lengths, widths, and roughness, in which the
lower plane is fixed with respect to overland slope,
The equilibrium and recession portions will vary
according to the equilibrium time of the lower plane,
which in turn is a function of the length, width, and
slope of both planes. Since the discussion of this
section has centered on the effect of shocks on the
rising limb, further dimensionless results are not
presented.

Kinematic Shocks in Partial Eﬁdilibrium Hydrographs

When lateral inflow ceases before steady-state
conditions are established, outflow from the lower
plane peaks at a rate less than that of the lateral
inflow pulse. Because characteristics become straight
lines and carry constant depths after lateral inflow
ceases, it is anticipated that the depths across the
shock and consequently the shock path itself will
differ from the full equilibrium case.

In order to determine the effect of shock forma-
tion on partial equilibrium hydrographs, the 3-plane
cascade of Table 1 was run for a lateral inflow pulse
of intensity 0.75 in./hr. and durations 15, 20 and 25
minutes. Since the 3-plane cascade reaches equili-
brium in approximately 22 minutes for this lateral
inflow rate, the first two cases will produce partial
equj librium hydrographs while the third will produce
full equilibrium.

The resulting 3-plane hydrographs are -shown in
Figure 9 in which shocks A and B are indicated by
heavy vertical lines. Several features of Figure 9
are of interest. The firr+ is that, although the
depths across shocks A and B decrease with decreas-
ing pulse length, the speed of each shock remains
approximately constant. Hence the shock pdth is not
significantly affected by cessation of lateral inflow.

LOOF™ 5,5 Lengin
|
0.75F Shock 8 2
3
* i
7 0'50—-4—-— 20 Minute———z'-l
Pulse Length
Shock B
0.25F puize Lengin Shock A
0.00 1 1 1 1
0.00 0.25 0.50 t, 0.75 LOO
Figure 9. Dimensionless partial equilibrium

hydrographs for the 3-plane cascade
of Table 1 with 2 shocks on plane 3.
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A simple compuéation reveals that the shock strength,
as measured by the ratio hB/hA » is roughly constant

for shock A and shock B occurring in the hydro-

graph of Figure 9. This result is in agreement with

the motion of a shock wave whose speed is independent
- of lateral inflow cessation.

Another interesting aspect of Figure 9 is that
portion of the hydrograph which connects the two
shocks, Tt is evident that this connecting portion
becomes flatter as the pulse duration is decreased.
1f the pattern observed in hydrograph 3 were continued,
it is expected that eventually the linkage between
successive shocks would become horizontal. The result-
ing partial equilibrium hydrograph would then exhibit
a stair-step structure in the region affected by the
arrival of successive shock waves. This feature,
observed in hydrograph 3, is a consequence of shocks
arriving at the downstream boundary after lateral in-
flow has stopped.

Iwagaki (1955) performed some laboratory experi-
ments involving unsteady, open-channel flow with
lateral inflow. One set of experiments was run in 2
flume 24 meters long, where the uppermost 8-meter sec-
tion had a slope of 0.020, the middle section slope
was 0.015 and the lower section slope was 0,010,
Under conditions of uniform lateral inflow the kinema-
tic model would predict three shocks. Iwagaki, how-
ever, adjusted the lateral inflow supply so that the
middle sectfon had a lower rate of lateral inflow than
the upper and lower section. The hydrographs he obtain-
ed are reproduced in Figure 10. These hydrographs can
be qualitatively compared with the partial equilibrium
hydrographs in Pigure 9. Obviously the physical mani-.
festation of a kinematic shock is a rapid rise in the
outflow rate as the shock reaches the downstream bounda-
ry. Furthermore, it appears that the kinematic repre-
sentation of a shock will lead to errors in a very
small region of the outflow h,6drograph.

Difference Solutions to the Kinematic Equation Using
Rectangular Grids

In investigating the properties of the kinematic
cascade it seemed desirable to use the method of char-
acteristics and a characteristic net to minimize
errors. The possibility of large discontinuities in
the solution at kinematic shock waves also seemed an
important consideration in the choice of a numerical
method. For practical cases, however, rectangular
grid schemes are much easiér to work with. According-~
ly, we compared solutions from three rectangular grid
schemes with solutions obtained by the method of char~
acteristicés. The three rectangular grid methods used
were: (1) the upstream differencing method; (2) the
single-step Lax-Wendroff scheme (Houghton and Kasahara,
1968) and (3) the four-point implicit scheme used by
Brakensiek (1967a). The finite difference formulationm,
the order of approximation and the linear stability
criterion for each of these schemes is shown in
Table 3. The derivation of the single-step Lax-
Wendroff method and stability calculations for the
three methods are included in the Appendix, For a
definition sketch of the notation in Table 3, see
Figure 11.

Dimensionless hydrographs computed by the above
three methods and by the method of characteristics are
.shown in Figure 12, The input pulse duration was
equal to the time to equilibrium of the 2-plane cas-
cade. The smoothing effect of the rectangular schemes
is clearly shown and the second-order Lax-Wendroff
method does give the best approximation. In general,
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Figure 10, Theoretical and experimental overland
flow hydrographs showing physical
manifestation of kinematic shock waves
(after Iwagaki, 1955). :
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- Figure 11, Notation for finite-difference schemes,

the peak re-ponse is delayed and reduced by as much as
20% for the first-order schemes. Differences of this
magnitui. seem to be sufficiently great to warrant
furthe: ¢xamination.

We have not experienced any instabilities in the
difference schemes attributable to the shocks, but
this is a possihility. 1In Brakensiek's method the

hb+1

equation for is nonlinear and must be solved

by an it. 'a.ire procedure, With rtrong shocks and
small At increments there was no positive solution
for this equation for the first Ax increment on the
second plane. However, Brakensiek's method has the
important advantage of unconditional stability which
may result in more rapid calculations because fewer
This advantage may be partially
or completely offset by the iterative procedure
required. )



Table 3. Rectangular Grid Finite-Difference Schemes

Order ot
Method Finite Difference Equation Approxi- Linear Stability
mation Criterion
v
Singie-Stap N . .
Lax-Wendrott i+ 1 k i i v f.1 i
Wyl ny - ae X (hj+1_“hj_1 - (qj+l+qj_l) *
28x
2 At N e N 1") R 1
k +h = |nt . - -%lq; -
ta;z?r“,(hiﬂ O B N R |7 (q.l"'l *y
— ax )
N-1 . N-1 N N
i i k {.t 1 i i . i+l 1 2 At n
-thy + hi_ -—(h ~h -.l(q +q ) + 2ndx (q -q) 0(ax) = <
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25 stable
1 /441, 4 1
- % (qjtl+qj+l+qj~1+q§) =0
Duration of Input Pulse 1
+
- Characteristic Method
1.0k o  Uptream Differencing
‘ L
L ]
R o  lLax- Wendroff
0.9[- ,
_ o  Brokensieks Method
o.81
0.7+ a =10
Az= 2.5
0.6} g Wi=W, ; L=l
Q o
* Ax =005
0.5
0.4}
0.3
0.2¢
O.IF
O 1 .l L [} ] Y 1, [ 1 S N [ 1 L | L ] 1 (] -} ks
0O Ol 02 03 04 05 06 Q7 08 09 1O LI L2 i3 14 15 16 17 1.8 19 20

ty
Figure 12.
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" by Veal (1966) as:

‘enough (i.e., increasing the number of planes in the

Chapter V

APPLICATIONS OF THE KINEMATIC CASCADE TO COMPLEX WATERSHED GEOMETRIES

In any practical application, use of the kinematic
cascade to simulate surface runoff from complex water-
sheds will introduce certain errors of approximation.
These errors are associated with the manner in which
the cascade is adapted to actual watershed configura-
tion. For example, a converging overland surface will
be replaced by a series of rectangular planes with
decreasing widths, while a complex continuous overland
slope will be represented by a series of discrete
planes with individually uniform slopes. 1It is evident
that by making the individual plane lengths small

cascade) we can minimize the errors of approximation
associated with the kinematic cascade transformation.

Comparison with Exact Solutions for a Converging

Surface

One test of the kinematic cascade is to determine
how well cascade solutions conform to those exact solu-
tions obtained for selected watershed shapes., Wool-
hiser (1969) has obtained such exact solutions for
kinematic flow on a converging surface, as shown in
Pigure 13, The purpose of this chapter is to compare
kinematic cascade solutions with kinematic solutioas
for overland flow on a converging watershed surface.

For the geometry of the éonverging section shown
in Pigure 13, the continuity equation has been written

gh 2wh_ . __uh
T TR ) on

The momentum equation is given by the friction rela-
tion of equation (3). Woolhiser (1969) has derived
the characteristic equation, based on equations (3)
and (37), and has put them in dimensionless form. He
introduced a parameter 'r which defines the degree

of convergence exhibited by the section--a small value
of r indicates high flow convergence, while . as r

‘Figure 13,

Geometry of converging section.
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approaches unity, the convergence of flow tends toward
that of a plane rectangular surface.

The test case selected had the following
parameters:
= 100 ft.;

r= 0,1 ; Chézy C = 100;

Lo

S =005 ; N=3/2
The rainfall excess was 1 in./hr. applied for 90
seconds,

In approximating the above converging section with

a kinematic cascade we have a choice of the total num~
ber of planes, defined by n , and the sfze of the

4x increment for rectangular grid schemes. The total
number of grid points in the x-directiomn 1is 1/4x + 1.
Hydrographs were computed for cascade configurations
ranging from one plane to ten planes of equal length,
with a maximum of 21 grid points in the x direction.

The width of the 1Eh plane of an n-~plane cascade
was calculated by the following area-preserving
relation

"7 [ vy ("2*)_]

i=1,2---n

. (38)

where © 1is the angle subtended by the converging’
section.

Hydrograph calculations were carried out by
using the second-order Lax-Wendroff scheme for the
interior of each plane, while the upstream differ-
encing method was used at the downstream boundary.
The results of these computations are shown in Fig-
ures 1l4(a), (b), (c), and (d). The parameter B in
Figure 14 is equal to the number of Ax 1increments in
each plane. Therefore, nB 1is the number of incre-
ments In the cascade and is related to the number of
computations performed. The information in Figure 14
is summarized in Figure 15 where an error index is
shown as a function of nB , with n as a parameter.
The error index is defined as the sum of the differ-
ence between the characteristic-analytic solution and
the finite difference solution at the time to equili-
brium and at the time that lateral inflow ceases.
This is admittedly a rather crude index and it is not
recommended for general use. However, it is adequate
for this special case.

An exaw.ration of Figures 14 and 15 shows that
the error index decreases as nB 1increases for any
n , but that very little accuracy is gained by in-
creasing nB from 15 to 20, The error index de-
creases as n goes from 1 to 3, but for this case
there appears to be a decrease in accuracy as n 1is
increased from 3 to 4, This probably occurs because
as the number of planes is increased, the first-order
differencing scheme for the lower boundary 1is used



more frequently and gventually decreases the overall
accuracy of this solution. Shocks present in the ces-
cade solutions have been smoothed by the finite-differ-
ending method used to obtain outflow hydrographs. Al-
though -this is by no means an exhaustive test, it ap-
pears that the kinematic cascade is very effective in
handling lateral convergence and that three planes

with Ax 1increments of 0,0667 L, will give satisfac-
tory results for linearly converging flow with r = 0,10,

Effect of Changing Overland Slope on Cascade Hydrographs

A second set of computations was performed to
examine the effect of varying overland slopes on hydro-
graph shape. The slopes of each 3-plan: cescade are
shoun in Table 4,

Table 4, Cascade Slopes
Run No. Slope of Plane
5 52 53
1 .0197 .05 .08
2 .08 .05 .0197
3 .025 .10 .025
4 .065 .02 .065
5 .05 .05 .05
I-O’- [ ] n:"8=3.o
- o n=|’B=2_O

0.8} Characteristic -
Anaclytic Solution

| S N S U TR SR S TR S | i1 1 J
-0 20 40 60 80 I00 120 140 160
Time (sec)
(2)
1.0 B.
0
5
0.8 3
2.
£0.6
<
o
0.4

0. Characteristic - Analysic
Solution
1 1 Ll i i L | L ) SN WS S |
0 20 40 60 80 I00 12 140 160
Time (sec)

(c)

Each plane of the 3-plane cascades was 36.67 ft.
long, 1 foot wide, and has a Chézy coefficient C =
100, The total relief for each cascade was 5.5 ft.

A rainfall excess of 1.00 in./hr. was applied for 100
seconds which is the time of equilibrium of a single
plane 110 ft, long with 5 percent slope.

The results of the computations are shown in
Figure 16. The general shape of the rising hydro-
graph is the same as the shape of the overland slope.
The time to peak is not greatly affected by the shape
of the overland-slope profile for this near-equili-
brium situation, but it would be significantly
affected for partial ejuilibrium cases. There is
a maximum difference of 10 percent in the peak rates,
with the constant slope cascade having the highest
peak and the complex slopes (runs 3 and 4) having the
lowest peak rate. The Lax-Wendroff scheme was used
for all computations, so the same type of errors as
evidenced in Figure 1l are present. Shocks should
theoretically occur in cases 2, 3, and 4. The finite~
difference scheme smooths these shocks and probably
attenuates the peaks. It is apparent from this
example that, for surfaces with the same length and
relief, shape of the overland-slope profile is a sig-
nificant factor in determining the shape of the rising
hydrograph of outflow from the kinematic cascade.

l.O[: n B
| I 5
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08 » 3 2
Jos
<
c [
0.4
- »
__.; Characteristic - Analytic
Solution
1 1 1 | 1 1 i 1 ' [ 1 J
60 80 100 120 140 160
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- L 2| |2 Analytic
0.8" o 4 Soluﬁon
e |0
Lo
<
o
0.4

i g [ i i { { i i
80 100 120 140 160
Time(sec)

(d)

Figure 14, Kinematic cascade results compared with characteristic-analytic solution converging section

r=0.10
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Figure 16. Effect of slope-shape on hydrographs.
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Chapter VI

COMPARISON WITH EXPERIMENTAL DATA

Experimental data have been obtained for the case
of converging overland flow at the Colorado State
University Experimental Rainfall-Runoff Facility
(Dickinson, Holland and Smith, 1967). The geometry of
the upper basin of the facility is identical to the

A 120° sector
r = 0,0106 was covered with

section of a cone shown in Figure 13.
with L° = 110 ft. and

butyl rubber. Lateral inflow was applied through a
grid of sprinklers capable of applying water at four
intensities: 0.5, 1.04, 2.39, and 4.22 inches per
hour. At the lowest intensity, nozzles are located on
the corners of 40-foot equilateral triangles, To
obtain the higher intensities, additional nozzles are
activated. The rainfall pattern is quite uniform, with
coefficients of variation frow 18% for 0.5 in./hr. to
less than 3% for 4.22 inches per hour.

Runoff rates were measured with a 1,5-ft.
H flume equipped with a FW-1 stage recorder that has
been modified to attain a complete drum revolution in
30 minutes. Time on the analog chart can be read to
5 seconds, :

Experimental runs were performed at each of four
intensities. Each run consisted of two parts: an
equilibrium run to establish the steady-state input
rate, and a partial equilibrium rum.

The Chezy C was estimated from the equilibrium
run data in the following manner. Woolhiser (1969)
presented the following dimensionless equations for
recession from equilibrium for flow on a converging
surface,

Q*=xo[2-(1-r) xo]
“(1l+rx)

(39)

2N-1

28-1

-1 ——

oy oo 0

) (w-n (-0 §x (2o x JINE
o [ N

Where Q,

(40)

1s the dimensionless discharge, r

is the convergence parameter, X, is the origin of

the characteristic, tj

inflow stops until a characteristic originating at

Xy g intersects the downstream boundary x = 1,

and N 1is the exponent as defined in equation (3).
+he dimensionless recession hyd (graph can be ~»*-»j .2d

by substituting values of X, (0<x6<1)

tions (39) and (40). This hydrograph 1s shown in
Figure 17,

~is the time after lateral

into equa-
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Figure 17. Dimensionless recession hydrograph.

I1f we assume that the kinematic model with a
constant C 1s adequate for the converging section,
we can estimate the normalizing time T° from the

experimental recession from equilibrium and the dimen-

sionless recession curve. On Figure 17 t; = 1 when
Q,=0.76 , t; =2 when Q, = 0.46 and t; =3

when Q, = 0.26. Let the time after lateral inflow

is SCOppéd until the appropriate dimensionless out-
flow is reached be t . Then an estimate of To
*

is given by

-3
'}
Wl

E.76 * 1o T 1 (“o.zeﬂ (41)

Now T° is defined as the time required to

traverse the distance Lo(l—r) at a velocity of Vo

where VO is the normal steady state velocity at the

downstream boundary. From equation (3)

N-1
v o=aNq ¥ =Log-r
[ [s) T )
[»]

(42)

Recalling that « = C/S for the Ché;y formula-
tion and N = 3/2 we obtain

L 3/2
C =] _o(l-r)| . %3
To VE Qo



The converging section was approximated with a
five-plane cascade with dimensions as shown in Figure
18. The Lax-Wendroff method was used in the numerical
chlculations and five partial equilibrium cases were
simulated. The characteristic method was also used
for comparison. Results of the simulations for two

_partial equilibrium runs are shown in Figure 19 (a)

and (b). In both cases the computed peak rates were
higher than the observed peaks, but this was not the
general case., In two of the five cases simulated,
computed peak rates were less than the observed rate.
In general, the observed hydrographs rise more slowly
during the initial stages than do the computed hydro-
graphs. Although analysis has not proceeded far
enough to explain this discrepancy, it could be
accounted for by any one or a combination of the
following:

&))
1€))
3

Flow is initially laminar
A stilling-well lag

Interception losses occur so that only part
of the area contributes initfally,

The timing of the peaks agrees very well and the
recession hydrograph is accurately simulated by the
kinematic cascade.

Additional analyses of experimental data will be
required before definitive conclusions can be reached
but it appears that the kinematic cascade adequately
simulates linearly converging overland flow over a
butyl surface. By induction we might assume that the
cascade could simulate more complicated converging
flow situations.

W, = 208'

W,=162"

sizsza...

+ 48,2005

Figure 18,
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Cascade approximation of coanverging section.,



08

Q (iph)

Q (iph)

0.6

04

0.2

16

14}

08
06

04

02

Input Duration Run No. 30

—71 —o— Experimental
Characteristic

4 - 5-Plane Cascade
1.038 iph for 80 sec.
€=35
Butyl Surface

i | 1 1

A I 1 1 . ) | | L I ]
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
t, sec
(a)
Input Duration | Run No. 3|
' i . —o—— Experimental
) . Characteristic

a 5 Plane Cascade
239 iph for 75 sec
C= 40

AButyl Surface

oL | | { 1 ] 1 1 L ] I ! | ] -
20 40 &0 80 100 120 140 160 80 200 220 240 260 280 300 320 340
: t , sec '
(b)

Figure 19, Comparison of kinematic cascade results with experimental data,
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Chapter VII

SUMMARY AND CONCLUSIONS

‘It was hypothesized that the kinematic cascade is
an appropriate mathematical model for describing the
dynamic behavior of surface runoff. The mathematical
properties of the kinematic cascade were first inves-
tigated. Solutions obtained by the method of charac-
teristics were used as standards of comparison in
examining other finite-difference schemes. The appli-
cation of the kinematic cascade to complex watersheds
was investigated by comparing cascade solutions to
exact solutions and to experimental observations for
flow on a linearly converging surface.

The fdllowing conclusions may be drawn from this
study,

Mathematical Properties of Kinematic Cascade

From the results obtained for both full and par-
tial equilibrium flow conditions, it is evident that’
the abrupt increase in discharge produced by the shock
can be severe, particularly for high Ps values. The

results of the 2-plane cascade tests demonstrate that
the velocity of the shock, and therefore its path in

the x-t plane, is dependent on the parameters P

2 which are computed from the physical specifi-

cation for a given plane in the cascade. The shock-
parameter, Pa , has been shown to be most closely

and o

related to the strength of the shock and therefore
influences 1{ts celerity or relative velocity. The
slope-parameter, @, , on the other hand, governs the

velocity of the flow immediately downstream of the
shock. Hence, the absolute propagation speed of the
kinematic shock is related to the two interdependent
‘parameters, oy and Ps .

While the shock-wave phenomenon may arise under
certain highly selective physical circumstances, it is
looked upon in this study as a property of the mathe-
matical equations used to explore the overland flow
problem rather than as an observable feature of this
hydrodynamic process. Nevertheless, the tendencies

21

toward shock formation inherent in the kinematic wave
approximation to the shallow-water equations have been
ignored in recent investigations using this approach.

Solutions of the kinematic equations in the pre~
sence of shocks were obtained by three rectangular
difference schemes to evaluate errors of approximation
attributable to various finite-difference methods.,

The three methods studied were the upstream-differen-
cing method, the single-step Lax-Wendroff scheme, and
the four-point implicit scheme used by Brakensiek.

Of these three methods, the Lax-Wendroff scheme yielded
the best approximation to the exact solution obtained
by the method of characteristics. The smoothing effect
of all rectangular methods in the shock-affected

region of the hydrograph was clearly visible and, in
general, the hydrograph peak was reduced and delayed

by as much as 20 percent for the first-order schemes.
The significance of these errors requires further
study.

Applications of the Kinematic Cascade to Complex

In order to investigate the lumped errors associ-
ated with both the finite-difference scheme and the
kinematic transformation of a watershed surface, kin-
ematic cascade hydrographs were compared with the
exact solutions obtained for flow on a linearly con-
verging surface. Results of this application indicate
that the kinematic cascade effectively reduces geome-
tric complexity and accurately simulates overland flow
derived from rather complex watershed sutfaces. Inves-
tigation of the effects of changing overland slope on
the outflow from the kinematic cascade revealed a
strong correlation between the general shape of the

‘rising hydrograph and the profile of overland slope

for the cascade.

Although additional analysis of experimental data
will be required before definitive conclusions can be
reached, it appears that the kinematic cascade accu~-
rately simulates linearly converging flow on an
impervious butyl surface.
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APPENDIX A

Derivation of the Shallow-water Equations

Introduction

The flow of surface water over a uniform plane or
in a channel is classified as spatially varied and
unsteady. Accordingly, the basic equations of the
kinematic model designed to simulate the surface run-
off process are derived from the principles of conser-
vation of mass and momentum. The derivations presented
in this section follow the development in standard
hydraulic references treating spatially varied unsteady
flow. The dependent quantities are the local velocity,

u , in fps and depth, h , in feet. The independent
variables are the space-time coordinates, x in feet
and t in seconds, respectively,

Continuity Equation

The sketch of Figure A.1l illustrates the variables
used in deriving the continuity equation for a plane
or channel element of arbitrary cross-section having
one-dimensional flow. The continuity equation written
over a time increment dt for the element of fluid
shown in Figure A.l is:

(A.u + q.dx) dt - (A + % %) (u + -23 dx) dt =

(inflow) (outflow)

24 dt.dx (»;-1)

. at

(change in storage)

"q=Lateral inflow

Width
: / cfs/ft length

L W=W(h) _

A=areq

Figure A.1 Definition sketch for continuity equation.

Cancelling the product A.u , dividing by dx.dt ,
- and neglecting the higher order products, equation
(A-1) becomes:

Eﬁ + Afﬂ + uEﬁ = g (A-2)
ot ox ox

23

For channels of triangulér or rectangular cross-section,

the area can be expressed in the form:

A = bh" (A-3)
The constants b and m are equal to the width, W ,
and 1 , respectively, for a rectangular section, and
equal to the side slope, Z , and 2 , respectively,
for a triangular section. Substitution of (A-3) in
equation (A-2) yields the following relation:

b-m-h‘“.1 EE + ben™ 33 + l:t-m-l'nm-1 qzz = q (A-4)
ot ox X

In the case of a wide plane or channel, equation (A~4)
can be written as:

EE + uEE + hEE =q
at =34 X

(a-5)

Equation (A-5) is the one-dimensional continuity equa-
tion for surface flow over a wide plane or channel,

Momentum Equation

An element of fluid réceiving lateral inflow in
cfs/sq.ft. is shown in Figure A,2. Newton's second

/'fq= Loteral inflow cfs/f12

Figure A.2 Forces acting on fluid element used in
deriving the momentum equation.

law is written for the l{orces acting in the x-direc-
tion, where x 1is measured downstream. The lateral
inflow has a velocity component, v , in the x-direc-

tion. The basic equation to be satisfied is:
IF_ = m du+ m dv (A=6)
LB T I



where m_and m
8 ’

1
main stream and lateral inflow, respectively.

Forces acting in the x-direction on the element are

the following:

(1) The weight component acting in the downstream
direction,

Wt-sine = yA 8in@ dx =yA 5, dx

where vy 1is the unit weight of water and S
the bed slope;

2

The hydrostatic force acting to the right of the
centroid of area

E= YEA,

where h is the distance from the water surface
to the centroid of area A;

(3) The hydrostatic force acting to the left at the
" ‘centroid of area .

r o+
P 3x

Fp ax
ax

dx = Yih +

Liggett (1961) has shown that the hydrostatic pressure

JF
differential, 5;2 dx, is given by
aF
P 4x = A 22 ax:
3% Qx YA 3% dx; and

(4) The friction force retarding the flow

= -yA S_ dx

Fe £

where Sf is the slope of the energy line,
Hence the basic equation (A-6) may be written as

ah

3% -7

= YA S, dx - vyA S dx - yA ==

The momentum changes on the RHS of equation (A-6)

may be evaluated as

du 1 du
T g,YAdeE
- Ju  pu  dx
=vA dx(at + 3x ° dt
= EYA dx (ﬁ_ +u a—) (A-8)
dv 1 -
® 3¢ © P vg dx dt (: V)
t
1
E vy q (u-v) dx a-9)

are the masses of water in the
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du

where at

g 1is acceleration due to gravity and

is interpreted as the total derivative of a
particle along its stream path.

Combining equations (A-6), (A-7), (A-8) and (A-9)
yields the momentum expression:

\(ASodx-’yASfdx-‘yAahdxvslyAdx(——-i- ug‘i)

+ é ¥q (u-v) dx (A-10)
Dividing (A-10) by é YA dx and re-arranging:
Qu 5__ gh - -9g -
SEtuSiteiiess, -5) - Huv) a1

For the case of one-dimensional flow in a wide channel
or over a plane surface, equation (A~11) can be
written:

Hru,

b

B 3x (A-12)

8(s, - 5p) - Fu-v)

Equations (A-5) and (A-12) are the one-dimensional
unsteady spatially varied flow equations applicable
to wide channels and overland flow planes. The
assumptions made during their derivation are the
following: .

(1) The flow is gradually varied so that vertical
components of velocity and acceleration are
negligible in comparison with the components
along the direction of flow,

(2) The pressure on the vertical surfaces of the

" flow element is hydrostatic.

The energy and mémentum coefficients, used as
corrections to nonuniform velocity distributions,
are equal to one.

3

, is small and is approxi-
9.

The channel slope, So
sinf =

(%)
mately equal to

Frictional resistance in unsteady flow is the
same as that for the corresponding depth in
uniform flow so that the friction slope, Sf N

can be obtained by either the Manning or Chézy
friction relations.

(5

Reference is made to publications by Gilcrest
(1950), Chow (1959) and Yevjevich (1961) for more’
extensive treatment of the spatially varied unsteedy
flow equations,



APPENDIX B

Derivation of Lax-Wendroff Scheme

The dimensionless equation for kinematic flow is

ah+ 8t ! an = g
at ox

where 8 = Nk/n

This equation
form:

- kN
bl_\+b_(n ) ~q=0
3t ¥x
Expanding h(x,t+At) in a Taylors Series we
obtain: .

h(x,t+At) = h(x,t) + Atzh + At> 3%h + o(ae)>

ot 2 at2
From equation (B-2)
K N
gh _ & Wwhj -q
at ax

and

2 (‘B"h“) L
3h _3 -3 -qj__3 |3n |+
2 3t | ox X At
3t -
N-1
= .2 |Nk h shf, 39
33 n at at

can be written in the conservation

gh

Substituting the éxpression for 3t given by

equation (B-4) into equation (B-5)

(8-1)
% N W R L (5 h“) -a| |+ 2
at2 X n 3x n At
(B-6)
(8-2)
Therefore:
h(x,t+At) = h(x,t) - At 3 (_lg hN) - q
X n
(8-3)
-
2 -
(B-4) +ac” Ja o |mg't é_(khN)-q + 3q
2 . 3 |n 3% n ' a3t
3 (8-7)
at
Equation (B-7) gives a second order approximation
for h(x,t+At) and is the basis of the finite~
(B-5) difference formulation shown in Table 3.
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APPENDIX C

Stability Calculations

Stability is one of the properties of a difference
scheme that is required before convergence is guaran-
teed. 1In an unstable scheme small numerical errors
introduced in the computational method are amplified
and eventually dominate the solution. Although the
following method of stability analysis is not rigorous
for nonlinear equations, it does serve to identify
those difference schemes that are obviously unsuitable
and it also determines appropriate step lengths for
conditionally stable schemes.

In a linear stability analysis we assume that
instabilities first appear in a very small region of
space so that if the coefficients of the derivatives
are smooth functions they can be approximated as con-
stants in this region., Accordingly, we linearize

equation (11) as shown in equation (C~1) where &k
is a constant.
_N-1

R ]

at + 3x 9 (c-1)
Now at any point j , k the numerical solution h:
is equal to the true solution h(kAt, jAx) plus an
error term 'ﬁlj‘ .

k ~k
hj = h(kAt, jax) + hj {(C-2)

where At 1is the time increment and Ax is the dis-
tance increment,

Because we are dealing with a linear system, we
can consider one term of the Fourier Series expression
for the error term.

n
hm = Hg exp [}(msAx+nyAti] (c-3)

where Ho is a constant, ¢ and Yy are wave numbers

in space and time and i = /<1 . It is assumed that
the errors are perturbations added to the solution of
" the linear system. If we write the linearized finite-
difference equation in terms 6f the correct solution
plus the error terms (equation (C-2)) and then sub-
tract the exact equation, we can obtain a differential
equation in the error terms. This differential equa-
tion is then written in finite-difference form. 1In a
stable scheme the ratio of successive error terms will
be smaller than unity, e.g.,

" X
"7;/“’ !

which establishes a stability criterion.

(c-4)
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eiyAc

Lax-Wendroff Method

The linearized Lax-Wendroff scheme in the error
terms is

okl Kk k Uk )
hj = hj - At {a (h.+1 -1
24x
k k
2 ,.4 ~ -~
- At l ( -2k, +h (c-5)

22 L8 i 3-1)
2 ) A 2

_ N-1

where: a = Nkh
n
1f in equation (C-3) we let m = n = 0 for

point j , k (which we can do with no loss in gener-
ality) we obtain the following

: 4
~ k o~ k+l t
h, =  h =H _ ex iyAt |
§ HO 3 o P Y _]
. _k
= A ; h, = H ex -1lobx
hj+1 H, exp [}aux] s by P [ ]

Substituting these expressions into equation
k

(C-5) and dividing by ?ﬂ

~k

~ ki
/h‘1

By

- ajc

_ bt
=€ 8%

[ 1obx —ich]
- e

1 Ata)z [ iodx _ , . e-ian]
c-6)

with the appropriate trignometric substitutions

= |+ a—~(1 sin abx) + (’_d) (cos ohx -~ 1)

c-n
‘mmst lie
Now the

i
For stability, the quantity e vae
within the unit circle on the complex plane.
real part of equation (C-7) is

At, 2 _
1+ (aA*) (cos agdx - 1)



and the imaginary part is

At X
an ain‘ch .

Squaring tﬁe’real and imaginary parts we obtain the
criterion

2
14+r [%(cose-l) + r2(cos29-2cos6+1) + sinzéJ <1

(c-8)

where r = éA:/Ax and 9 = gAx

Let us consider the most critical condition when the
left-hand side of equation (C-B) is evaluated at the
following values of oAx

obx sin gbx

cos gbx Criterion
0 0 T '1'. . < 1
w2 | 1 0 ll-(ag—;)z + ("—2-}‘;)“ ' < 1
x 0 1| 1-a(alS % 4(3—2&)“ < 1
/2| -1 0 |[1-(38h? +,(£§§)4 i < 1

From the analysis, it is clear that the criterion
stated above is satisfied when

ot 2
(a3

<1
28t

Ax <1

c-9
or . At n

<
Ax Nk; N-1

Equation (C-9) shows that the point k + 1 , j must
lie within the zone of determinacy of the linec from
k,3-1 to k, j+ 1. The Lax-Wendroff scheme
is linearly stable subject to condition (C-9).

Upstream differencing method

When the upstream differencing method (Table 3)
is applied to the linearized equation with the error
terms and the exact equations are subtracted we obtain:

~k+1  ~k at 7k o~k
= - a=—(h h. C-10
AR O €-10)
_N-L
_ Nkh
where: a = Yy
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After substituting the Fourier expressions for the
error terms

eiydt =1 - ags(l - e-ioAx) (C-11)
ax
For the stability we require
At ~iga
Il-aa(l-e il 1

or Il - aﬁi(l - cos oAx + 1 sin odx)

Squaring the real and imaginary parts,

2288 |8t . - :
'1 - Zan Eéx(l cos oAx) + (1 - cos c.ﬁx)] < 1
(c-12)
Upon simplification, inequality (C-12) becomes
apt <" 1+/3
Ax 2
or
At n
ax = 1 (c-13)

2,758k B N°

Brakensiek's four-point implicit method

Using the same procedures outlined above, the
stability criterion for the implicit method is:

At (cos 8 - i sin 8 4+ 1) <1
bx _ At s - At
(1 Ax) éos ] i sin e) (1 + Ax)
which can be put in the form
i8
/y Bt 2 1
2 Bx [} + cose] e
-4
s 1
: io
/é ﬁi 2 [} + cose1 + 2(1-cos@) e 2
J (C-14)

where 6 = olt.

The left-hand side of inequality (C-14) is always
<1 so the scheme is unconditionally stable.
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COLORADO STATE UNIVERSITY
EXPERIMENTAL RAINFALL-RUNOFF FACILITY

Initial Data Anaiyses

The first sériles of experimental runs were perfofmed during Sept.
and Oct., 1969. The primary objective of these experiments was to test -
the hypothesis that the kinematic wave equations are an adequate mathe -
matical model for ovérland flow on a linearly converging surface. A second
objecﬁ,ve was to investigate fhe effect of spatially non-uniform roughness
on the watershed résponse. The experimental runs completed in 1969 are
listed in Table I.

.The mathemaﬁcal model upon which the data analysis is based is
‘the kinematic model for overland flow on a converging surface (Woolhiser,
1969). A definition sketch of the I;)r(_)blem is shown in Fig. (1). The equaiions
describing converging overland flow are:

The continuity equation:

oh 9 uh uh

5t T Tox q+(Lo %) | (1)

And the friction relationship

u=on N (2)

where u is the local velocity, h is the local depth Lo is the radius, q is the

lateral inflow rate and 9 and N are parameters. If the Chezy formula is

used 9 = CYS, and N = 3/2 when SO is the slope and C is the Chezy

~

coefficient.
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Figure 2. Dimensionless Recession Hydrograph.



where Q, is the dimensionless discharge, r is the covergence parameter,

XO is the origin of a characteristic beginning at, the time inflow stops in

the region O< Xo< 1,1 *~' is the timie after 1ateral inil.w stops“ until a
discharge Q"k‘appears at the downstream béundary and N is 3/2 for the Chezy
equafion. This recession hydrograph is shown in Fig. (2). In Fig. (2)

note that t,' =1 when Q, = 0.76, t,' = 2 when Q, - 0.46 and t,! = 3

when Q;_c = 0.26. Let the time after lateral inflow stops until the dimension-
less discharge Q, is rgached be designated as tQ*' Then an estimate 6f

T, is given by the average:

T, = 1/3 [t0'76+ (%) tg 46 + 1/3) . 26] (7)

- Normalizing times were computed using Eq. (7) and the experi-

mental e(juilibrium hydrographs were normalized on this basis.\ Non-dimensional
experiméntal hydrograph are compared with the solution to Eq. (3) in Fig. 3(a)
and 3 (b). Agreemeént between the hydrographs appears quite good, however,
the Ch(;zy parameteréstimated from Eq.‘ (4) appears not to be constant de-
pending oﬁl_y upon the surface characteristics but appcar to vary with the '
equilibrium flow rate (sce Iig. 4). This mdy be an indication that the
Chezy formulation is not appropriate over the range of intensities tested.
Undoubtedly flo(v is initially laminar for all cases and may become turbulent
over a substantial portion of the surface as flow rates increase. The NManning
formulation méy give a more accurate representation for the rough surfaces
and this formula will be used in future analysis.

The data analyvsis reported herein are not complete so no definite
conclusions can be made, Howéver, it appears thrt the Kinematic Model

is accurate for the converging flow case with a slope of 5% . The problem



of estimating roughness parameters is an important one and will be
investigated throughly. The size of the experimental watershed makes
it uniquely suitable for studying effects of sbpatially variable roughness.
The results from the exploratory studies on effects of spatial variations

in roughness will-assist in the design of new experiments for next summer.,

—_—
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Configuration

3

Buty! Surface

Triangular Board
Ridges Covered with
Butyl Flap

Openings in Artificial
to “Allow Flow

Configuration 4

Ridges

' ! Butyl Surface Plcshc

Flaps for R:dges Laid
Down -

Configuration 5

Configuration 6

Upper 30' Covered
with Gravel
10 #/ydz.

Lower 80' Covered
with  Butyl

2

Configuration



Upper 70" Covered
with Grav_el
10 # / yd?

Lower 40'
Covered with
Butyl

Configuration 8

Upper 104" Covered

with Gravei

\ IO #F /yd?®

N\
SRS

\ |

v
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BUtyl Surface
Lower 4

L:.ternate Sirip
Pattern of
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20 #/ydz
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Configuration ||
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20 # / yd?
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TABLE 1

Colorado State University
Experimental Rainfall-Runoff Facility

EXPERIMENTAL RUNS COMPLETED

Run No. *Configuration Surface ! Intensity Duration-Secs. Remarks
3A 1 ' Butyl RYBG 300 Nozzle Pressure
35 i RYBG 45 variation signircfi-
RYBG 600 cant factor.
9 R 30
‘ R 60
, ' RY. 60
1 .~ Butyl RYG 60
R 60
RY - 60
10 R 30
. RYB 60
1 Butyl RYB . 60
- RY 60
R 60
LA G 3é§ Few secs of B rathe
1 Butyl G than G at start of
11p 920 11B.
12 1 Butyl g 988 Smph wind
13 R 10
~ R 60
1 Butyl RY 60
) RYG 60
RYB 60
14 3 R 20
RYB 60
1 -Butyl RY 60
3 RYB 60
15 R 15
‘ RYB 60
1 Butyl RY 60
RYB 60
16 2 Butyl RY 300 Windy day; test
' stilling well lag
L7 Y 135
Y 600
2 Butyl | Y 20 .
' Y 45
Y 15
v

300




1

o *Configuration Surface "Inteasity Dura tion-Secs. Remarks
i3 RY 30
: RY 300
2 Butyl RY 75
RY 300
LY RYG 20
RYG 330
RYG 60
: RYG 300
20 RYGB 10
‘ RYGB 300 ,
2 Butyl RYGB 60 Very poor response.
RYGB 300
21 T RY 35
RY 300
3 Butyl RY 75
RY - 300
22 RYG 22
3 Butyl RYG 300
RYG 75
23 RYGB 14
3 Butyl RYGB 300
RYGB 75
24A RY 30 Problem with storage be-
RY 720 hind the becrder; -should be
24D A Butyl RY 30 filled with the wet down
RY 300 stage. Board ridges cover-
24C RY 30 ed with butyl flap &
RY 720 center opening.
25 RYG 20 Board ridges covered with
4 Butyl RYG 720 Butyl flap & center
RYG 1206 opening.
26 R 20 Plastic flaps laid down.
5 Butyl R 360
R 20
R 90
27 RY 30 Plastic flaps laid down.
5 Butyl RY 360 ’
"RY 90
28 - RYG 20 Plastic flaps laid down.
RYG 300
5 Butyl RYG 10
RYG 75
79 R 85 Pplastic flaps laid down.
R 300
6 Butyl R 15
R 90




C Bun No. *Configuration Surface "Intensity Duration-~Secs. Remarks
L 6 Butyl RY 360 wind calm.
RY 90
31 RYG WG Surface wet
' 6 Butyl RY 75 evaporation no wet
down.
32 RYBG 300 No wet down needed
6 Butyl RYBC 45 :
B . i 1
j33 7 Gravel & g 438 ?g;yengor top‘30_
Butyl y : '
: ]
g : Geaver s & 30 Gravel, for top 30
Butyl . Y
35 RY 25 Gravel,for top 30'
- 7 GRavel & RYG 360 10#/yd?
- Y RYG 75
- . , ]
.36 7 Gravel & RYBG 10 %;‘;e;zf"r top 30
Butyl RYBG 240 J
; . RYBG 45 -
T g E ¥
‘37» 8 Gravel & R 420 ?g;yeézfor top 70 .
Butyl R 120 y |
38 ) RY 60 Gravel,for top 70'
8 Gravel & 2
| v Butyl RY 120 10#/yd o L
39 _ : RYG 360 Gravel, for top 70'
8 Gravel & 2
Butyl RYG 90 10#/yd |
40 RYGB 300 Gravel,for top 70'
. 8 Gravel & 2
Butyl RYGB 60 10#/yd |
41 R 0120 IO#/yt:l2 for top 104"
2 Butyl & R 120 Little or no wiad.
i Gravel
42 9 Butyl & RY 480 10#/yd™ top 104
' Gravel RY 120 R
2
43 9 . Butyl & RYG 360 10#/yd”™ for top 104°
_ Gravel RYG 90 wind calm : -
AT Butyl & RYGB 300 10#/yd”~ for top 104 ¢
e 9 Gravel RYGB - 60 Run ‘fouled up ° - i
448 RYGB 60 SR
45 RYG 365 partial that be;:omes '
10 B;:Zte? RYG 720 equilibrium =~ . -
: RYG 210 ' :
46 10 Butyl & RYBG 300 I
' Gravel RYBG 90
<47 - 10 Butyl & RY 360
‘ : Cravel RY 120




4

Remarks

Rt *Configuration Surface lIntensity Duration
48 10 Butyl & R 420
Gravel R 120
49 1 Butyl & RYG 720
Gravel RYG ¢
50 1 Butyl & R 420 " Repeat partial equili-
‘ . Gravel R 120 brium
R 120
51 1 Butyl & RY 360
Gravel RY 120
52 1" Butyl & -RYBG 305
Gravel RYBG 90
53 12 Butyl & R 540
Gravel R 120
54 Butyl & 'RY 360 ,
12 Gravel RY 10 wind calm
RY 120
53 12 Butyl & RYG- 10
Gravel RYG 300
RYG 10
RYG 90
56 12 Butyl & RYGB 10
Gravel RYGB 300
RYGB 90
57 13 Butyl & R 420
Gravel - R 120
i Gravel ‘RY 360
o RY 120
59 13 Butyl & RYG 10
Gravel RYG 300
i RYG 90
60 13 Butyl & RYBG 30C
: Gravel RYBG 90
)i
61 1% Butyl & "R 540
. Gravel R 120
62 % Butyl & ‘RY 420
‘ Gravel RY 120
.63 1% - Butyl & RYG 420
Gravel RYG 90
64 % Butyl & RYGB 4207
Gravel RYGB 90.
65 5 Butyl & TR 480
: Gravel R 120




1
"Intensity

Runr No. *Configuration Surface Duration Remarks
6o 15 Butyl & RY 360
Gravel RY 120
67 15 Butyl & RYG 420
Gravel RYG 90
68 15 Butyl & RYGB 420
Gravel RYGB 90

¥ See uttached Configuration sketches at end of Table 1.

! gee attached coding Table 2 at end of Table 1.

Coding Scheme for Rainfall Intensity

CODE

RAINFALL INTENSITY

Approx. 0.5 inches per hour|

RY

Approx. 1.0 inches per hour

RYG

Approx. 2.0 inches per hour

RYGB

Approx. 4.0 inches per hour




liquations (1) and (2) can be combined by e¢liminating u and written in the

inllowing dimensionless form:

: - N-1 N
Oh* oh* (1-r) hx*
ptw - * NhF S +[1-x* Y1-1) ] (3
where
he = D/H, o ST
and
. - aL (1-p
q* = ql__ = o
90 - Ho Vo

The normalizing quantities are defined as follows: Ho-is the normal
steady-state depth at x= Lo(l—r) Vv, is the normal steady-state velocity at

x= T, (1-r), and L _(1-1) is the length of the converging section.

l'~jL]L1atioxl (”") has ouly one parameter, r, which is related to the c{egi‘eeze

ut convergence. This indicates that when r is constant and if the kmema’cu.
model is adequate there will'be a unique equ111br1um hydrograph if expe mmental
data are normalized by dividing the dlscharge by the steady-state discharge

«nd by dividing the observed time by a normalizing time tye The nor'mali‘ziug r
time will be chosen such that it minimizes an error cr1ter1on between obser-‘
Ve d and computed dimensionless hydrographs. In choosinﬂ such an optimized‘.
t, we are in fact obtaining an optimized estimate of the Chezy parameter C |

e}
through the t‘ollowing relatmnsh ip:.

L, (t-1) 32 - 1/2

(5. Q)

. o %o .
T, . o R




Where Qo 1; the steady-state discharge per foot of width at the
butlét. |

Two sets of experimental runs with different roughness but the
Qame value of the pai‘ameter r have been analyzed so far. The series

- with a smooth butyl surface are8B, 26, 27, ‘and 28, The second series, runs

414, 427, 43A, and 44A had a uniform layer of 1-1/2 diameter gravel spread over
the butyl surface at -a rate of approximately 10 lbs.per square yard. |
E-xperimentél, runs were performed at each of four rainfall intensities

and consisted of two parfs: an equilibrium run to eétablishec_i the ,steady-‘
state input rate and a partial équilibrium run, Each run was

started with approximately the same initial condition by turning on the
sprinklers for a short time to wet the surface before each fest began.
Because of the rapid response of the system, acéurate ti_rﬁing is of utmost
importance. Although the stage recording equipment at the H-flume |
measuring device had a time resolution of five seconds some of the early
runs were subject to substantial timing errors becaluse of procedura'l
prbblems. These problemé wé.i'e eliminated after sufficient experience
was gained and are not presenf after the first ten runs.

To was‘estimatec‘l from the recession side of the‘equilibrium
hydrographs in the following manner. The discharges were first normalizec
by dividing by the steady state discharge. The analytical recession froxﬁ
équilibrium can be obtaiﬁed in the following-parametric forrﬁ .

X, [z~(1-r) Xo] | . »
(1+7r) a - (5)

N-T 2Nl z.N_m.,

g Y- xe N o N ]
te! =(—-3{-l—-) ~EN-1) (1(-1‘)? (XZ*"z—(i-r) \o]} i\z‘\-;‘l" B (6)
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