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ABSTRACT 

EXPERIMENTAL INVESTIGATION 

OF SMALL WATERSHED FLOODS. 

An outdoor experimental rainfall-runoff facility was constructed at 

Colorado State University. Initially the watershed cons i sted 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 COV'ering with 

a sheet of butyl rubber. The rainfall is simulated by overlapping sets of 
I 

rainfall patterns from 164 sprinkler heads set at 10 fee t 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 recorder. 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 t he flow can no longer 

be characterized as laminar. Research work is continuing. 

Schulz, E. F., and V. M. Yevjevich 

EXPERIMENTAL INVESTIGATION OF SMALL WATERSHED FLOODS 

KEY wORDS: - *Rainfall-Runoff, *Hydrologic Models, *Rainf all Simulator, Hydrology, 
Surface Detention, Experimental Watershed, *Ki nematic Wave Theory, 
Kinematic Cascade, Laminar Flow, Turbulent Flow. 
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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 
I 

facility has the benefit \of a moderate amount of support fro~ the Agri-

cultural Research Service, an<l the Department of the Army. The matching 

funds have been provided through the Colorado State University Experiment 

Station. 
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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 watersheds . 

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. 
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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 around 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 nozzles 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 f inal design was based upon overlapping patterns 

from sprinklers equally spaced at 40 foot a distance. Higher intensities 

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 
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aluminum supply lines were spaced at 17.5 - foot intervals along the long 

axis of the watershed. Additional 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 rainf all 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 

flow 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 represented 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 intensities have been difficult to interpret because of 

stilling - well lag 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 
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modified and improved to eliminate these uncertainities and some of the 

data will be repeated during the coming season. A sunnnary of the other 

runs is included in the report presented as Appendix II I . 

CONCLUSIONS 

The facility has been i n 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 of 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. 

/ 

I 
I 
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CONSTRUCTION OF AN EXPERIMENTAL RAINFALL-RUNOFF FACILITY 

Chapter l 

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 sufficiently great that manr attempts have been 

made to utilize laboratory experiments in the study of runoff processes 

(l ,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 could 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 pf extra­

polating results from a 11model 11 catchment to a natural catchment have 

discouraged the use of rainfall-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 problems that can be studied on the experimental facility have 

been presented 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 small catchments. 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 the stori ng of these data 

on punched cards and magnetic tape for ready use and distribution, and, 

(ii) Theoretical studies of the relation between 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 i n 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 rainfall-runoff experimental facility was established in the early 

1960 1 s as a part of the th ree-phase approach to the study of floods from 

small watersheds. Although the rainfall-runoff simulator was originally con­

ceived 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 

potential 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 fac i lity and requirements that such uses place on 

the facility. 

All 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 simulated event 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 
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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 i n general are variable 

in either space or time or both, in a rainfall-runoff simul'ator, any one or 

all variables can 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 variable, since it will avoid the necessity of 

developing an_d using "average" or "index" measures of variables, or sampling 

variables across t he 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 led 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 against which 

the results of rainfalls of varying degree of non-uniformity can be compared. 

Variability. An obvious 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 otherwi s.e of a variable within a 
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test, which 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, bu t it is important to be 

able to vary its value or average value over a wide range in 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 mpossible 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, 
t 

as is usual, the 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 hydro1ogic records. Since, with an artifical rainfall simulator, 

it is not necessar; 1to wait f~r natural storms to occur, a large body of 

data can be obtaineq in a short time. This is an important advantage of 
I 

the use of simulated ~v~nts. 

Convenience. The location of the experimental facility at the 
, I 

Engineering Research Center makes workshop, laboratory, storage, office and 
I 

data digitizing f~c1l ~ties readily available. The faculty members can 

supervise and monitor ihe progress of experiments during each day. Continual 
- . " . 

contact can be ha~· w t h the experimental effort. 
' ' 

REQUIREMENTS FOR FA~J bITY 
., 

The requirement $ for the experimental facility may be presented in 
' 

I 

three general clas es: (1) control of rainfall, (2) measurement of variables . ' . 
and (3) modificatiqn 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- runoff simulator. This 

is the characteristic that distinguishes the facility from experimental water­

sheds. The basic requirements of the artificial rainfall are areal uniformity 

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 completely 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 identical 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. 

For 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 rainfall should approximate the 

spectrum of impact energies of natural raindrops. This will be difficult 

to achieve over the full range of input intensities. 
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2. Measurement of Variables 

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- from the control specifications. Since the 

control is 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 location 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 will 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 requtrement of the rainfall-runoff experimental facility 

is the abiliy to vary the b asin paramet ers in a controlled manner. The 

shape of the basin and the stream configuration represent large scale 

paramet ers that can pe varied, and the surf ace roughness and det entio n 

characteristic s represent more readily variable parameters. The 

large sc ale parameters will be modified by using earth-moving equip-
, 

ment to reshape the pasin, so U1ey will be varied less frequently than 

the other variables, · . 

The major potpts that should be recognized in scheduling para­

meter variations are (a) that the research plan should be designed so 

the more easily varied parameters are modified as much as possible 
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before the major features such as shape and strea m network are 

changed; (b) that the ranges and step sizes of paramete r variations 

should b e adjuste d as experimental data clarifies the relative signifi­

cance of various factors; and (c) the processes m ay b e more readily 

evaluate d if they can be physically isolated in the basin. 

PRELIMINARY STUDIES OF FEASIBILITY 

The initial investigations of th e concept of the expe rimental 

facility were supporte d by the Colorado Agricultural E xpe riment Station, 

now calle d the Colorado State University Expe rim e nt Station. Thes e 

efforts included the selection of the location for the facility, the r e vie w 

of literatu r e conce r ned 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 determine d on the 

basis of water supply, shop, office and automatic analog-to-digital 

data conve rsion facilities. All of the se faciliti es a re readily available 

at the CSU Engine ering Research Center, Foothills Campus. A site that 

could contain the one -acre facility was available adjac e nt to the Res e arch 

Center and was selected. The wat e r supply for the hydrologi c and hydra ulic 

facilities comes from Horsetooth Reservoir, beside which the Engine e ring 

Research Center is located. A 36-inch supply line brings an ample 

supply to the facilities. 

The literature review on rainfall simulators revealed that 

, simulators have been used for a number years for erosion and infil­

tration studies and for small-scale laboratory experim e nts in overland 

flow. No system was found in the preliminary r e views that could be 
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efficiently adapted to the proposed facility. A tentative design based 

on large fog nozzles mounted on towers was formulated during this 

pcri od, but a continuing review was made of othe r 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 19G6 the Department of the Interior, Office of Water Resources 

Research, 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 obj e ctive s of the experimental facility. conducting preliminary 

design studies and installing the major facilitie s, 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 f~ility. 

A 26-inch diameter main ran past the site of the facility carrying water 
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from the 36-inch main to the Hydrom achinery 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 experim ental runoff area 

except at the upper end where it had to cross the area. Thus, wh atever 

rainfall system was later installed 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 10-inch line or to 

control the pressures in the line by diverting part of the flow 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 decision, 

it was decided to study the shapes and slopes of actual watersheds for which 

data were available. 

Sixty-one small watershed were studied to determine a represen­

tative shape. For the initial geometric shape of the Facility it was 

decided to compromise between the results obtained in the survey of the 

small watersheds in nature and the natural shape of th e selected Facility 

site. Furthermore, it was decided to simplify the initia l shape and 

drainage characteristics as much as possible. The less complex the 

geometrical shape of the basin, the l ess difficulty will occur in data 

analysis. The shape selected 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-i nch supply line had been installed. The slope3 were broughtapprox­

imately to their design values so that settling could t ake place before 

the final adjustments were made. 
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The tests of rainfall systems during Phase i were related mainly 

to noz z les that could be used in the tower system. A number of tests 

were performed on individual nozzles under varying wind conditions to 

determine the distributions of intensities. The testing program will 

be discus sed more in Chapter 
0

2. A rotating head was designed to 

provide a more uniform spatial distribution with the nozzles. The 

inte nsities of rainfall that would occur with several of th e towers operating 

were rather high, so alternative systems were still being considered. 

The necessary prerequisites in the op:raion 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 th e 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-flum e 

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. 

10 
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OWRR GRANT-PHASE 2 

The second phase of the construction of the expeJ'imental 

facility was fundec: under a two -year matching g ·ant by OWRR in 

1068. The level of funding was less than had originally b~n planned 

fo r, and therefore only the upper conic section cou l d be developed 

to demonstrate the use of the facility . 

The primary emphasis during the first year of Phase 2 was 

on the selection of the final rai nfall system . Two alternatives to 

the tower system were examined. One was the use of large irrigation 

guns located outside the catchment area. These guns left the area 

free of ob s tructions, but had si.gnificart disadvantages that led to the 

r e j ection of this approach. The second alternative was based on 

small- diameter a luminum irrigation pipe with small sprinl<1ers , 

such as are used in lawn sprinkler systems . A number of sprinklers 

were investigated, and one was found that performed ace cptably. The 

individual nozzles were tested, in the laboratory to determine the 

distribution of intensities . A computer program was the n used to 

s imulate the operation of a number of nozzles with overlapping 

patterns. A coefficient of variation of about 10% was found to be 

µossible for a range of intens ities from 0. 5 to 4 inches per hour. 

A pilot system was field tested and found to be satisfactory. The 

full system for the upper conic section was installed during th e 

second summer of Phase 2, and an initial set of experiments were 

r u n du ring t h e fall. 

During Phase 2, a coope rative effort by the Department of 

Agriculture , Agricultural Research Servic e , became a part of the 

experimental research. This cooperation included professional 
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and graduate research assistant work on the development of the 

facilit y and provis ion of eq·.1ipment such as chart-recording gages for 

rainfaJl and streamflow. The chart-recording gagt;S provide 

immediate graphical presentation of data to supplement the digitiz ed 

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 cos t. However, the 

availability of a quantity of butyl on surplus made it economically 

feasible to us e . Th e upper conic area was, therefore, covered with 

butyl after thl· final shaping was performed. 

The capacitance rair:.gages, 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 

enamel. 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 A RS. The 

tests varied the area of the catchment contributing runoff by (a) separating 

off a 30° sector, giving data from 30°, 90° and 120° sectors, and (b) 

by using shorter radii than the 110-foot radius of the basic sector. 

In addition, a series of tests was run with small-size gravel providing 
, 

roughness and surfr.ce detention effects . 

The following chapters of this report describe the development 

of the major compone nts of the 'experimental facility in more detail. 

Chapter 2 discusses the rainfall system , Chapter 3 presents the instru -



mentation for measuring rainfall and runoff and Chapter 4 discusses the 

shapes and surface treatment of the facility. 

POTENTIAL APPLICATIOHS 

The experim e ntal facility has potential, not only in studies of 

watershed response as reported in Chapter 5, but also in other investi­

gations. Two such uses are included in research that has already 

been funded thi s 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 we ll . 

The potential of the rainfall-runoff facility . is indicated by the nature 

of the research that has a ready begun to develop around it. The results 

from these initial studies will ~timulate additional research 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 peglected. 
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Preliminary Studies 

Chapter 2 

ARTIFICIAL RAINFALL SYSTEM 

The artificial rainfall system is such an important part of the 

experi mental 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 simulators in l~boratory 

studies of overland flow and field studies of erosion and infiltration. 

basea on this review the following factors were considered to be 

i mportant in the design of the system: (1) distribution of intensities 

in time and space, (2) distribution of drop sizes compared to the drop 

s ize distribution of natural rainfall, (3) cost of constructing the 

system, ( 4) convenience and fl exi bi l i ty of the system in pro vi ding a 

variety of inputs under a range of field conditions and (5~ the degree 

of interference with access to the catchment and with operation of 

other hydraulic facilities at tH e Engineering Research Center. 

The intensitie·s and drop s;zes are related because large nozzles 

tenu to produc~ larger drop ?izes and higher intensities, whi le smaller 
I 

nozzles can generally provide more uniformity and greater flexibility 

in the choice of intensities. A number of indices of the uniformity of 

rainfall have been described in the literature. For the purpose of 

comparing different systems, th~ coefficient of variation of the spatial 
'i, 

distribution of inten~ities was used. The criterion for acceptance of 
',, 

the uniformity of an 1nput wa~ set as a coefficient of variation less than 

0.10 over the r&nge qf intensiti~s to be used for the rainfall tests. The 
I 

criterion for dror sizrs is more difficult to specify. The point of 

interest is the ~istributi on ~f impact energies for erosion. The effect 



of ra i nfa 11 i s modified by the protective influences of na tura 1 vegeta­

tion an d the overland flow water depth in natural watersheds. Another 

f actor t o be considered in selecting the rai nfall sys t em is the sensi­

t i vity of the input to wi nd. The facility will be subj ect to a certain 

amoun t of wind at all ti mes. If the system is hi ghl y sensi t ive t o wind, 

t here will be more ti mes that the facility must be shut down and there 

will be more difficulty in reproducinginput patterns. 

Combining the criteria for the rainfall system with the study of 

si mulators that had been used previously led to the selection of three 

types of rai nfa 11 sys terns for further study. A sys tern of fog nozzles 

on towers about 30 to 50 feet high was the first system investi gated in 

detail. The second type of simulator was the large-diameter irrigation 

gun system that has been used for irrigating large fields. The third 

syst~n 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 

su pporting structure, but a modification of this type was found to be 

feasible and was given further testing. 

Fog Nozzle, Tower System 

The syste111 ut ilizing fog nozzles of the type used in fire fi ghting 

seemed to offer t he most potential for adaptation to the needs of the 

faci 1 i ty. The first studies \vere therefore conducted with these nozzles. 

A number of nozz les were obtained from government surplus and laborator y 

studies were perform ed to determine the flow characterist ics of the nozzles 

under variou s line pressu r es . The head loss through the nozzle a nd the flow rate 

at each pressure and at each pos ition of the nozz le, fro m the smallest 

oµcning to the fu ll open pos ition, were determined. It was fo und that 
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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 a 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 l. A framework on the right side of the figure provides 

support 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 through 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 nozzle was oriented at various 

positions from horizontal to vertical to provide varying trajectories. 

Examples of the test results from three of these runs are shown 

in Figures 2, 3 and 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 in the area where the main jet is directed, and a decreasing 

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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Date: Oct 7, 1966 Run No . 4 

Figure 4 Distribution of Precipitation from a Nozzle at 45° from Horizontal 
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The seco nd 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 isohyets toward the top of 

the fi gure from the radial symmetry that would be expected in the absence 

of wind. Note that the higher intensities are less affected than the 

lower intensities. This supports the hypothesis that the higher inten­

sities are in areas that have larger drop sizes. The smaller drops are 

affected more strongly by the wind. 

The 45-degree orientation is shown in the third example. A large 

concentration still occurs in the immediate vicinity of the nozzle. 

Howe ve r, the distribution is more uniform a short distance away from the 

nozzle 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 of 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 

hi gher elevations. Part of this is due to the greater degree of breaking 

up of the large drops into smaller drops as the fall is increased. A 

second factor is the higher velocities of wind that occur at greater 

heights above the ground. The velocity measurements were all made at 

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 lower intensity is 

still shown in these results. 

Another 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 intensity over the original area 

of coverage is not changed much. The increased area covered tends to 

counter some of the disadvantages of increased height, but is not a 

domi na ting 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 gi ves the 

extreme fog effect, which has small drops 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 input. The major disadvantages of both extremes are absent, giving 

the most satisfactory 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 manually. 

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, 
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so the actual distribution should be more uniform than is indicated by 

the se tests. However, the basic characteristics of the pattern will 

persist in the actual system, giving high intensit ies with cons i de rabl e 

local variation. In addition, the best orientation for the nozzles 

change as the wind pat te rn changes. 

Beca use 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 absence 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 an~le 

between horizontal and vertical. The rotating head has been described 

in the prev;ous report and will not be presented in more detail here. 

A pilot system was constructed and operated satisfactorily, under moderate 

wind conditipns, 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 installation ofpermanenttowers on the interior of the 

facility. This restricts the movement of large machines used to change 

the shape of the catchment. Therefore, one of the criteria given extra 

weight int~~ additional studies was to leave the catchment as free from 

obstruction as possible. The system based on large irri gation guns was 

particularly attractive from this standpoint. These guns have been .used 
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in irri gation 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 preli minary study of the system. The first problem was t he 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 variation 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 j et 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 
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were lowered slightly to further reduce the interaction, but the problem 

was not completely removed. 

~ more seri ous 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. L arge concentrations develop at the e nds of th e swe ep . 

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

worsened. 

The above problems, coupled with the sensitivity of the jets to the 

wind, led to the rejection of the rain gun system. The wind effect is 

partly shown in Figure 7, where the lower part of the facility, at the 

ri ght edge of the figure, is receiving no rainfall. The break-un of the 

j et to redu ce other proble ms only intensifies th e sensitivity to wind . This 

sensitivity i_s great est for the lower intensitie s , which would be a frequent 

part of the testing a nticipated on the facility . 

Grid System 

When the preli minary survey of literature was made, the grid system 

was rejected because of the cost of the structural support required to 

hol~ the nozzles and water supply lines above the facility. 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 nozzles raised by sma ll pipes 

to a height of 2 meters. Thus, no additional structural support is 

required. The design that was considered for the experi mental facility 
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Figure 7. Testing of Irrigation Guns 
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Figure 8. Test for Distribution of Intensities 
for a Nozzle with Circular Pattern 
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here at Colorado State University is based on t he use of small diameter 

alwninum irri ga tion pipe supported slightly above the ground and having 

the nozzles raised to hei ght of lO 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 

syster,1 will be presented in 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. (The nozzles that were 

used by Shachori and Seginer were no longer available.) Several sprink­

lers of the type used in lawn sprinkler systems \'Jere found to be worthy 

of further testing. The individual nozzles were first tested in the 

laboratory to determine the distributions of intensities that are given. 

Some 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 determine the intensity patterns. Then the testing was 

shifted to the outdoors to include the effects of wind. The test facility 

is shovm 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 ll. 

The nozzle was operated for a measured length of ti me , usually 15 or 20 

minutes, and the volume of water collected in each of the cans was 

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 of the .nozzles are 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 radial distance 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 meas urements 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 he 

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 completely. 

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 data points on 

the relative grid about the nozzle are converted to the corresponding 

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 ma ster grid intensity ma trix. The average in tensity over a section 

in the center of the overlap area is computed and the coefficient of 
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variation of the intensities in that section is computed. These items 

are printed out along with the master grid intensity ma trix. A summary 

of the averages and coefficients of variation for the last simulations 

before the grid system was designed is presented in Table l. 

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 

circular patterns could meet this criterion for all but the lowest inten­

sities. The performance of the nozzles is better at a pressure of about 

28 psi than at lower pressures. 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 1"'as 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 sho\'IS 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 1-1as O .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 ijS 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 
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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 o. 390 o. 288 

2 o. 783 o. 185 
3 1. 17 2 0. 175 
4 1.560 o. 154 

415C 20 48 1 0. 1G0 o. 311 
2 o. 323 o. 195 
3 0.484 o. 185 
4 0.647 o. 165 

415C 24 48 1 o. 138 0. 260 
2 o. 276 0. 150 
3 0.415 0. 130 
4 0. 553 0. 103 

415C 28 48 1 0. 341 o. 111 
2 0.672 0.0985 
3 1. 01 3 0.0779 
4 1. 343 0.0761 

415C 28 40 1 0.473 0. 137 
2 o. 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 o. 634 o. 104 
2 1. 274 0.0504 
3 1. 907 0,043 9 
4 2. 546 o. 0 294 

75 20 40 1 o. 368 o. 210 
2 o. 738 0. 127 
3 1. 10G o. 113 
4 1. 4 76 0.0838 

75 24 40 1 o. 426 o. 199 
2 0.853 o. 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. 2 38 0.0466 
4 1. 652 0,0366 
5 2. OGG 0. 0365 
6 2. 482 0. 03 33 
7 2. 895 0. 0304 
8 3. 311 0. 0276 
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Table l - Continued 

Pres~ure Spacing Ho. sets p 
Nozzle psi ft Operations in/hr c.v. 

75 27 35 1 o. 547 o. 1 71 
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 o. 824 0. 14 7 
3 1. 235 0. 132 
4 1.648 0. 101 

78 24 40 1 o. 473 0. 186 
2 o. 944 0. 125 
3 1. 417 o. 112 
4 1.888 o. 0868 

78 28 40 1 0. 442 0. 146 
2 0.890 0.0902 
3 1. 337 0. 08 38 
4 1. 790 0 . 0685 
5 2. 234 0.0680 
6 2.671 0.0630 
7 3. 142 0. 06 26 

. 8 3.565 0.0558 
78 28 35 1 0. 707 0. 124 

2 1.419 0. 08 24 
3 2. 132 0.0546 
4 2. 852 0.0402 

78 28 30 1 0.933 0. 149 
2 1. 870 0. 104 
3 2.841 0.0739 
4 3.818 0.0558 
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Tab le 2 PARAMET ERS OF RAINFALL DISTRIBUTI ON 

OF PROTOTYPE GRID SYSTEM 

Average Coefficie nt of 
(in./hr.) Variation 

0.64 o. 199 

1. 19 o. 089 

1. 22 0. 131 

1. 26 0.073 

2. 76 0. 049 

4. 93 0.037 

the hi gh 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 wi ll be of si gn ificance in later studies of erosion processes. 

Therefore, a study of the drop sizes at various distances from the nozzle 

was ma de for the two nozzles that were considered best from the intensity 

distribution study. 
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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 i mpinge 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 hour 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 location. 

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 incre­

ments starting at the nozzle . The pie pand were filled with sifted 

flour, 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 i mp inge 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 sieves all pellets 

were counted but on the smaller sieves, where the number of dro ps was 

n1uch more numerous, only 50 pellets were counted and weighed. However, 

the total mas s on each sieve was determined so that the percentage of 

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

prcg ram is used to determine mp= Mp/n = ma ss of the average pel let . 

Using this value a mass ratio 11 R11 is determined from Figure 2 in Laws 

and Parsons and this value is entered into the program so the mass of all 

drops M = RM may be determined. p This program also determines the 

diameter of the average drop using the formula d = ✓ 6/ rr ( ;f 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 reduction, the data was processed to ·get 

it into a form that would be suitable for input data into the CDC 6400 

digital computer programs developed previously for overlapping rainfall 

intensities from a given nozzle pattern. 

The data collected in the above analysis was summari zed as shown 

in Table 3. 

After collecting the data in one table, the weighted mean-drop si ze 

at each location was determined by multiplying the average drop diameter 

by the correspondi ng 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 determi nation. 

The mean drop size at 2.5 foot intervals from the nozzle and the 

intensity at the given points are shown in Table 4. This table indicates 

the deficiency in the 75C and 78C nozzles in providing a high percentage 

of large drops. T~e drop size increases as the distance from t he nozzle 

increases but the intensity decreases with distance from the nozzle. 

Hence, there is only a small percentage of the total rain that fa lls as 

large drops. 

I 
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Table 3 Nozzle #75. DroE-size Analysis. August 8! 1969 c. Brent Cluff 
Pos.in SIEVES 
ft .from Drop Dr?p Drop Drop Drop Drop Drop Drop Drop 
'10Z~le Size 5. Size 6 Size 7 Size 8 Size iU Size i4 Siz e 20 Size 28 Size 35 Mean 

mr.1 % mm % mm % mm % rim % mm % mm % mm % TIITll % Diam. --
u i. :n .4 1.00 4.4 .80 ]l1, 6 .58 60 .6 .68 
2.5 0 .97 9.0 .73 34 .4 .52 56.6 .63 
5.0 0 .99 lt,. 9 . 7 5· 58.6 . 4 7 26.5 . 71 
7.5 . 84 . 1 1.00 8 .0 .81 42.7 . 56 48.5 .70 

10 .0 1. 37 5. 3 1.07 43.9 .82 47.8 .60 2.9 .95 
1:L.5 l.41 19. 7 1.09 74. 5 .86 5. l .60 o. 7 1. 13 

v 15.0 . 2.24 4.2 1. 64 80.6 1. 21 9.9 .80 2.9 .60 2.4 1. 57 

• 17. 5 2. 72 2.7 2. 34 29.5 2.00 63.3 1. 16 1.5 .78 1.5 . so l.l+ 2.07 
..,) 

:, 20.0 2.37 35.5 2.00 55.1 1. llf 2.1 .75 3. 8 . .57 3.5 2.02 
22.5 2.87 19.S 2.43 55.3 l. 98 18.2 1. 14 1. 6 .75 3.6 . 56 2.7 2.31 
25.0 3.60 12.0 3. 34 38.0 2.82 28.7 2.51 4.1 1.43 3.0 1.04 5.9 .82 4.1 • 56 · 4.2 2. 77 
27.5 0 3.94 43. l 3.59 27.9 3.15 3.1 0 0 1. 53 10.8 1.05 3.6 .78 6.0 .6U 5.3 3.07 
JO . O 0 4.14 59.1 3.41 20. 0 · 2.91 9. lf 2.51 2.0 1. 97 3.6 1.03 3.1 • 77 3.5 .53 4.1 3.37 

WT Meandrop) 4.00 3.43 L,86 2,J8 1. 79 1. iO .82 . 55 
Size ) 



Table 4 MEAN DROP SIZE DISTRIBUTION 

75C 78C 

Dist. From Intensity 'Mean Drop Intensity 'Mean Drop 
Noz zle in/hr . size - mm in/hr. Size -mm 

0 .325 .68 .497 .66 
2.5 • 325 .63 .497 .66 
5.0 .353 • 71 .43L~ .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 2.4 2 
30.0 a009 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 location 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 ~tep 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. Thes~ inten­

sities were then proportioned into the different drop sizes using the 

percentages determined in the drop size analysis. 

2-30 



Table 6 ~ozzle #75 . Drop-size Analysis. August 8, 1969 c. Brent Cluff 

Pos. in Inten- Drop Size nun 
ft .from sity in 4.00 3.4'.j 2.86 2. 38 1. 79 1. 10 .82 . 55 
nozzle j_n/hr. % in/hr. -le-tr % in/hr. % in/hr. % in/hr. % in/hr. % in/hr. % in/h._E_ i'o in/hr 

0 . 325,': .4 .001 4 . 4 .014 34. 6 . i.l2 60 .6 . 19 
2. 5 . J l5 0 0 9.0 .029 34.4 .118 56.6 . le 
5.0 .353 0 0 14. 9 ,05J 58.6 .207 26.5 .09 
7.5 .Jn . 1 0 8.0 .029 4 'L. 7 .1 59 48.5 . 18 

10.0 . 378 5.3 .020 43. 9 .166 4 7. 8 .181 2 .9 .Ol 
12.5 . 37J 19. 7 .074 74. 5 .278 5. 1 ,019 . 7 . 00 
15.0 .:no 4.'L • 014 80.6 .266 9 .9 .033 2.9 .010 2.4 .oc 
17.5 .289 i. 7 .008 29.5 .085 . 63.3 • 183 1.5 .004 1.5 .004 ). . 4 . oc 
20.0 .257 35.5 .091 55.1 .251 2.1 .005 3.8 .010 3.5 . oc 
22.5 .185, 19.5 .036 55.3 .1023 18.2 • 031~ 1. 6 .003 2.6 .005 2.7 . 0( 

J 
25.0 .095 lZ.O .011 39.CJ .036 · 28.7 .027 4.1 .004 3.0 .003 5.9 .006 4.1 .004 4.2 . 0( 
27.5 .061 43.1 .026 27.9 .017 3.1 .002 0 0 10.8 .007 3.6 .002 6.0 . 004 5.3 • 0( 
30.0 • 009. 54 .1 .005 20.0 .002 9.4 .001 2.0 0 3.6 0 3.1 0 3.5 0 4.1 ( 

,'< Rate in inches/hr. of rain falling in given drop size. 

·k*ffa7 5 nozzle May JO at 'L7 psi, average using circular overlap program. 



The intensities of a given drop size at every sample l ocati on were 

used as input data to determine the effect of overlapping on drop-size 

distribution for the nozzle patterns found to be best for uniformi ty in 

the rainfall intensity analysis. It is to be noted that the nozzl e 

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 example of how the overlap output can be used, the drop-size 

distribution at two different locations was made. The drop-size distr i ­

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, n 
Drop Ba s ic Ma ximum Ba s ic Ma ximu~ ----
Siz e Int f' nsi t y % Intensity % Inte n s ity % Intensity 
_(mm) __ in/h r in/hr in/h r in /hr 

~, ,, 

----- - ----· .55 O.O l 1.9 . 31 7.0 .'l."L 4-4 .so 10 . 9 
.68 • 04 7.7 . 6Lf 14. 5 .:w lf0 . 56 U. 2 

1.04 .25 48 1. JO 29.S OL.. 8 1. ?.1 26 . ~ 
1.64 .u 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 0.0 2 4 • 37 8 . 1 
3.29 • OL1 7.7 • z6 5.9 0.02 4 • 2 1 lf . 6 
3. 71 0.0 0 .04 0.9 0.0 0 .02 .{1 - --

100-:-0 --- - -- - --·- --·---
Total 5·1 4. 4 1 100.0 .SU 4.58 100 . 0 . -
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For the basic pattern there is a considerable difference in the 

drop-size distribution although the intensities are the same. 

For the maximum intensity pattern both the intensi1;ies 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 78C 

Drop Size Intensities Drop Size % Drop Size 
mm 0. 5" 'hr 2. 00" /hr mm mm 

·o.o-o. s 0.5 O.z .47-.6b 7.1 .47-.59 
0.5-1.0 5.4 l • J .73-.83 14. l .65-.8:l 
1.0-1.5 14 .1 6.4 .97-1.21 18.0 .93-1.17 
1.5-2.0 18.7 10.t. l.J7-l.98 35.5 1.32-1.86 
2.0-z.5 21.5 lJ. 9 2.24-:L.51 14. 6 2.16-2.59 
2.5-3.0 16.3 15.3 2.72-J.15 4 ,lf 2.49-2.87 
3.0-3.5 12.1 14 .l, 3. 3l,-3. 59 3.3 3.17-3.34 
3. 5-4. 0 7.0 12.4 3.60-4.14 2.9 3. 71 
4. 0-l,. 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 

Total 100.0 100.0 100.0 

Z-34 
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8. 1 
15.6 
22.7 
37.5 
4.6 
7. 1 
3.9 
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100 



Although the 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 si mulator. 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 dro ps 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. 

DESC RIPTION OF THt CURRENT SYSTEM 

The current rainfall input system is shown in ope ration fo r 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 riser sect ion 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 detai l 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 pressu res 

at a number of risers in a very short time, using a pressure gage that has 

been equipped to fit the tire pressure tap. The pressure regulator main­

tains the pressure for the sprinkler at a constant value, so all sprinklers 

will have the same pressure. The pressure is currently setat 28 psi. 

The hydraulic valve below the pressure regulator turns the sprinkler on 

and off. Each nozzle is fitted with a control valve, and a series of valves 
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F i gu r e 13. Operation of Grid Syste m on Upper Conic Area 
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Figu re 14(a) . Typical Riser for Sprinkler 

Figure 14(b) . Detail at Base of Riser 
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Figure 15 Schematic of Sprinkler Riser for Grid System 
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is connected to one pressure manifold to provide simultaneous operation 

of a set of sprinklers. 

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 pressure manifold that is shown. The 

other risers are connected to other manifolds. The supply to the pressure 

manifolds is controlled 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), l inch/hour (green) and 2 

inch/hour (blue). By adding the sets as illustrated with the overlay, the 

four intensities listed on the figure 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 l. 11 inch/hour, and with the green and blue sets 

added in turn it becomes 2.31 and 4.24 inches per hour, respectively. 

~Y 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 aluminum 

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. Because of 

these joints, the system can be set up or taken down rapidly. The supply 
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man ifolds are connected t o t he 10-inch supply main the surrounds the 

facili ty. On ly part of the 10-i nch l ine shows in the figure of the 

upper secti on. 

This ra i nfall system has been operated during the fall of 1969. 

It can be programmed to generate pulses of varying durations for any 

of the intensities available. By increasi ng the capacity of the switching 

circuit it is possible t o create vary i ng distributions in space as well. 

This is, however, not planned at thi s time. A summary of the runs that 

have been made on the facility this fall wi ll be given in Chapter 5. 
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Chapter 3. MEASUREMENT OF RAINFALL AND RUNOFF 

n ,,:qnIHEM KNTS OF INSTRUMENTS 

In a syst em with complete control over the input in both time and 

space variations , there is little need for the measurement of rainfall. 

Thi s is the condition for tJ-:te laboratory models which have individual 

droplet format ion by small tubes or other similar systems. The expe ri -

mental fac ility , on the other 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 th e 

artificial rainfall system described in the previous chapter, but there 

are also variations due to the natural atmospheric conditions that vary 

in a random fashion over the facility. The wind patterns over the outdoor 

facjlity will cause small variations that need to be recorded. Therefore, 

the selection of a m easurement system for the rainfall was a very impor ­

tant part of the design of the instrum entation for the facility. The runoff 

measurement i s the depenue nt va r iable in nearly all hydrologic studies and 

is important in all physical modeling systems, even those inside laboratorie s . 

The objective in both rainfall and runoff measurement is a nearly 

c ontinuous record of the variation of the respective variable as a function of 

tirnc' . In addition, the rainfall must be determined at a number of locations 

a c ross the c atchment. Recam; e of the large quantity of data that is collecte d 

in a relative ly short ti me on the facility, computer a nalysis is essential. 

Therefore , automatic r e cording of the data in a form suitable for input to the 

c omputer is a l so very important . 

PRJ•: l JMINARY STUDIES 

In the preliminary studies of raingage systems , several types of 



;111tomatic recording gages were considered. The need to record data 

1'1·om a number of locations on the catchment using only one analog-to­

di.gital converter placed an additional constraint on the system. It is 

impossible to record the data from each location continuously , so it is 

necessary to arrange for a recording from the various locations in 

a sequentia l manner. This makes it more di ffic u lt to use gages t h at 

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 

1·eadings is small. 

Th e most common recording raingages are the weighing type and 

the tipping bucket type. The tipping bucket gage provides a signal that is 

a lready in an electrical form when the bucket tips. However, th i s is an 

intensity form of measurement, and it would be necessary to remain at a 

g i ven gage for a short time to record the number of times the bucket tips 

rluring the known time interval. Tµis increases great ly the time between 

nwasurcmcnts at e 4cj1 gage. The weighing type raingage can be modified 

i o generate an elcctric,11 signal by replacing the weighing mechanism with 

a press ure transducer. But the weighing gage is not very sens it ive at low 

small volumes of inpµt that may occur in tests of short duration at the lower 

intensities . AlterrniHves were sought that would be more sens itive at low 

volumes. 

The Be11 T eleppone Laporatpry ( 7) has a raingage that records the 

intensity of rainfall py measuring the depth of water running down an 
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incJincd plane b etween two plates. The two plates form a capacitor, 

a nd the changing depth of water changes the capacitance b etween the 

plat es . This suffers from th e disadvantage of sampling point intensities 

if it is used for the facility. However, the idea of using a capacitance 

g age to measure rainfall l ed to the consideration of a gage that was 

developed by Dr. Eric Plate for the m easurement of waves in a flume . 

l)r. Plate ' s gage was developed in the Fluid Mechanics Laboratory to 

measure the waves generat ed by wind in the water - a nd-wind tunnel. 

CA PACITANCE RAINGJ\ GE 

The capa citance gage can be us e d to measure the depth of water 

in the raingage . The greater sensitivity for lower volum es of rainfall 

ts obtained in th e s ame manner as in the standard non-recording gage, 

by u s ing a s maller tub e inside the large can. The depth in the smaller 

tube is magnified by a factor of 1 0. The ore ration of these instrum e nts 

is outlined as follows . Re ferring to Figure 19 a probe is installed vertically 

in a precipitation measuring can, such that the height of water directly 

c auses a c h a nge in the capacitance to ground. This probe is essentially an 

insulated rod, with water as one capacitor "plate", and th e rod as the other. 

Tltis c:1pacito r probe is connected by a shielded cable appr oximately 100 feet 

long to a converter, which converts the capacitance to a voltage by means of a n 

electronic circuit and a mplifier . There is one converter for each probe in th e 

present system, although a switching device could reduc e the numbe r of 

converters as desir ed. Voltage from th e converters is recorded either on 

magnetic tape or punched cards as shown in Figure 18. The details of 

the recording system have been presented in the pre vious r eport on the 

l':1cility (4). 
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As sho wn in Figure 19, the measuring unit consists of an outer 

,1J um inum measu ring can 7. 6 inches inner diameter and 6. 5 inches high, 

:md a smaller concentric plastic cylinder 2. 5 inches inside diam et er . 

The inner can ove rflows when full into the outer can. Rain enters th e 

smaller inner can through a funnel-shaped cover. Probes measure wat e r 

rise in both inner and outer c a ns . The capacitance probes in the cans 

• 
origina lly consisted of a lac quer -coated copper wire running the depth 

of the can, plus a bare wire to make contact with the wat e r. These 

probes were copied from th e system developed by Dr. Plate. 

The raingages were tested in the electronics laboratory and found 

to work ve ry well. They produced consistent records of high sensitivity 

a nd precision. Howe ver, when they were installed. in the field, the results 

were not satisfactory. After a series of tests, the e l ectronics laboratory 

concl11rl.e d that the cause of the problem must be a temperature sensitivity. 

The te s ting program was turned over to a graduate research assistant 

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

TEMPERA T U RE SENSITIVITY STUDIES 

Using 120 feet of cable like that installed in the fi e ld setup and a 

randomly se lected can and converter, tests were conducted in the labora-

. t ory making measurem e nts at various water and can temperatures. It 

wa~ 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 

ad dc~d" Tests of a n e mpty can at temperatures from less than 40° to 75° F, 

however, indicated negligible e ffect of can temperature. T e sts with water 

t e mperature varying from 33° to 75° F showed only a small temperature 

effect , as presented in Figure 2. 0. These results were taken after a llowing 

the jnit.ial drift m e ntioned above to s ubside. 
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Furth er m easu rement of the nature of this drift indicat e d it was 

i 11 some way c onnect ed with the initial dryness of the can, and that 

it c ontinued e ve n when water was temporarily removed from the can. 

Figu re 21 s hows 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. 

lMPROVEME NTS MADE 

It was decided that a probe with capacitance comparable to the 

old probes was r e quired, since the e lectronics were designed for a 

c ertain capacitance range, but that a uniform coating inert to water sho uld 

he found . Since capacitance is proportional to plate area and inversely 

prorortional to "plate" separation, a larger diameter probe could b e u sed 

with a some what t hicker insu lation. From suggestions of Dr. Plate, it 

was decided to try a larger rod or tube. After a trial with thicker materials, 

a high tolerance O. 00 9 inch thick KYNAR heat shrink tubing was chosen as 

q uit e suitable as a wat e rtight dielectric coating. Brass tubing was used as th e 

rrobc, the bottom was sealed with epoxy after the shrink--fit tubing was shrunk 

on , and a l ead soldered to the top end. Different sizes of tubing were tried, 

a nd eac h had different sens itivity to water height . A. 1/s" 0. D. tub e was 

c hosen as be ing most s uitable for the inner can, and a 5 /32 11 probe u sed in 

1 he outer can. Allowable sensitivity is limited in this case by the converter, 

s ince too high capacitance will "saturate" the amplifie r, and dv/dc will 

a pproach zero . 

Each can and new probe was calibrated by careful titration, a nd t~e 

r·c·sults analyzed by leas t squares regression. All gages were slightly 

nonlinear, but all data fit on the same 'normalized curve to within O. 9998 
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multiple correlation coeffici e nt , a nd a standard error of e stimate of O. 002 0 

i nc hes of p re cipit ation. No drift on wetting was noted . 

;-; ix of th e mo difie d raingages were operated during the fall series of 

h·sts on the fac ility. The c omplete data have not bee n ana lyze d, bu t th e 

dat;1 coJlectio n syst e m a ppear s to b e functioning satisfactorily . Th e r e is 

o n e problem that has occurre d in the fi e ld tests with the modifi e d gages . 

T he c;ipac ita nc e g a ge does not always give a reprodu c ible ze ro . Th e gages 

m us t be warm e d up for s everal hours before a series of te sts is run. Wh e n 

the zero depth r eading has s hifted from that us e d in a previous set of t est s , 

it is necessary t o provide a ne w c a libration. This is not a major proble m 

bec au se th e calib ration curves a ll fit the sam e type c urv e whe n th ey arc 

norm al iz e d . This i s a n inc onve nie nc e , but not a m a jor fa ult . The warm -u p 

p n>lik m i s a lso et mino r one b ecause the s y ste m can b e l e ft on for seve r a l 

days a1 a time without d amaging the comp onents . 

The raingetge s sense th e de pth of water accumul ated as a capacita nc e 

rn casu n :m c nt. The m easure m e nt of the capacitance i s not made at th e getge 

but i s made at one of the bunke r s locate d at the edge of the fac ility a s s hown 

in Figure 22. The length of l e ad wire from th e gage to th e bunker i s th e 

s am e for a ll g ages . Sinc e only th e upper conic section of the facili ty i s in 

() pe r atio n, o nly bunker A , at t he t op of t he a r ea is be ing u sed a t thi s t im e . 

Tl\(' ! )O\\'C't' s u pµJ_v to till· hunkers and the readout lines bave b ee n i nstalled 

11 > aJl ()r 1 lit' hunkt• n,. 

\ l)D[TIO /\I. RAINGAGES 

fn addition to the capacitance raingages, which transmit readings 

to 1 It<' /\ -l) c·onvP dcr for punched card format, there is one weighing 

li11cl,L·1 1·aingagc on the facility that produces a chart record . This rain ­

~agv was providPd h.v 1 he Agricultural Research Service and has been 

llH><.iil'icd to Ltse a synchronous motor drive that provides a chart rotation 
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Figure 22 Schematic of Automatic Data Recording System for the Experimental Fa~ilit; 
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i n 1 :1 minutes , instead of th e normal 6 hours. This gage .has two u s es . 

l•' i rs t , it serve s as a check on the operation of the capacitanc e gages . 

H c an be moved to lo cations ne ar the capacitance gages to provide 

::idditional calibration data. Second, the chart gives a visual trace of 

t he r a infall pattern that can be checked to see that the performance of 

Lhe inp ut syst e m was a long the lines that were intended. 

A l a r ge number of cans will also be used in the e arly tests on 

t he fac i lity to det e rmine in more detail the actual distribution of rainfall 

in s pace tha t is p r ovi de d by this system. The results of the early t e sts 

h:ivc a l ready bee n me ntione d i n Chapter 2. After th e characteristics of th e 

i nput dist r ibution h a ve been defined, les s use will b e made of the non-recording 

c- ans. 

Th e data for th e we ighing bucket raingage and for the non-recording 

can s m us t b e conve rt e d to th e form used for computer input. The data for 

t he cans mus t b e punch e d by hand. The chart record from the weighing 

buc ket g a ge is digitized by using an AutoTrol digitizer . This converts the 

record to a series o f x and y coordinates as a tracer is moved along th e 

pe n trace . The d ata must be adjusted for the curvature of the chart grid 

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

l{ LJ NOF F MEASUREMENTS 

The measu rement of runoff from the experim e ntal facility u ses th e 

II-flume de ve lope d by the Agricultural Research Service . The design and 

con s t. r uc t ion of. the flum e s for the facility has been adequately described 

i n the rrc vious r e port ( 4). The measurement of stage is now, being done 

by two m e thods - - a chart recording float gage and a capacitance gage. 
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Figure 23(a) . Chart Recorder at H-Flume 

Figure 23(b). Capacitance Gage at H~ Flume 
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When the difficulty with the raingage capacitance probes deve loped, the 

use of the capacitance probe in the flume was shelved hecause the conditions 

jn 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 s tages of use of the facility . Therefor e , the 

float gage was made th e prime recording system . There are only two 

fl umes for t h e facility, so the conversion of the data to digital form at by 

ll if' /\utoTrol is not too difficult. At the present time, of course, only the 

upper flume is in operation. 

The chart recorder at the flume was also supplied by the ARS and 

wets modified to use the synchronous motor drive for a faster r e volution . 

Th(' su c cessful modification of the capacitance probe for th e raingages 

led to the installation of a longe r capacitance probe at the flume. The two 

system s are pictured in Figure 2 3. The chart recorder in Figure 23a shows 

..i recession occurring. The capacitance probe in Figu re 23b requires a smaller 

st illing we ll and has a faster response than the chart gage. The two system s 

will both be operated for some ti~ before a decision is made about which will 

ultimately be the preferred system. The direct recording of the capac itance 

gages is an advantage that is offset by the value of the visual reco r d imm e diately 

:1vailablc from the chart. 

A ALYSIS OF DA TA 

The rainfall and runoff data will be analyzed jointly to determine th e 

input to th e facility. The recording and non-recording raingages will be u sed 

to determine the volume of input. The volume of runoff will also we used as a 

1·efcrc~nce for the total quantity of input to the catchment . The tim e distribu -

tion of rainfall will be we ll described by the recording raingages. There are 
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six caracitance raingages and one weighing gage for a total of seven 

observations over an are a of 1/3 acre. Additional data for each run 

c an b e a dded when the data from the non-recording cans is added to 

t he c om puter input. 
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Cha pter 4. G E OMETRY AND SURFACE TREATMENT 

Th e s e l ectio n of th e geometry for the experim e ntal facility was 

dC'scribc d in the earlier r eport ( 4). It was based on a study of sixty-one 

s malJ. wat e rsh e ds drawn from t he Research Data Asse mbly Program for 

Sm a lJ. Watershe d Floods (8) . The general shape of the facility was decided 

a s :1 c ompromise betwee n the b e st-fit shape for the natural watersh eds in 

tlw s tudy and the existing c onfiguration of the area in which the facility was 

t o be lo c ated. In addition, it was decided to use simple geometric shapes 

t o make up the facilit y , so de scription of the areas would be readily provided 

t o the computer. The result is the shape made up of three segments, e ach 

t/3 - ucre in size. The two lower segments are planes that intersect to form 

an a rro wh e ad shape , and the upper area is a sector of a cone . This shape 

g i vP s th e g e ne ral characte ristics of natural watersheds in idealized form. 

I\ decision was made early in the project design to use an impe rvious 

surface in the initial operation of the facility. This provides a significant 

sjmplification of the watershed processes, and will be more suitable for the 

fir-st studie s. After the system has been in operation for a period of time, th e 

infiltration process will be included. A variety of m e thods were conside red 

fo 1· rn ::1.king the surface impermeable, including treatment of the soil with soil 

cc m e nt, the use of plas tic or rubberized sheeting to cover the ground and : h e 

placement of aspha lt or cone ret e surfaces. 

SOIL CEMENT STUDIES 

i\ s e rie s of t e sts we r e run to determine the characteristics of the soil 

c l'mcnt tre atment. It wa s found that the soils e xisting at the facility site were 



not suited to soil cement treatment. An example of this is shown in 

Figure 24 . In the uppe r part of the figure the natural soil is shown 

before and after water has b een run across it. This series of tests 

was run in a flume in the ERC laboratories. The natural soil shows 

the effects 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 

bee n treat ed with soil ce ment. 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 cement and lime were tested for use on the fac i lity. 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 with in all conditions, 

wet or dry. 

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

the de velopment of the impermeable surface on the facility. 

OTHER METHOD CONSIDERED 

The second method considered for the tre atment of the soil was the 

use of liquids, uch as paraffin-base materials. Some samples of the 

mate rials w r e obtained and a few tests were mad on small area within 

the fac ility . However, the e liquids were very expens ive , a nd b efor the 

te Rt s were compl ,ted, the ava ilability of less xpensive alternatives l e d 

to the disc ontinuance of th t £ting . 
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The use of asphalt or concrete surfaces was considered as a possib l e 

last- r-esort solution. The cost of these approaches would be hig h and the 

surfac es are rigid. One of the objectives in the us e of t h e faci lity is to 

t est th e r e spons e of the system under a variety of conditions of slope , 

drainage n etwork, e tc . , and the us e of the rigid s urfac e would preclude 

this to a great extent . The r efore , these methods were ne ver given de­

taile d study. 

Plastic she eting has been us ed as a covering material in a variety 

of ways in o utdoor applications. The lining of canals and reservoirs 

are examples of uses that are somewhat similar to the us e on the facility . 

Howe ver, in the previou s uses of plastic, the mate rial was covered by 

a laye r of soil or other mate r ial to weight is down or th e use was s u c h 

that the effect of wind lifting the plastic would be unimportant. For the 

expe rime ntal facility application there will be tim es whe n it is des ired 

to u s e the facility with no soil cover of any type . The shifting of th e 

surface as wind cau ses waves on the plastic is also unac~eptabl e. The r efor e , 

plastic sheeting. although a potential material when covered by a thin layer 

of soil, was r e j ect ed for the pre sent . 

RUBB E RIZED CLOTH SHEETING 

Butyl s h eet with cloth reinforcing was considered as an alternative 

for the facility at a early date. The materia l is very expensive, and 

was therefore r e j e cted. Howe ver, when som e of third material was found 

to be availabl e in gove rnment s urplus, it becam e a feasible method. The 

butyl m aterial is better than the plastic mater:al because it is stronger 

a nd wears longer, and also becaus e it is heavier. The material is affected 

by the wind wh en 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 
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Wl'ight of t he m aterial is sufficient, together with the moisture effect, to 

provide s tabi lity . 

The material available in s urplus was not suffic i e nt t o cover the 

facility , so more was purchased. However, the upper conic section 

and most of the lower area could be covered at a reasonable cos t. A 

survey of go vernm ent s urplu s material is continually made in cas e 

additiona] material becomes available. 

The buty l material is placed in strips extending complete ly ac ross 

th e c atchm ent, and th e ends are buried in a small trench to pre vent 

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 

we ar in a fe w locations. When water seeps through the m aterial, it may 

c ollect at a joint and for m a s mall ridge that affects the flow on th e s urface . 

Th erefor e , the worn areas are patched by painting with a rubber-bas ed 

liquid or, if the area is more extensive or more seriously worn, by 

c utting out the worn area and replacing it. Patches can be m a de fai rly 

e asiJy, and joints can be cove r ed with a light plastic sheet glued to the 

rubber t o make a wa t ertight joint without overlapping the thicker rubber 

material. 

DEFINITION OF BOUNDARIES 

The boundary of the facility i s sharply defined by u s ing a wood section 

c ove rc_,·d with a s h eet of plastic. The plastic is bonded to t he r ubber 

c uv(' 1·i ng the are a , and the wood prevents water from overtopping t h e 

bou11 d:.1ry. This m e th od has a ls o been used to form t e mporar y boundaries 

for c hanging the area c ont r ibuting runoff to the flume. Ponding on the 

c-ontr-ibuting area c ;in a l s o l>v created in this way . 
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Chapter 5. USES OF THE FACILITY 

INITIAL RUNS 

The initial series of tests run on the experim e ntal facility are currently 

being analyzed. A set of 68 runs were made in the fall to test the facility 

a nd to provide data for testing a kine matic model of overland flow on a 

converging section. This model was deve loped under th e direction of Dr. 

Woolhiser of the Agricultural Research Service and will be presented 

by h im e lsewhere. 

The variations that were made in this series of tests illustrates som e 

of the potential of the facility. The first tests were on the bare facility , 

with t he intensity of rainfall as the variable. The intensity was m a intai ned 

co nstant unt il an equilibrium flow was achieved in som e cases . In other 

runs, t he duratio n was less than the time to equilibrium and in some runs 

t he intensity was c anged during the course of the run. In later t ests 

the area contr1.buting runoff to the flume was changed by e recting t e mporary 

boundaries to separate a 30° sector from the remaining 90 ° sector and to 

create shorter radii of 7 2 feet and 36 feet. The r esult s of these expe rimental 

tests are being compared with the computer mode l output to determine the 

ability of the model to reproduae the variations that are caused by the res­

pccti vc parameters. 

In the final series of tests, a very coarse grave l was us e d to provide 

rn ughness a nd detention effects on the facility. This is illustrat ed in 

Figure 26, where a uniform s pread 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 t ests because the spreading was done 

entirely by hand and a number of test runs were desired before th e cold 

we ather set in. A numb er of differen t patterns were used in the placement 

of gravel for th e r uns. The uniform spread a nd the lowe r bare section 



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

Figure 26(b). Roughness on Upper Section with Bare Section Below 
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have been shown. In addition, alternating strips of gravel and bare surface 

eac h 10 fe et wide were u sed, a checkerboard pattern of sections with 

g ravel cover was t e sted ·and finally a uniform gravel was laid out with a 

tree ::irrangement cleared to represent a stream network. The initial 

rt'sults indicate that the total quantity of gravel on the system is the most 

impot't::tnt param eter and the pattern makes little difference except when 

the fl ow can define a route to the flume by-passing the gravel completely. 

A more detailed analysis will yield more definite conclu sion on the effect 

of the grave l in specific patterns. 

FUTURE STUDIES USING THE FACILITY 

The experimental facility will be useful in a number of different 

s ludics of hydrologic and related phenomena. Two projects have a lready 

be e n funded that wi ll utilize the facility. 

The first project is a study of the pollution characteristics of waste 

piles from o il shale development. As a part of this study , several piles 

of oil shale wastes will be arranged in the form of lysimeters on the 

facility . The artificial rainfall will b e provided and the runoff, both surface 

and s ub s urface, will be collected and chemically analyzed. The e ffects of 

varying periods without rain can be determined with the facility . It is not 

cur1 ·('ntly known w' ether drying and weathering effects will increase th e 

pollutant outflow from the system. This project is heing conduct e d hy th e 

Sanit;1ry Engineering group of the Civil Engineering De partm e nt. 

The second project was funded to the Geology Department in cooperation 

with personnel from the experimental facility project . It is a study of the 

gcomorphic deve lopment of stream networks. Under this project several 

containers about 10 f e et by 40 feet in size will be filled with material th::it 

can be eas ily eroded. The development of the stream networks will be 

5-3 



ohs<.'rvod a nd r ecorded photographically. The process that requires many 

decades a nd centuries in nature will be studied in a few weeks. 

Both of these projects will be utilizing the exp e rimental facility 

i n the coming spring and summer. The possibility of conflicting needs 

for the projects using the facility have already become clear. The operation 

of the facility will have to b e carefully managed to allow effective use for 

a diverse set of projects . This will be even more important as additional 

proj ects in the areas of water quality and geomorphology, for example , 

are fund e d to us e the facility . 

Each proj ect that uses the facility is expected to provide som e perman­

e nt 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 . Each of the projects using the facility and benefiting from the 

investment that has alr e ady been made will be invest ing in the further 
. . 

d e ve lopm e nt of the area and versatility of the experimental facility. 
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