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ABSTRACT 

This second part of a four-part series of hydrology papers on flood 

routing through storm drains relates exclusively to experimental research 

facilities and experiments. The following subjects are presented: (a) 

design and construction of the experimental storm drain system as a 

special conduit research outdoor facility; (b) instrumentation and its 

calibration; (c) description of the data recording system; (d) various 

experimental test conditions and their typical results, and (e) dis­

cussion of experimental errors . 

A l arge conduit, 3 feet in diameter and 822 feet long, was sel ected, 

designed, and constructed in the Outdoor laboratory at Colorado State 

University, Engineering Research Center, to accurately measure geometric 

and hydraulic characteristics, as well as the propagation of flood 

hydrographs. Instrumentation was selected to suit the field conditions. 

The calibration of the instruments was carried out to the point where 

there were relatively small errors . The data recording system was 

designed and const ructed so that the output could be put either on cards 

or paper tapes and provide a direct input for computations on a digital 

computer. Only typical results of experiments carried out are described 

in this paper; experimental errors are reviewed in a summarized form. 

viii 



FLOOD ROUTING 1l!ROUGH STORM DRAINS 

Part II 

PHYSICAL FACILITIES AND EXPERIMENTS 

by 

V. Yevjevich* and A. H. Barnes** 

Chapter 1 

INTRODUCTION 

1.1 Objecti ves in the Use of Physical Research 
Facilities 

One of the main objectives of investigating flood 
routing through storm drains was to compare analytical 
and physical wa.ves, or to compare waves computed by 
integrating the two quasi -linear hyperbolic partial 
differential equations of gradually varied free surface 
unsteady flow and the correspondi ng free-surface waves 
measur ed in a conduit. Therefore, constructing 
appropriate facilities to simulate and measure the 
physical waves became necessary. These new facilities 
have t he objectives : 

(1) To physically simulate and measure free-sur­
face waves at various points along the research conduit 
for the comparisons discussed. 

(2) To measure various geometric and hydraulic 
character istics of the conduit and the waves in order 
to analyze these characteristics, so that the analy­
tical waves-as the inflow flood hydrographs routed 
along the conduit by the integration of the two De 
Saint- Venant partial differential equations-may come as 
close to the corresponding physical waves as practi­
cally feasible. 

(3) To physically simulate a storm drain with 
lateral inflows joining the main conduit at junction 
boxes. 

(4) To study boundary and initial conditions in 
the experimental conduit, so that their uses in the 
i ntegration of differential equations represent the 
real conditions of physical waves as much as practi­
cally feasible. 

1.2 General Conceptions for the Physical Research 
Facilities 

Most hydraulic research and the development of 
hydraulic formulas in the past have been done on 
relatively small laboratory experimental faci l ities . 
Economy was the primary reason research f acilities 
were relatively smal l er than the prototypes they 
represented. Most hydraulic fomulas and related 
computational methods have been developed by using 
the computational devices available. For economy of 
computations in the pre-computer age required simpli­
fied formulas and tractable computational methods to 
treat the often complex hydraulic probl ems of nature. 

The advent of fast digital, analog, and hybrid 
computers, however, has reduced substan tially the unit 
cost of numerical solutions of complex problems , 

formulas, and methods. The availability of electronic 
computers has made many previous hydraulic mathematical 
models and corresponding computational methods obsolete. 
With time, these models and formulas are likely to be 
completely revised and upgraded. Versatile improve­
ments of many hydraulic computational me thods are 
progressing and are expected to come about i n the near 
future. 

One of the expected contributions of this research 
project on flood routing through stonn drains is an 
improved base for replacing less reliable steady-
state conditions by more reliable unsteady free-surface 
flow conditions in the design of stom drains . There­
fore, the advanced methods , simulat ing nat ural condi­
tions as closely as feasible, may be introduced in the 
form of unsteady-flow approach to the design of storm 
drains. Improving computational f lood routing methods 
through storm drains is meaningful only if the accuracy 
of input flood hydrographs and the accuracy of geometric 
and hydraulic parameters in differential equations be­
comes much greater than their accuracy in the s t eady­
flow peak-discharge approach for design of storm drains . 

The two partial differential equations of gradu­
al ly varied free-surface unsteady flow are devel oped 
from several basic assumptions. Even with these 
assumptions there will always be a difference between 
the analytically computed wave at a given position of 
a free-surface flowing storm drain for a given inflow 
flood hydrograph, and the physical wave observed at 
the same position and for the same inflow hydrograph. 
To study the geometr ic and hydraulic characteristics 
of conduits and waves in order to integrate flood 
waves moving through storm drains, and to compare t he 
analytical and the physical waves, small scale 
facilities did not appear feasible. Relative errors 
that appear when various hydraulic and geometric 
parameters are measured in small scale facilities are 
usually large. To decrease these errors, and to 
better study various aspects of flood movement through 
s t orm drains, larger scale physical research faciljties 
were conceived. designed, and built . 

Because of the potential of various numerical 
computations being reliably performed by digi tal, 
analog, and hybrid computers, the science of hydraulic 
is now in the position of re-evaluating previously 
developed fomulas anJ computational methods. When the 
objective becomes an assessment of the accuracy of 
presently available formulas and computational methods 
in hydraulics , not only or predominantly the dev·elop­
ment of the new hydraul ic regularities and laws, the 
most feasible way of checking the existing mathematical 
hydraulic models and the computational methods is 

• Professor of Civil Engineering and Professor-in-Charge of Hydrology and Water Resources Program, Civil 
Engineering Department, Colorado State University, Fort Collins, Colorado . 

**Associate Professor of Civil Engineering , Civil Engineering Department, Colorado State University. 



through facilities of sufficiently large scale. For 
mainly that purpose, an outdoor laboratory was built 
at the Ehgineering Research Center of Colorado State 
University. Several large scale facilities already 
have 'been built in t his outdoor laboratory. One of 
them is the conduit research facility having a pipe 
822 feet long with an inside nominal diameter of 3 
feet . This conduit can be moved on inclined rails 
to obtain slopes from 0 to 4 percent . This facility, 
with auxiliary apparatus, represents t he conduit 
r esearch center and will be used primarily for the 
study of the free-surface water flow through storm 
drains, and also for future objectives . A significant 
study on the diffusion of tracers in a full flowing 
pipe has also been performed in these facilities . 

It is expected that the conduit research 
facilities will be used for other problems , e.g. water 
transport of materials in pipes, pre-treatment of 
s ewage water in drainage systems, problems in separat­
ing sewage water from storm-drain water of the same 
drainage system, studies of pipe roughness, studies 
of various diffusion problems, investigations of losses 
at hydraulic singularities along conduits, etc. These 
facilities are available to both researchers in the 
United States and to guests from foreign universities. 
These facilities are described in Chapter 2. 

A detailed description of facilities, instruments, 
the calibration of i nstruments, methods , and typical 
experimental results was considered necessary in a 
special hydrology paper for two reasons . 

(1) That an assessment of the value of results 
and conclusions in this investigation of flood routing 

2 

through storm drains can be made by those who read and 
study the four parts of this research project, publish­
ed as the Co lorado State University Hydrology Papers, 
Nos . 43-46. 

(2) That the scientists who would l ike to perform 
various research projects at the CSU conduit r esearch 
center may assess advantages, potential, and limit­
ations in using these facilities for part icular research 
problems. 

1.3 Organization of Material Included in this Paper 

The general description of various alternatives 
in planning the research facilities, and the details 
of the constructed storm drain system are described 
i~ Chapter 2. The instruments used in the experiments 
are described in Chapter 3, with a major emphasis on 
calibration of individual devices. Chapter 4 describes 
the data recording system which allows data taken in 
the f ield to be transmitted to an indoor analog-to­
digital converter located approximately 1/4 mi l e from 
the pipeline. Chapter 4 descr ibes how the output from 
the analog-to-digital converter , in the form of punched 
cards or tapes, may be fed directly into the computer. 
Various experimental test conditions and their typical 
results are described in Chapter S such as flow 
resistance, cross-sectional velocity distribution, box 
losses, initial and boundary conditions, and observa­
tions of propagated f lood waves . Experimental errors 
caused by di ffe·rent sources are discussed i n Chapter 6. 
Chapter 7 presents the general evaluation of experi­
mental facilities; it is followed by the references 
(external and internal). 



Chapter 2 

EXPERIMENTAL STORM DRAIN SYSTEM 

2.1 De scription of Circular Conduit 

A pipeline 822 feet long with a 3-foot diameter 
was used as the experimental conduit in this study 
as shown in Figs. 2 .1 and 2. 2. 

Fig. 2.1. The circular conduit on the hillside of 
the Outdoor Laboratory at Colorado 
State University Engineering Research 
Center. 

Fig. 2.2 . View from the outlet of circular conduit 
and the inclined rails. 

The entire 822 feet of pipe, which consisted of 
20-foot sections, was supported on inclined rails 
which perndtted the pipe to be moved along the inclined 
plane to any slope between 0 and approximately 4 per­
cent. Figures 2.3 and 2.4 display general layout and 
detailed designs of the circular storm conduit. 

The pipe material is 1/2 inch thick rolled steel 
plate with a longitudinal weld located at the crown. 
The approximate 20-foot lengths of the pipe were 
welded except at three positions where the connections 
were bolted . Extreme care was taken to insure that 
all inside welds and joints were ground smooth and 
that the depressions were filled with a plastic 
material to insure a uniformly smooth surface. The 
inside surface was sand blasted and painted with two 
coats of a rust preventative paint. 

3 

2.2 Inlet Structure 

Selection of inlet structure. Flow was intro­
duced into the circular storm conduit by means of an 
inlet structure. Two inlet structures were initially 
designed, as shown by Figs. 2.5 and 2.6. The design 
details of these two schemes, their cost estimates , 
advantages, and disadvantages are presented in Table 
2.1. The advantage of lower cost and added convenience 
in operation led to the selection of the second scheme 
as the inlet structure to be constructed . 

Model study of selected inlet structure. A 
model study was made of the selected inlet structure 
(scheme No. 2) . The length ratio of mode 1 to proto­
type was 1 to 6 . The objectives of this study were: 

1. To investigate the problems of controlling 
the water profile in the main pipe line for both sub­
critical and supercritical flow by one or more of the 
following methods: 

a. Varying the grid size, number, and posi­
tion of baffles in the inlet section of 
the intake structure. 

b. Varying the slope of the intake structure 
only. 

c. Use of a tailgate at the point of dis ­
charge from the main pipe for subcritical 
flow. 

2. To inves tigate the hydraulic performance of 
the inlet box for subcritical and supercritical flows. 

A schematic diagram of the model study with design 
details is shown in Fig. 2. 7. The types of baffles 
tested are a+so shown in the figure. 

Conclusions of the model tests are as follows: 
1. For s ubcri tical flow the use of baffles and 

a tailgate is an effective method for developing 
uniform flow in the main conduit. It was necessary, 
however, to double the length of the intake structure 
between the flexible pipe and the main pipe line . 
This permitted full development of a uniform flow 
before entry into the main pipe. 

2. By keeping the invert of the intake structure 
above the crown of the supply pipe, full pipe flow is 
always maintained at the orifice meter. 

3. Varying only the slope of the intake structure 
is as effective as baffles in developing uniform flow 
in the main pipe for subcritical flow. 

Description of inlet structure as constructed. 
On the basis of the experimental results of the model 
study, the inlet structure was constructed following 
the design of scheme No. 2. For subcritical flow 
conditions it was necessary that the desired flow 
characteristics be developed upstream of the entrance 
to the storm conduit . This required that the 22-foot 
approach section have freedom of movement both verti­
cally and horizontally so that it could be oriented in 
any given plane with the storm conduit . The flexible 
section of pipe was built to allow the desired freedom 
of orientation of the 22-foot approach section to be 
a straight continuat ion of the storm conduit in any 
experiments. 

The movement of the storm conduit relative to 
the fixed portion of the intake structure created 
undesirable secondary currents in the approach section 
to the storm conduit. To re-align these transverse 
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TABLE 2.1. Design details, cost, advantages, and disadvantages of the two schemes of inlet structure. 

Design details 

Estimate of cost 

Advantages 

Disadvantages 

SOiE~IE NO. 1 

(1) A 30-foot section of 26-inch diameter 
pipe. 

(2) A 5-foot transition sect ion with guide 
vanes. 

(3) An 8-foot by 10-foot by 58-foot sti lling 
basin with baffles at the entrance and 
a tri~gular weir at the exit. 

(4) A 10-foot by 10-foot catchment box. 

(See Fig. 2.5) 

$3850.00 

(1) It provides an accurate measurement 
of discharge from very low to maximum 
discharge. 

(2) Flood waves - inflow hydrographs -
can be easily generated in the stilling 
basin with the addition of a relatively 
expensive wave generator. 

(1) Wind wi 11 cause surface waves, which 
will have an adverse effect on the 
discharge measurements, particularly 
at low discharge. 

(2) Its cost is high. 

(3) Calibration of the weir may require 
double construction of the stilling 
basin. 

{4) It is cumbersome to operate. 

SOiE~IE NO. 2 

(1) An 80-foot section of 26-inch 
diameter pipe with orifice meter. 

(2) An 12.25- foot of steel pipe between 
the orifice meter and a length of 
flexible pipe. 

(3) A 10-foot of 26-inch diameter 
flexible pipe. 

(4) A 3-foot transition section between 
the flexible pipe and, 

{5) A 22-foot missile case with baffles. 

(See Fig. 2.6) 

$2300.00 

(1) It is relatively inexpensive. 

(2) It provides positive control of 
the flow phenomena without inter­
ference, that is, the water surface 
is not affected by the wind. 

(3) Because it is a single pipe system 
a valve can be easily installed in 
the system at any time if it be 
found desirable, which is a desir­
able feature for a limited water 
supply. 

(4) It permit s the use of several sizes 
of orifice meters for measuring a 
wide range of flow discharges. 

(1) For supercritical flows it might 
not be easy for some discharges 
to develop desired uniform flow. 

(2) There is a danger of the flexible 
pipe collapsing during movement of 
the pipe system. 

velocity components into the desired uniform flow it 
is necessary to place baffles in the approach section. 
The location and number of these baffles is determined 
by observing the flow developed for a given discharge. 

To develop the desired supercritical flow condi­
tions at the entrance to the storm conduit, it was 
necessary that the slope of the movable approach pipe 
be different than the slope of the storm conduit. To 
achieve this slope differential, a flexible coupling 
was installed at the junction of the two pipes, i.e. , 
at the entrance to the storm conduit. 

of the main conduit, and {3) The shape of j Wlction 
box . If the crown of the inlet pipe is at the same 
elevation as the crown of the main conduit, it is refer­
red to as the "upper inlet". If the invert of the in­
let pipe is at the same elevation as the invert of the 
main conduit, it is referred to as the "lower i nlet". 

2.3 Laterals and Junction Boxes 

Selection of junction box. The design of laterals 
for the lateral inflows into the storm conduit, and 
the junction boxes basically involves three factors: 
(1) The angle of intersection; (2) The vertical 
position of the lateral i nlet in the cross-section 
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Based on recommendations from the U. S. Bureau of 
Public Roads, a square box with a changeable upper and 
lower inlet, and an angle of intersection equal to 
90 degrees was selected as the junction box. Design 
details are shown in Figs. 2.8 and 2.9. 

A model study of the selected junction box with 
its two pos1t1ons, i.e., the upper and lower inlets, 
is described in the next section. 

Model study of selected junction box. A hydraulic 
model was made to determine the relation of the power 
loss at the junction to other hydraulic properties. 
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Froude modeling criteria were used with a model to 
prototype linear ratio of 1 to 5.618 (selected because 
of the available plastic pipe size). 

The junction box used in the model study was square 
above the half-full level of the storm conduit. The 
two positions of the inlet were tested, the upper inlet 
and the lower inlet. The crown of the upper inlet was 
at the same elevation as the crown of the storm conduit 
at its point of entry into the junction box . The in­
vert of the lower inlet was made coincident with the 
invert of the storm conduit at their junction point, 
which was the centerline of the junction box. The 
lower inlet had a horizontal slope of 0.05. This 
slope was a result of necessary structural details in 
the pr ototype. Details of the model junction box are 
shown in Figs. 2.10, 2.11 and 2.12. 

When the upper inlet was used, the lower inlet 
was p l ugged. Depths of water were measured at 22 points 
along the model conduit. The rate of main flow and 
the rate of lateral flow were read from two calibrated 
manometers. The measured depths were used to calcu­
late the cross-sectional areas. The mean velocities 
were then calculated by the continuity equation. Then 
the velocity heads were calculated. Kn~·ing the velo­
city heads, depth of flow, and the elevation of the 
invert , enerRies could be calculated for each station. 
The power at a section in the conduit is found by mul­
tiplying the energy at the section by the weight rate 
of flow past the section. In other words , this power 
is the energy for all of the water transmitted across 
a section per unit time . The power equation can be 
written as: 

P = Q y(z + y + v2/2g) (2 .1) 
or 

p • Q y E (2.2) 

in which P is the power in foot-pounds per second, 
Q is the rate of flow in cfs, y is the specific 
weight of water in pounds per cubic foot , E is the 
energy in foot-pounds per pound, V is the mean ve­
locity, z is the elevation of the bottom, and y 
is the depth of water in the model conduit. 

Conclusions drawn from this model study for sub­
critical f low are: 

1. For a given ratio of lateral to main flow there 
is always more power lost when the upper inlet is 
utilized than when the lower inlet is used. 

2 . The ratio of power loss to the incoming power 
for the upper inlet is dependent only on the ratio of 
lateral to main flow. 

The power loss relation for the upper lateral inlet 
(the inlet that had its crown at the same elevation as 
the crown of the storm conduit) was found to be: 

p -0 .482 + 0.77, (2.3) 
R = QR + 0.55 

in which PR i s the ratio of power loss in the junc­

tion to the power entering the junction, and QR is 

the ratio of lateral inflow to storm conduit inflow. 
This equation is valid for QR greater t han 0.10. 

For QR less than 0.10 the PR -value of zero can be 

assumed with a maximum expected error of 3 percent in 
PR. 

3. The ratio of power loss to the power entering 
the lower inlet depends on the ratio of lateral t o 
main discharge and the depth ratio of the junction. 

The power loss relation for the lower lateral 
inlet (the inlet that had its invert at the same 
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elevation as the storm conduit's invert) was found to 
be: 

- 2. 78 + 1. 71 DR 
p = + 0 . 77 (2 . 4) 
R QR + 3.122- 0.167DR 

in which PR and QR are the same magnitudes as for 

the upper inlet, and the new parameter, DR' is equal 

to the ratio of the depth immediately upstream from 
the junction box to the diameter of the storm conduit . 
This equation is limited to DR -values greater than 

0 . 5 . 
4. For a given flow ratio, QR' the power loss 

for the lower inlet increases as the depth upstream 
from the junction increases. 

5. The slope of the main conduit does not affect 
the power loss ratio for the subcritical flow condi­
tions. 

6. The effective friction factor downstream 
from the junction has a larger value than the fric­
tion factor upstream. 

Description of junction box as constructed. The 
constructed junction box had both upper and lower 
lateral inlets and was square in shape. Flow from 
the 12 inch lateral pipe entered into the square junc­
tion box at a 90-degree angle as a free fall jet of 
wat er for the upper lateral inl et . 

2.4. Outlet Restriction Gate 

A restriction gate with five movable vertical 
wooden slats was installed at the end of the 3 ft diam­
eter, 822 ft long conduit. The five 7-inch vertical 
wooden slats were held in position by 2.5-inch wide 
vertical aluminum 1-1-sections. The clear opening was 5 
inches between supports. The detailed dimensions of the 
gate is shown in Fig . 2.13. During the experiments, the 
flow discharge could thus be controlled by varying the 
vertical position or by removing one or more of the 
slats to give the backwater {Ml) profile . For the con­
dition of a free outfall, the gate could be completely 
removed as shown in Fig. 2.14. A discussion of the gate 
condition is given in Chapter 5, p. 30. 

2.5. Water Supply and Removal 

Water supp l y to the 3-foot diameter storm conduit 
was by gravity from the nearby Horsetooth Reservoir 
(Colorado Big Thompson Project) through a 26- inch under­
ground pipeline as shown in Figs. 2.15 and 2.16. The 
conduit flow discharged into College Lake. This system 
permits wide variation in the discharge demand on the 
water supply. 

The monthly maximum, average, and minimum water 
surface elevations of Horsetooth Reservoir from May 
1951 to September 1962 were obtained from records kept 
at the ~:orthern Colorado Water Conservancy District, 
Loveland, Colorado. These values were plotted on the 
graph presented in Fig. 2.17. The mean 11-year reser­
voir surface elevation for this period is 5382 feet 
above mean sea l<>vel. The differential elevation be­
tween the inlet of storm conduit and reservoir water 
surface provides the maximum availab le head. A rating 
curve was then prepared as indicated in Fig. 2.18. From 
the rating curve of Fig. 2.18, a discharge of 90 cfs was 
obtained for the mean 11-year reservoir surface eleva­
tion. Detailed computations of total head loss from the 
reservoir to the inlet of the storm conduit for a dis­
charge of 90 cfs are presented in Fig. 2.19 and Table 
2.2. 
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Fig. 2.12. The side view of the laterals and the 
junction box used in the model study. 
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TABLE 2.2 Head losses in t he supply line for storm conduit experimental facili ties . 

No . Object Stat ion Elevation , ft . Loss Factor Head Loss , ft . 

Inlet 5+88.00 5270.00 0.50 Q.163 

2 Bend, 90° 5+91.00 0.13 0.042 

3* Friction 2 .04 0.664 

4 Contraction 10+90 .00 5244.64 0 . 33 1. 723 

5 Valve 11+01.50 5244.64 0.25 3.186 

6* Frict ion 3 .51 18.326 

7 Wye 18+21.25 5227 .00 0.30 1 .566 

8 Contraction 18+21. 25 5227.00 0 .04 0.510 

9 Valve 18+29. 75 5227 .00 0.20 2.549 

10 Bend, 45° 18+32.60 5227.00 0.12 1. 529 

11 Bend, 45° 18+37.11 5222.59 0.12 1.529 

12 Expansion 18+37.56 5222.59 0 . 215 2. 740 

13 Bend, 40° 18+50.61 5222.39 0.08 0 . 201 

14* Frict ion 4.26 10.722 

15 Wye 24+45 .05 5213.27 0 . 30 0 . 755 

16 Bend 26+83.75 0.10 0.252 

17 Bend 27+13. 75 0.10 0.252 

18 Contraction 29+19. 75 5205.59 0 . 04 0 . 408 

19 Val ve 29+29 . 75 5205.51 0 . 20 2 . 549 

20 Bend 29+49 . 75 5205 .52 0 . 10 1 . 020 

21 T-Lateral 37-t30.00 5173 .65 0 .03 0 .306 

22* Friction 6. 89 70 . 209 

W .S . Ref . Elevation 5380 TOTAL 121.201 

*3 concrete 5 f t. D - 510 ft. L. 
f = 0 .02 

*6 s t eel 2 . 5 ft D - 731 ft . L 
f = 0 .012 

*14 s tee 1 3 ft . D - 1075 ft . L 
f = 0.012 

*22 steel 25.38 in. D - 1210 ft. L 
f = 0.012 
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Chapter 3 

INSTR~ffiNTATION AND ITS CALIBRATION 

3. 1 Orifice Heters 

Design of orifice plates. In order to provide 
sufficient flexibility to cover the expected range of 
flow rates, three sizes of sharp-edged circular 
orifice plates, based on the different orifice-to­
pipe diameter ratios, were designed and used to 
measure the main inflow rate into the storm conduit . 
The ratios of the diameter of orifice to the diameter 
of pipe were 0. 35, 0. 50, and 0. 70, r espectively. They 
are referred to as small, medi um, and large openings 
in tne following des criptions. 

The plates were made of stainless s teel with 
thickness of 5/8 inches. n~o sets of taps were used 
to measure pressure differentials. One set of taps 1~as 
placed at one pipe-diameter (lD) upstream and the 
other set was placed at one-half pipe-diameter (0/2) 
downstream of the upstream face of the plate. For 
each set, eight taps spaced at 45 degrees were in­
stalled around the pipe wall and connected to a common 
manifold for measuring the average upstream and down­
stream orifice pressures. 

Orifice calibration for steady flow conditions. 
The general orifice equation is 

(3 .1) 

in which cd 
ratio of the 
area A, H 
orifice, and 

is the discharge coefficient , m is the 
orifice area to the pipe cross- sectional 
is the differential head across the 
Q is the discharge. 

The purpose of calibration was to determine the 
discharge coefficient Cd by measuring H and Q 
for t.he known values m and A. The orifice plate 
was clamped between the flanges at a joint in a 26-
inch diameter pipeline. The orifice plate was 
carefully adjusted so i t was concentric with the 
pipe, and the pressure differential H was read from 
a differential manometer. A calibrated volumetric 
tank with a hook gage gave the volume of water for a 
measured period of time. Flow discharge Q was then 
obtained. The calibration equations obtained for the 
three orifice meters are: 

1. For the small opening, with d/D = 0. 35 and 
m = 0 .1225, 

Q = 2. 102 IH , ~o~ith cd = 0 . 606 

2. For the medium opening, ~o~ith d/0 = 0.50 
and m = 0.25, 

Q = 4.439 IH, with cd = 0 . 627, and 

(3.2) 

(3 .3) 

3. For the large opening, with d/0 = 0 . 70 and 
m • 0.49, 

Q = 9.783 Iii' with cd = 0.705 . (3.4) 

Fig Figure 3.1 gives the relations between the three 
discharge coefficients and the Reynolds number for the 
smal l, medium, and large orifice openings , respectively. 
The three discharge c oefficients were constant for the 
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Fig. 3.1. Discharge coefficient Cd as function of the 
Reynolds Number, Re, of 36-inch 0.0. pipe­
line for three orifice plates; (1 ) small 
(2) medium, and (3) large. 

Reynolds numbers within the range 3.105 - 2.106 for 
the small opening, 2.105 - 2.106 for the medium 
opening, and 5.105 - 2.106 for the large opening. 
The Reynolds number in this case of orifice meters 
is defined by 

Vd 
Re "'v (3.5) 

in which V is the average f low velocity through the 
orifice cross-section, d is the diameter of the 
orifice, and v is the kinematic viscosity of water. 
Temperature of water flowing through the conduit 1vas 
almost constant, around 50°F, because the water suppl ied 
to the conduit system ~o~as taken from the bottom of the 
nearby Horsetooth Reservoir. The effect of t he small 
changes of water temperature on the Reynolds number 
was hence negligible from one experiment to another. 
The error in Cd can be estimated by computing the 
deviations of the measured points from the constant 
values of Cd (solid lines in Fig . 3.1). The computed 
results are shown in Table 3.1. 

Orifice 

Small 
Hedium 
Large 

TABLE 3.1. Errors in Cd of Fig . 3.1 

Standard Deviation 

0.0041 
0.0022 
0.0032 

Relative Error (%) 

0.5 
0 . 3 
0.4 

Unsteady flow considerations for orifice measure­
ments. Before experimental tests were made, consider­
ations were given to the problem of orifice calibra­
t ion equation for the unsteady flow phenomenon of the 
wave passage through the orifice meter. It was 
assumed discrepancies may occur between the measure­
ment of discharge in unsteady flow with a hydrograph 
configuration due to either acceleration or decelera­
tion of the flowing f luid i n comparison to the 
measurement of discharge in steady flow through t he 



orifice . The accelerating phase, or t he ~s~ng limb of 
a hydrograph , would r~quire increased pressure to pro­
duce acceleration of flow through the orifice meter. 
This increase of pressure would mean an i ncrease of 
the pressure differential across the orif ice meter. 
The use of this pressure difference to compute the 
steady flow discharge would give a greater value than 
the true flow would be for the pressure differential 
measured under the steady flow conditions . Similarl y , 
the discharge of the de celerat i ng phase , or the falling 
limb of the hydrograph, measured in a simi lar manner 
might indicate a small er flow discharge in comparison 
t o the discharge obtained for the pressure differential 
of the steady flow. It is expected, however, that the 
measured flow at the orifice meter for a complete 
hydrograph would be equal to the actual volume in 
steady flow because of the compensating effects of the 
accelerated and decelerated parts of the unsteady flow. 

The order of magnitude of this error from the 
unsteadiness of f low under pressure is studied 
experi mentally. If the discharge varied with time, 
the total volume can be measured directly by the 
cal ibrated volumetric t ank . The calculated volume, 
We , for steady state conditi ons was computed by the 
numerical integration 

w c (3.6) 

in which the discharge Qt is computed from the 
equation of the st eady flow orifice, Qt ~ C-s t eady · 

H~ . In comparing the measured volume of the un­
st eady flow and the calculated volume of the steady­
flow orifice equation, it was possible to infer 
whether the orifice coefficients, C, of t he unst eady 
flow departed from the coefficients of the steady f l ow . 

Experimental procedure also provided data for a 
comparison of the t ot al measured volume of flo~>" through 
the orifice plate under unsteady flow conditions for 
a given period of time, and the computed volume for 
the s t eady conditions by using Eqs. 3.2 t hrough 3.4. 
The volumes of rising limbs, of falling limbs, and of 
the t otal hydrograph were measured direct ly by volu­
metric tanks while the pressure differential across 
the orifice plate was measured by a trans ducer and 
recorded on a strip chart. Wi thi n the limi tati ons of 
the t esting facility the runs ~>'ere carried out in s uch 
a mannor as to usc almost maximum volumetric tank 
capacity while varying the times of runs and the peak 
flows. 

Water was supplied t o the test section containing 
the orifice plate by a pump. The unst eady flow con­
dition was introduced by opening and closing a butter­
fly val ve placed in the line specifically for t hat 
purpose. Tile valve, operated manually, was pl aced 
about 40 feet upstream from the orifice plate . A 
base f1o1; was established. The water was di vert ed 
i nto the volumetric tanks, and the time of t he run 
and the pressure di fferential across the or ifice p l ate 
recorded. The diverter, t i me cl ock, and strip-chart 
were started at the same time the valve was opened 
or closed. 

Volume of flow for steady condition over a given 
time was computed by numerical integration . Time 
intervals for t he integr ation were taken as t hree 
seconds. At each three second interval on the strip 
chart r ecording, pressure was read and the flo•; rate 
computed using the steady f low orifice coefficient. 
Tile flow rate was averaged over the three second 
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period and t he volume for each time period determined 
and summed for the total. The actual computation was 
performed by digital computer. 

Comparison of the direct measurement of volurne 
to that computed from the transducer recorded data 
gave a maximum deviation of measured volume from t he 
computed volume of 1.62 percent. Eleven of the 
sixteen runs or 69 percent of the r uns gave deviat ions 
of meas ured vol ume f rom computed volume of l ess than 
one per cent . No specific trend in t he data was found. 
The results of comparing measured and computed volumes 
for various runs are shown in Table 3.2. Figure 3.2 
shows the same results found in Table 3.2, which 
supports the conclusion that no significant deviation 
is obser ved because of unsteady flow conditions . 
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Fig . 3 . 2 . Relation of t he measured to the computed 
volumes for the unsteady flow conditions 
through the orifice meters . 

In order to avoid s urges of flow caused by a 
smaller orifice opening, 16 of the total 17 runs i n 
Table 3. 2 were made for the large orifice opening 
(m ~ 0 .49) and only one run was made for the medium 
opening (m = 0.25). No data were taken for the small 
orifice opening (m • 0.1225). 

3.2 Current Meters 

Type of current meters. Propel ler current meters 
have the following advantages as compared to cup 
current meters : ( 1) The propeller current meters 
produce smaller disturbances in flow, (2) The mechani­
cal (beari ng) friction i s smaller in propeller current 
meters, and ( 3) The prope llcr current meters are l ess 
suscept ib le to fouling by £orcign bodies carried in 
the flow. Based on these advantages , reliability of 
operation, and compact construction, the Ott propeller 
current meters with electric counters were selected to 
measure the flow velocities in the stor m conduit. To 
cover a wide range of flow velocities , the Ott pro­
peller current meters were equipped wit h interchangeable 
propellers with different pitches. The size and 
selection of the propellers and pitches ar c given in 
the Table 3.3. 
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TABLE 3.2. Results of unst eady flow investigation of orifice meter calibration for different area ratios 

Run 
No. 

3 

4 

5 

6 

7 

8 

9 

10 

ll 

12 

13 

14 

15 

16 

17 

18 

Propeller 
No. 

2 
2 
3 
4 

Flow Rate 
Area cfs 
Ratio Hydrosuaoh max min 

0.49 Rising 23.704 12 . lll 

0.49 Rising 21 .102 14 .195 

0.49 Rising 22 .100 9.439 

0.49 Rising 17. 893 7. 482 

0 . 49 Rising 22.261 10.053 

0 . 49 Rising 20 . 502 7. 924 

0.49 Falling 21 . 585 6. 584 

0.49 Falling 21.290 18. 549 

0.49 Falling 21.290 15 . 265 

0 . 49 Falling 21.76 7 7.477 

0 . 49 Complete 22.188 6.765 

0.49 Complete 21.858 7. 296 

0 . 49 Complete 22.351 8 .132 

0 . 49 Complete 20 .152 8 . 220 

0.25 Rising 17.041 8 . 305 

0. 25 Rising 17.086 7.853 

TABLE 3.3. Se l ect ion of propellers 

Propeller 
Diameter 

(em) 

5 
3 
5 
5 

Pitch 
(em) 

10 
10 
25 
so 

Approx. Maximum 
Velocity 
(ft. / sec) 

3 
3 
8 
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To check the procedures used to determine the 
change, if any , in performance of the Ott cur r ent 
meters three series of tests were made using the 
Colorado State University calibration facilities 
(Figs . 3.3, 3.4, and 3.5). 

In the first tests each meter propeller was 
tested singly . Each meter was mount ed on a 3/ 8-inch 
rod attached to t he carriage and towed at a depth of 
two feet (Fig. 3.3) . The second test series involved 
three meters mounted on the 3/8- i nch rod at a distance 
of 4-inches on centers. The purpose of the test was 
to determine int erference effect s , if any, on the 
meters operating under simulated field condi tions. 
Because the recording system was only a single 
channel, it was not possible to record the performance 
of all three meters simultaneously . Therefore, the 
t est procedure was the same for the single mounted 
meter, that is, it was necessary to make three runs 
with the carri age at a given speed in order to obtain 
the performance data at this speed on the three met ers. 

Since t he veloci ties of the meters under field 
conditions fell on the uppermost range of a 3-range 
calibration chart plotted from data f urnished by the 
Ott Laboratory, only the calibration data in this 
range were analyzed . In this range it was found that 
the theoretical curve t hat best fits the data is the 

Deviation of 
Time Computed Measured Computed From 

of Test Volume Vol ume Measured ·volume 
in sec . in ft3 i n ft3 in % 
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62 . 99 1272.170 1252. 091 -1.604 

78 .81 1408. 636 1408.839 +0 .015 

59 .95 1200 .912 1193. 531 - 0 . 618 

91.59 1317. 455 1312.542 -0 . 374 

62 . 25 ll76.432 ll60.429 -1 . 043 

81.51 1397.028 1397.867 +0 . 060 

59 .48 1178.076 1173.244 -0 .412 

73 . 91 1524. 571 1516. 301 -0 . 545 

65 .07 1303 .741 1297.380 -0 .490 

49.20 880.549 868.447 -1.394 

62.61 1184.071 1173 . 726 -0.881 

63 . 78 1107 .155 1124. 776 +1. 567 

61.37 1176.518 1168.864 -0 .655 

80 .11 1174.248 1166. 717 -0 . 645 

60 .07 924 . 271 923 . 561 -0 . 077 

79 . 92 1155. 196 1174.204 +1. 619 

asymptotic limb of a hyperbola, which can be approxi­
mated by a straight line of the form V = a + bn . In 
this equation V is t he velocity in feet per second 
and n is the number of turns per second. Values of 
the coefficients a and b for least-square curves 
fitted to t he recalibration data and the Ott laboratory 
data were found to be essentially identical. For 
each set of data the accuracy of the curve fitting 
procedure was found by the standard error of estimate 
of V on n. 

In view of t he general agreement between the 
rccalibration values and the manufacturer ' s furnished 
values , t here did not appear t o be justification for 
the adoption of the recali brated value~. Furthermore , 
the effect of spacing the meters at 4-~nches center 
to center does not indicate any trend when compared 
to the s i ngle meter calibration. 

For the t hird test series a system was devised 
whereby a ll five ve locity meters could be calibrated 
simultaneously utilizing t he mounting arrangement 
used in the actual testing program of the storm 
conduit . A bracket was clamped to t he front of the 
test car and the fie l d mount ing frame for the velocity 
met ers was bolted to the bracket (Fig. 3.6) . The 
velocity meters were tested at a depth of approximate ly 
one foot. A relay circuit operated by micro-switches 
provided means for turning a clock and the current 
meter counters on and off, (Fig. 3.7), while the t est 
car trave l ed at constant speed over a known distance. 
Stakes were driven into the ground and cam plates 
were clamped to the stakes, (Fig. 3.8, lo1~er right) . 
Activation of the micro-switch was marked on the cam 
and the distance between the "on cam" and the "off 
cam" was measured. The tow car was i nitially at a 
point near the end of the water tank . During each 
run, the cam.s and micro-switches provided a time and 
count record over the known distance with varjation 
being made on ly in time required t o traverse the 
distance . 



Fig. 3.3. Electrically propelled tow car. 

Fig. 3.4. Current meter tow tank. Dimensions of the 
tank are : Length - 200ft; width - ·s ft; 
depth - 5 ft . 
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Fig. 3.5. Recording system for calibration of current 
meters, and tow car control switch . Strip 
chart records speed of tow car and revolu­
tions per second of current meters. 

Fig. 3.6. Ott meters in calibration position on tow 
car. 



Fig. 3.7. Relay circuit chassis , electric clock, and 
current meter counters on tow car for 
simultaneous calibration of five Ott­
current meters. 

Fig. 3.8. Arrangement of micro-switch switches and cam 
plat e which operate relay circuit. "Off 
cam" is illustrated. 

Calibration results. The technique of calibra­
ting the meters was found to be satisfactory, that is, 
the system was first carefully checked by making 
several runs of the tow car at a constant speed over 
a given distance until the meter count did not vary 
by more than i 0.5 percent. The meters were then 
calibrated by operating the tow car at eleven differ­
ent speeds covering its operational range. 

The calibration results of the values of "a" 
and ''b" as compared to the original calibration 
data furnished by Ott Company are presented in Table 
3.4 . 

Mutual interference and wall proximity effects on 
current meter readings. Investigations of mutual 
interference and wall proximity effects on current 
meter readings have been conducted by Henn [1), Status 
[2), Jovanovic [3], and Benini (3]. Based on the 
res ults of the tests of these investigators i t was 
decided that similar tests would not be needed for 
the Ott current meters . Of particular importance 
were the results of the tests made by Benini, who was 
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concerned with accurate measurement of flow in large 
diameter pipes. His calibration tests simuL ated the 
positioning of the current meters were simiLar to 
what were used by this study in the measurement of 
velocity distributions. Benini's rating equ ipment 
consisted of a flume 50 .. 85 meters long (useful length 
between the two ends of the run 41. 80 m) , 2. 00 meters 
wide and 3. 00 meters deep; a carriage was operated 
by a cable system from a hydraulic converte~ enabling 
the required speed to be reached within a very short 
distance. The speed could be varied continu ously 
between zero and 5.50 meters/second. 

The experimental results obtained by P~ofessor 
Benini are presented in Figs. 3. 9 through 3. 11 . On 
the abscissa the axial distance between the propellers, 
or the distance between the propeller axis aLnd the 
wall, is plotted in terms of the ratio between the 
distance L and the propeller diameter D. It was 
preferred to express the distance between th. e meter 
and the wall or between the two met ers in terms of the 
propeller diameter rather than i n absol ute \Ta l ues, in 
order to extend the test results to meters "' i th the 
propellers of different dimensions. The pe~centage 
deviations from the reference values are plotted as 
the ordinate. In Figs. 3.9 to 3. 11 the representative 
points of the deviations have been joined by- straight 
lines, to better emphasize the var iation. 

Apart from the tests carried out at the velocity 
of 0.5 meter/second , it can be seen that the divergences 
from the reference values are , with a single except1on, 
less than 0.5 percent, and show no decisive trend in 
either the positive or the negative direction. 

The tests reported thus demonstrate that within 
the range of velocities investigated the performance 
of a current meter is only slightly influenced by the 
proximity of a second current meter, or of a. wall. 
The divergences found, referring to the behavior of 
meters in a r egion without any disturbances~ are 
attributed rather to unavoidable experimental error , 
being of the same order of magnitude as, or slightly 
larger than, these errors. For this reason it is 
difficult to distinguish between experimental errors 
and effects caused by an adjacent meter or w all; it 
can be stated that, within the range investi.gated, 
the possible effect does not exceed 0 . 2 to 0. 3 percent. 

For comparison, the results of the other i nvesti­
gators are summarized as follows: 

1. Staus [2] found that a propeller current meter 
records velocities that are low by 1.1 percent near 
the wall and by 0. 8 percent when near the bot tom, the 
errors being independent of absolute velocit y. 

2. Henn [1] made use of tests by the Ou firm. 
The Ott tests indicate that the reduction in current 
meter readings increases with the increasing velocity, 
to reach 1.2 percent for meters near the bottom and 
2 .1 percent for meters near the wall, at a velocity 
of 2.5 meter/second. Regarding the mutual inter­
ference of two nearby meter s, the Ott tests indicate 
that in the velocity range 0 .1 to 0.8 m/s, there is no 
significant correlation with the distance between the 
two meters. 

3. Jovanovic [3) at the rating station at the 
Institute of Hydraulics in Belgrade found that in the 
velocity range of 0.5 to 4.5 m/s, meters near the 
bottom gave errors as large as 1 . 73 percent at a 
velocity of 4.5 m/s. Tests on meters placed 3 em 
between the peripheries of the propel lers gave errors 
of only 0.8 percent at 4 m/s . 



TABLE 3.4. Comparison of Ott-Meter calibration rating curves , V s a + b n, by the least square 
estimate of Ott and CSU calibration data for meter velocity> 1.0 fps. 

Prop. 
Meter Prop. Dia. 
No. No. em. 

12457 2-3 3 

12457 4 5 

12458 2-3 3 

12458 4 5 

12459 2-3** 3 

12459 4 5 

Slope 
of curve 

b 

0.3411 

0.338 

0.339 

0.337 

0.340 

1.6531 

1.675 

1.648 

1.648 

1.651 

1.693 

0.3395 

0.335 

0.336 

0.338 

0.338 

1.6531 

1.651 

1.663 

1.642 

1.650 

1.673 

0.3395 

0.339 

0.342 

0. 340 

0.341 

1. 6564 

1.675 

1.668 

1.681 

1.668 

1.654 

1.691 

Standard 
Intercept Deviation Calibration 

a a Date 

0.108 

0.143 

0.106 

0.111 

0.112 

0.030 

-0.007 

0.049 

0 . 029 

0.036 

0.007 

0.115 

0.177 

0.153 

0.124 

0.131 

0.033 

0.016 

0.018 

0.051 

0.040 

-0.001 

0.112 

0.150 

0.122 

0.112 

0.115 

0.036 

0.027 

0.022 

0.007 

0.017 

0.043 

0.004 

0.0016 

0.0051 

0.0059 

0.0042 

0.0074 

0.0078 

0.0074 

0.0052 

0.0429 

0.0059 

0.0034 

0.0019 

0.0056 

0.0104 

0.0135 

0.0088 

0.0098 

0.0385 

0.0050 

0.0109 

0.0141 

0.0055 

0.0099 

0.0101 

0.0093 

0.0176 

0.0053 

0.0451 

5-1-64 

7-2-64 

7-13-64 

7-15-64 

5-1-64 

7-2-64 

7-13-64 

7-15-64 

8-24-64 

5-1-64 

7-2-64 

7-13-64 

7-15-64 

7-2-64 

7-13-64 

7-13-64 

7-16-64 

8-24-64 

5-1-64 

7-2-64 

7-2-64 

7-13-64 

5-1-64 

7-2-64 

7-2-64 

7-13-64 

7-17-64 

8-24-64 

(l)Mfg. means manufacturer ' s calibration results. 
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Remarks 

From mfg~l) calibration curve for meter. 

1st test series; single meter. 

2nd test series-run 1; deepest of 3 
meters. 

2nd test series-run 2; deepest of 3 
meters. 

From analysis of original data. * 

From mfg. calibration curve for meter. 

1st test series; single meter . 

2nd test series-run 1; deepest of 3 
meters. 

2nd t est series-run 2; deepest of 3 
meters. 

From analysis of original data. 

3rd test series; meter mounted on field 
support with original meter gear re­
placed by a new gear. 

From mfg. calibration curve for meter. 

1st test series; single meter. 

2nd test series-run 1; middle meter of 3. 

2nd test series-run 2; middle meter of 3. 

From analysis of original data.* 

From mfg . calibration curve for meter. 

2nd test series-run 1; middle meter of 3. 

2nd test series-run 2; single meter of 3. 

2nd test series-run 3; middle meter. 

From analysis of original data.* 

3rd test series; meter mounted on field 
support with original meter gear re­
placed by a new gear . 

From mfg . calibration curve for meter. 

lst test series; single meter. 

2nd test series-run 1; shallowest of 3 
meters. 

2nd test series-run 2; shallowest of 3 
met ers. 

2nd test series- run 3; shall owest of 3 
meters. 

From mfg. calibration curve for meter. 

1st test series; single meter. 

2nd test series -run 1; shallowest of 3 
meters. 

2nd test series; single meter .*** 

2nd test series-run 2; shallowest of 3 
meters. 

From analysis of original data*. 

3rd test series; meter mounted on field 
support with original meter gear re­
placed by a new gear . 



TABLE 3.4 . Comparison of Ott-Meter calibration rating curves, V = a+ b n, by the least square 
estimate of Ott and CSU calibration data for meter velocity > 1.0 fps. - Continued. 

Meter 
No . 

12460 

12460 

12461 

12461 

Prop. 
No . 

2-3 

4 

2-3 

4 

Prop. 
Dia. 

ern. 

3 

5 

3 

5 

Slope Standard 
of curve Intercept Deviation 

b a a 

0.3362 0.118 

0 . 334 0.156 0.0027 

0.335 0.127 0.0042 

1.6466 0.033 

1.666 0 .023 0 .0171 

1.643 0.044 0.0063 

1.700 -0 .032 0 .'0397 

0.3378 0.112 

0.333 0.156 0.0050 

0.338 0.109 0.0035 

1 .6498 0 . 030 

1.670 -0.008 0.0078 

1.652 0 .024 0 .0041 

1.674 -0.019 0.0378 

Calibration 
Date Remarks 

From mfg. calibration curve for meter. 

5-1-64 1st test s eries; single meter . 

7-17-64 From anal ysis of original data* 

From mfg. calibration curve for met er. 

5- 1-64 1st test series; single meter . 

7-18-64 From analysis of original data.* 

8-24-64 3r d test series; meter mounted on field 
support with original meter gear re-
placed by a new gear. 

From mfg. calibration curve for Jilleters. 

5-1-64 1st test series; single meter. 

7-9-64 From analysis of o.riginal data. * 

From mfg. calibration curve for meter. 

5-1-64 1st test series; single meter. 

7-19-64 From analysis of original data .* 

8-24-64 3rd test series; meter mounted on field 
support with original meter gear re-
placed by a new gear. 

* Original cal ibration data furnished by Ott Company . Note: This data was used in preparation of the 
calibration curve s upplied by Ott with each meter. 

** No original data was furnished for this propeller . 

*** Meter shaft had been bent during operation; calibrat ion was made after meter was required. 

These results are at variance with those by 
Benini . Because of the different technique used by 
Benini in carrying out the tests, in par ticular by 
comparing calibration tests carried out successively 
with repeated tests, the results given by Figs. 3 .9 
to 3.10 are l i abl e to less error and are therefore 
assumed to be reliable . 

.., .. 
E 
::> 
"' "' <t 

I 2 3 4 5 6 
Relative Distance from Axis of Two· Current Meters, LID 

Fig. 3 .9. Behavior of two neighboring current meters 
wi th propellers of different pitch (aft er 
Benini) . 
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Fig . 3.10 . Behavior of two neighboring current meters 
with propellers of t he same pitch (after 
Benini) . 

In summary, since mutual interference and wall 
proximity effects on current meter readi ngs are 
negligible in the velocity range of this project's 



experimental studies, it was decided that a particular 
calibration of the current meters for these effects 
should not be made. Instead, the German code for the 
meter use was adopted. The code specifies that the 
dis tanc.e between the meter axis and the wall must not 
be less than 0.75 times the diameter, and the distance 
between the two adjacent meters must be less than 1.2 
times the propeller diameter. 

3.3 Pressure Transducers 

General consi derations. The calibration of 
pressure transducers is considered from those stand­
points: (a) that the output voltage be zero for 
zero pressure input; (b) that the output voltage be 
a linear function of the input pressure differential; 
(c) that it does not change with time and if so , it 
must be systematically checked, and (d) that the 
proportionality constant between the input and the 
output be known before the observed data can be 
interpreted . 

The proportionality constant may be Teasonably 
expected to include the composite effects of all 
elements i n the data recording system. Hence, this 
constant should be established. irnrnediately prior to 
and immediat ely following data observation. It was 
not assumed this value would remain constant from 
run to run or from day to day, so facilities were 
implemented to determine this value in the field as 
desired without making a complete cal ibration check , 
which essentially only establishes the linearity of 
the transducer. 

The first, second and thi rd conditions under 
(a), (b), and (c) have been investigated for all 
transducers in use. With sufficient care in instal­
lation and adequate warm-up t i me, all transducers 
were linear and passed through zero with no hysteresis 
for the range of pressure differentials anticipated 
measurements . The manufacturer's specifications state 
a compensated t emperature i nterval of these pressure 
transducers ranges from -65°F to +250°F. During the 
tests, the air temperature was 75° ± 10°F, and the 
water temperature was almost constant, around S0°F. 
It is thus concluded that the temperature effect on 
the pressure transducer measurements was negligible. 

Procedures of calibration and results. A 3-foot 
water manometer was used to give the differential depth 
in conjunction with the pressure transducer. The 
readout part of the pressure transducer was provided 
by a digital voltmeter. For each test, the adjustment 
of zero pressure to zero voltage output was made. The 
difference of water levels of the manometer with 
corresponding voltage output from the pressure trans­
ducer were then recorded . The plots of digital read­
out· in volts versus the difference of water levels 
in feet were used to check the linear ity of the 
pressure transducers. The calibration results of 
different pressure transducers are shown i n Figs. 3.11 
and 3.12 . 

3. 4 Pitot Tubes 

Early in the investigation of velocity distribu­
tions a single pitot tube was considered. A particu­
lar tube was calibrated and used for one vertical 
velocity traverse. Its calibration constant was 
essentially 1.00 for relatively small velocities. 
There was a slight difference in the velocity profi l e 
as observed by the pitot tube and the Ott current 
meters for the same flow conditions, but because of 
the time involved in using a single tube to define the 
complete velocity profile and because the Ott current 
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Fig . 3 .11. The calibration line for the pressure 
transducer No. 12180, ± 1 psi. 
Tested 7-23-66 
Using data recording system. 
CD-25 No. 14490 

5 

-5 -4 

DC 
4 5 

3 

Fig. 3.12. The calibration line for the pressure 
transducer No. 14400, ± 5 psi, 
Tested 7-23-66 
Using data recordi ng system. 
CD-25 No. 17083 



meters produced essentially the same vertical profile 
with a fraction of the time requirement, the use of 
the single tube was discontinued. 

Velocities in excess of 10 feet per second, for 
the steeper slopes, reduce the use of the Ott current 
meters. In order to reduce field run times to a 
minimum and to reduce the drag on the velocity meters 
and accompanying support to a minimum, hypodermic 
needles (as shown in Fig. 3.13) were used to measure 
the total static and dynamic head. The static head 
was measured at the solid boundary surface. Seven 
of these were arranged along a revolving radial arm . 
Based on the use of similar tubes in air flow at 
high Reynolds numbers the coefficient was assumed 
to be constant for the range of velocities being 
observed. Considering this assumption and the fact 
that if the distribution of velocities as represented 
in the a and B velocity distribution coefficients 
only was desired, then these coefficients can be 
represented by the appropriate integral of the ratio 
of t:he square root of the pressure differential. The 
pressure differentials were detected by means of a 
pressure transducer whose voltage output was proportion­
al to the pressure differential. The voltage was read 
and recorded automatically onto punched cards. Since 
the voltage was proportional to the pressure differ­
ential, the velocity distributio~ is identical to the 
distribution of the square root of the observed 
voltages. 

Subsequent comparison of velocity distribution 
coefficients as measured by the Ott current meters 
and by the hypodermic dynamic tubes indicated an 
overlap within the ranges of variability of the Ott 
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meter results. Therefore, it did not appear desirable 
or necessary to calibrate the dynamic tubes for the 
determination of the velocity distribution coefficients. 

Fig. 3. 13. Pitot tube rake used for point velocity 
measurements at large discharges of 
supercri tical flow. 



Chapter 4 

DATA RECORDING SYSTEM 

4.1 Description of the System 

A system for recording and transmitting field 
data from the outdoor s torm conduit was installed. 
The continuous time series of physical quantities 
measured by the sensing device were first transferred 
into analog electric signals and were then digitized 
by an analog-to-digital converter. The output from 
the analog-to-digital converter in the form of punched 
cards or tapes were then fed into computer for further 
computations. Figure 4.1 shows the general outline of 
the Data Recording System. 

Fig. 4.1. Data recording system. 

4.2 Analog-to-Digital Converter 

The Systron-Donner Model 1234 Analog-to-Digital 
(A/D) converter was designed to accept continuous 
(analog) data up to 30 input channels. It sequentially 
scans, digitizes, and drives an output coupler to 
punched cards or punched paper tapes for eventual com­
puter processing. The system samples at a rate 
determined by the type of output device and the number 
of digits per word. For punched cards, the rate is 
2 words or 17 characters per second. For punched 
paper tape, it is 14 words or 110 characters per 
second. A pinboard provides the means of setting the 
full-scale input range of each channel to be scanned. 
These ranges are ±10, SO, lDD, and 500 millivolts, 
1, and 10 volts. The same pinboard allows any unused 
or unwanted channels to be deleted from the scan. 
Each sample is of 3 milliseconds (ms) duration and 
the next sample is taken T milliseconds later, (Fig. 
4.2). The T is determi ned by the time required 
for digitizing, punching, etc; however, its duration 
may be varied by choice of output device and number 
of characters printed out per sample. For a standard 
8-digit data word, with card punch output , T is 
500 ms less 60 ms/digit deleted. With paper tape 
output , T is 70 ms less 9 ms/digit deleted. 
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The output from the AID converter of "time" and 
"manual data" are printed out at the beginning of 
each scan though they could be omitted at the option 
of the operator. 

The following is printed out for each channel: 

Channel identification 
Polarity or overload 
Data 

2 digits 
1 
4 " 

Range or data ID 1 " 
Q is printed out for an overload. 

T Sampling Interval 

I 

3 ms 
Sampling time 

Fig. 4.2. Schematic representation of time series 
sampled by data recording system. 

At the option of the operator the system may 
enter six digits of time information at the beginning 
of each record (scan) . The indication and recording 
of time is in hours, minutes, and seconds. The source 
of each input data point is identified by a two digit 
channel number preceding the value of the data taken. 
Each four digit value is accompanied by indicators 
for range, polarity , and "off-scale" conditions. 

The range symbol is: 

volts full scale ~ 
10 3 

1 " 4 
0.5 " 1 
0.1 " 5 
0.05 " 2 
0 .01 " 6 

For the decade steps, the range symbol is the 
negative power of 10 by which the data is to be 
multiplied. The number 8 identifies the data as a 
manual entry and the number 9 identifies a time entry. 
For example, 

05-74973 means that a value of -7.497 is read for 
channel 5, 

14+53922 means that a value of +0.02696 is read 
for channel 14, 



24Ql0733 means that channel 24 is overloaded, 

13+45329 means a' time of 13 hours 45 minutes 
32 seconds, etc. 

The details of the data format as the output from 
the A/D converter is 0.1% at full scale . 
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Volt:age 

Time 

Identifi­
cation 

2 

c c 

channel 
number 

H H 

Hours 

Columns (1- 8) 

3 4 5 6 7 8 l -5001JV 

+ v v v v R 2- 50 IJV 
3-10 v 

sign 4- 1 v 
5-lOOilV 
6-10 IJ V 

+ ~1 M s s 9 

Minutes Seconds 

I 8 

Fig . 4 . 3. The data format as t he output from Analog­
to-Digital Converter . 

4.3 Operations and Controls 

The outdoor circular storm conduit: is located 
about 1500 feet a~Vay from the Colorado St ate University 
Hydraulic Laboratory building. Data taken from the 
storm drain were trans formed into e lect:ric voltage 
signals by t he pressure transducers installed in the 
control trailer, shown in Fig . 4.4. The transducer ' s 
s l ope and intercept calibrations for head versus 
voltage relations were determined in t he following 
manner. First , the systems were a l lowed to come to 
equilibrium. The zero transducer voltage output v.• as 
t hen recorded. Next , valves No. 1 and No . 3 11•ere 
cl osed and a differential head was applied in mano­
meter tube A. This was measured and recorded along 
with the corresponding transducer voltage output . Once 
these calibrations were obtained, all valves were opened 
and t:he systems were again allo~Ved to return to 
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equi librium. Then valves 2 and 3 were closed and 
the wave was s tarted. Using this system, the 
deviat ions from the initial depths were recorded . 

Flow passed t hrough a motor-driven Rockwel l 
Permisphere valve, then through an ori fi ce where a 
constantly r ecording pressure transducer was connect ed 
to measure discharges . I t then passed through a 
baffle system to dampen out surface osci llations and 
provide a more uniform velocity distribution, and, 
fina l ly, on to what is considered the i nlet of the 
pipe. 

Waves were measured at distances of SO. 00 ft, 
410.00 ft , and 771.70 ft from the entrance during 
experiments of the summer of 1965 and at distances of 
50.00 ft, 251.24 ft, 387.70 ft, 462 .56 ft, 669.83 ft, 
and 771. 70 ft . during experiments of the summer of 
1966. Wave heights were measured l>Y pressure trans­
ducers connected between the pipe invert and a set 
of manometers , as shown in Fig . 4.4 . 

Voltage signals were converted from analo~ to 
digital f orm in the data recording system and we r e 
t hen punched direct ly onto data cards. The experimental 
wave could then be reconstructed by feeding the 
calibration and vol tage cards into a di gital computer 
which converted the voltages into depths. 

A F••• 
0\llklll 

--11--'"-- •0 ""'' 

To 0o10 AeQIItS110flo 

Systt.m 

Mollo-- d11v~ Aoeto•ell 
p,,mr~ptlete ( Glob I ) Volvt 

.,, ... oio 
Hole' o t r5' 
lntl!lrvms 

) ~~o~:~trd 

Fig. 4.4. Schematic representation of faci l 5ties and 
dat:a recording system. 



Olapter 5 

EXPERIMENTAL TEST CONDITIONS AND TYPICAL RESULTS 

5.1 Steady Flow Conditions 

Cross-sectional velocity distributions. In order 
to determine the velocity distribution coefficients 
(cs and B) experimentally, measurements of the 
di stribution of conduit cross-sectional velocities 
were made. Time average point velocities were 
measured by the Ott laboratory current meter . Five 
meters were mounted on a rod which was supported at 
the center. The rod support was at the conduit center­
line and could rotate to p lace the met ers in any 
angular position. The meters were spaced along the 
rod to sampl e equal circumferential areas . The 
meters were placed at the minimum recomme·nded spacing 
distance from the conduit wall. The meter support 
rod was positioned at angular i ntervals of 10 degrees . 
Thus, the point velocities were observed at five 
radial positions and as many 10- degree intervals as 
required to sample the circular segment . 

The input data to the computer program consisted 
of: (1) velocity meter identification number and 
propeller number; (2) velocity meter position on rod, 
(3) angular position of the rod, (4) time interval of 
revolutions, (5) number of revolutions, (6 ) water 
depth at the cross-section, and (7) measured discharge. 

A typical result of the measured velocity dist ri­
butions of the conduit cross-section is shown in Fig. 
5.1. The properties and computation details of these 
velocity distribution coefficients, cs and a, based 
on the measured velocities of conduit cross-sections 
are described in Part III of th1s four-part series of 
papers. This paper is the second in the series . 

Boundary roughness. The conduit boundary rough­
ness was determined from experimental observations . 
In this approach the Darcy-Weisbach friction factor 
f and t he conduit Reynolds number Re were computed 
from measured depths and discharge. 

Hook gage readings, gage zeros , and conduit 
invert elevations were measured at the successive 
piezometer l ocations shown i n Table 5.1 The discharge 
was determined from the calibrated orifice meters. By 
knowing the depths and discharges for fixed conduit 
i nvert slopes, the average velocities and the total 
energy heads were then computed. The difference in 
successive values of total energy heads divided by 
the dis tance between conduit s tations repr esents the 
energy l oss rate. This loss rate and the average 
hydraulic radius were substituted into the resistance 
equation to evaluate the friction factor f , namely 

4 R 
• liE f = av 

(5 .1) v2 llx 
av 

2& 

The Reynolds number for the same reach was com­
pute4 , based on average vel ocity and hydraulic radius 
as the characteristic length, i.e. 

V R 
Re = -=a.:..v __ ..:ac:.v_ (5 .2) 

v 

A plot of these f values versus Reynolds number, 
Re, are presented in Fig . 5.2 . The plotted points 
represent the results of experimental ranges of depth 
from 0.56 to 2 .6 feet or depth-to-diameter ratios of 
0 . 19 to 0.89. The discharges varied from 2 . 25 to 72.0 
cfs. The corresponding Reynolds number range is from 
approximately 3 x 104 to 1 x 106 . 

TABLE 5.1. Piezometer locations 

Distance from Incremental 
No. !::!,ES tream end Distances 

1 20 .00 
80.00 2 100 .00 

3 197.00 97.00 

4 308.40 111.40 

5 406.10 97.70 

6 509.60 103. so 
7 613.20 105.60 

8 707.20 94 . 00 
9 772.20 65 .00 

10 802.20 30.00 
11 807 . 25 5.05 
12 812.25 5.00 
13 816.25 4. 00 
14 819 .10 3. 00 
15 820.70 1.60 
16 821.70 1.00 

Controlled and free outfall. The mathematical 
simulation of the downstream boundary condition for 
the controlled outflow required the calibration of 
a terminal (end) restriction. Any geometric configura­
tion was acceptable if it satisfied certain criteria: 

1. The discharge as a function of depth could 
be expressed simply, such as Q = myn in which m 
and n are constants and y is the depth of flow 
upstream of tho rest rictions. 

2. The restriction was not so great as to cause 
the pipe to flow full under the maximum anticipated 
hydrograph discharge. 

3. The approach-velocity distribution was 
symmetrical and did not differ appreciably from the 
undisturbed flow. 

These criteria were satisfied by a restriction 
gate consisting of five 7-inch vertical wooden slats 
held in position by 2 1/2-inch wide vertical aluminum 
H-sections. The clear opening was five inches between 
supports. The discharge could thus be controlled by 
varying the vertical position or by removing one or 
more slats (Figs. 2.13 and 2. 14). 

Calibration of various combinations of openings 
was made by measuring the corresponding discharge and 
the water surface elevation approximately 20 feet 
upstream of the control. For the range of discharges 
anticipated in the unsteady flow runs, it was con­
cluded that the best combinations of openings was 
with the center three slats removed. 
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Fig. 5.2. 
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Fig. 5.1. lsovels f or oart' . ully full pi pe flow. 
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For this condition the relation between discharge 
and depth was determined to be •·• 

Q 4. 84 y l. 
35 

(5 . 3) 

This re l ation applied for dept hs between approximately 
one-third and eight-tenths of full diameter. 

This gate con figuration and flow relat ion was 
used for all subsequent observations and evaluations 
of boundar y conditions in which backl4ater prof iles were 
the initial condition. No attempt 1~as made to modify 
this steady state relation for unsteady f l ows. 

For a free outfall the location of the computed 
critical depth occurs some distance ups tream from the 
end of the conduit . The purpose of experi mental 
measurements was to determine the location of the 
critical depth. This position then served as the 
locat i on of t he downstream boundary. \~ater-surface 

profi l es wer e measured for a range of dischar ges from 
2. 10 to 16.62 cfs. The channel slope ranged from 
0.000032 to 0.001022 foot per foot . 

Table 5.2 presents the 14 conditions of discharge 
and slope , and the corresponding ratio of the end 
depth to the computed critical depth. Figure 5.3 
presents the water-surface profiles for the same 
conditions as Tab l e 5 . 2 and also the locations of 
the comput ed cr i t ical depth. 

Run· No . 

DlA 
52-9 
51-5 
D2A 
51-6 
53-9 
D3A 
51- 7 
D4A 
53-10 
D5A 
Sl-8 
52- 10 
Sl-9 

TABLE 5. 2. Free outfall data 
Diameter- 2.926 ft. 

Slope Di'scharge 

.001022 2.10 

. 000132 3.26 

.000032 4. 14 

.001022 4.58 

.000032 7 .96 

.000520 7.98 

.001022 8. 26 

.000032 11.98 

.001022 12 .92 

.000520 15 .97 

.001022 16 .02 

.000032 16.04 

.000132 16.64 

.000032 19.62 

Mean -

Y/Yc 

0 . 731 
0 .746 
0. 758 
0. 749 
0. 776 
0.764 
0. 751 
0 . 761 
0 .740 
0. 739 
0. 752 
0. 726 
0. 753 
0. 761 

0. 750 

Wi thin t he range of observed end depths , t he mean 
ratio of end depth to critical depth was 0 . 750. The 
ratio tended to be smaller than the mean for the lower 
depths . 

The location of computed critical depth from the 
channel end varied from less t han 3 .5 times cr i t ical 
depth to almost 5.5 times critical depth. A locat ion 
of 4 . 5 t i mes critical depth was considered as t ypical 
and used i n s ubsequent computations . 

Flow rePimes. The steady non-uniform flow in 
subcritical and supercritical regimes were est ablished 
experimentally in the storm conduit. The steady non­
uniform flows (backwater curves) at the hydrograph base 
discharge were used as initial conditions in comput ing 
the unsteady f l ow equations. 
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Fig . 5.3. Location of critical depth at the free out­
fall of a circular cross-section . 

The discharge and slope corresponding to the 
desir ed depth of f l ow in s ubcritical or super critical 
regimes were estimated from the previous observations 
(see Fig . 5.4 and Table 5 .3). The downstr eam control 
gate was adjusted t o produce the desired t ype of 
backwater or drawdown curve. Because of the length of 
time required for steady state conditions to develop , 
it was not practical to adjust the downstream control 
until a constant depth developed throughout the length 
of the pipe. Thus, several conditions of non uniform 
flow we re established both above and below t he normal 
depth. Hook gage readings at the various piezomet er 
locat ions were made at approximately 15-minute intervals 
until such time as the readings stabi l i zed. 

l~ater surface elevations were determined by means 
of hook gage readings taken in gage wells l ocated at 
16 positions along the pipe . These wells were connected 
to the invert of the pipe through a flexible hose. The 
piezometer openings were 1/16-inch in diameter. At 
each position t here were a sufficient number of openings 
to insure a reasonable response time for each well . 

The invert slope of the pipe was carefully deter ­
mined by means of a precise self-leveling level with 
an optical micrometer which permitted measurements of 
the invert to approximat ely the nearest l/1000 of an 
inch . Readings were taken approximatel y every 20 feet 
and a least-square determi nation of the mean slope 
14as computed. If the maximum deviations at any point 
exceeded approximatel y 3/100 of a foot, from the mean 
line, adjustments to the pipe invert were made. 

5 . 2 Unsteady Flow Conditions 

Inflow hydrogTaphs . Inflow hydrographs were 
developed by manually manipulating a 26-inch diameter 
bal l -valve at the upstream inlet of the main storm 



Fig. 5.4 . Estimat e of discharge versus slope and 
depth of flow. 

conduit and t he 12-inch diameter ball-valves on t he 
lateral inflow pipelines . The discharge hydrographs 
were measured and recorded by pressure transducers 
connected across t he orifices that were installed a 
short distance downstream of the valves . Figures 
5.5 and 5 .6 sh01~ the experimental observed discharge­
i nflow hydrographs of the main storm conduit and the 
lateral flow , respective ly . 

\~ave propagation. After the generation of inflow 
hydrographs, t he subsequent wave depths were measured 
at several stations downstream as the flood wave 
propa.gat ed a l ong t he conduit . Flood wave depths were 
measured by pressure transducers connected between the 
conduit invert and a set of manometers . 

The measured quantities were plotted as (1) depth 
versus time relations (Fig. 517), (2) depth versus 
distance rel at ions (Fig. 5 .8) , and (3) wave peak depth 
versus dist ance and time relations (Fig. 5 .9) . These 
relations are later used to check the analytical solu­
tions described in Part I and Part IV of these series 
of four papers. A summary of the experimental test 
conditions for the wave measurement s are given in 
Tabl e 5. 4. 
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Effort was made to produce runs which covered a 
maximum range of base and peak flow discharges. In 
addition to this , several attempts were made to re­
produce the conditions of previous runs so t hat a 
measur e of expected experimental error might be 
obtained. 
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Fig . 5.5. An example of the discharge hydrograph at 
the upstream inlet of storm conduit. 
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An example of the lateral discharge hydro­
graph at the junct ion box being 410.7 feet 
from the inlet s t ructure to the storm conduit. 



TABLE 5.3(a) Operating conditions for June 3-9, 

Slope - 0.000132 Normal 
Depth- Depth Discharge Gate Condition 

Run No . Diameter Ratio (ft) (cfs) Open Closed Slats 

B2C 0 . 3 0.88 3. 44 X 

8JC 0.4 1.17 4 . 71 X 

84C 0.5 1.47 5. 61 X 

B5C 0 . 6 l. 76 10.08 X 

B6C 0.7 2.05 15.34 X 

B7C 0.8 2.34 18.94 X 

B8C 0 . 9 2.64 19.57 X 

B2A 0.3 0.88 3.26 X 

B6A 0.6 2.05 16.64 X 

19641 

Velocity Traverse 
Manhole No. 

2 

2 

2 

2 

2 

2 

2 

2 & 3 

2 ' 3 & end 

Outlet 
Profile 

X 

X 

1
In Tables 5. 3(a), (b), (c) and (d), each run from which recorded data were obtained has a run number assigned 
to i t . Each run number was indicated in coded form for computer programs as follows: 

a. Slope- using letters A, B, C, et c., starting with zero slope as " A". 
b. Base discharge - using numbers 1 through 9. 1 corresponding to the lowest and 9 to the highest. 
c. Downstream gate position - using letters A, B, C, etc. Letter A represents the free flow (no gate 

condition); B, gate closed with no slate; and C, D, etc., gate closed with progressively decreasing 
area by means of the slats. 

d. Lateral inflow conditions - using numbers 0 to 9. Zero indicates no lateral inflow, 1-9 will 
indicate the rate of inflow at each manhole. 

e. Unsteady flow conditions- this is either blank, R, or F, depending' on whether the flow is of 
steady, rising, or falling discharge, respectively . 

f. Unsteady fl ow rate-of-change condition - using numbers 1-9 for progressively increasing rates of change 
of discharge, the longest rate indicated by 1, the highest rate by 9. 

TABLE 5.3(b) Operating conditions for June 18-23, 1964 

Slope • 0.000520 Normal 
Depth- Depth Discharge Gate Conditions Velocity Traverse Outlet 

Run No. Diameter Ratio (ft) (cfs) Open Closed Slats Manhole No . Profile 

ClC 0.2 0.587 1. 420 X 2 

C2C 0.3 0.88 2.040 X 2 

C3C 0.4 1.17 6.211 X 2 

C4C 0.5 1.47 7.960 X 2 

esc 0 . 6 1.76 10 .407 X 2 

C6C 0.7 2.05 14.097 X 2 

C7C 0.8 2. 34 12.273 X 2 

esc 0.9 2.64 18.353 X 2 

C3A 0 . 4 1.17 7. 981 X 2, 3 & end X 

r.6A 0.7 2.05 15. 972 X 2, 3 & end X 
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TABLE S.3(c) Operating conditions for July 13-17, 1964 

Slope = 0.001022 Normal 
1 

Depth- Depth Discharge Gate Condition 
Slats2 Velocity Traverse Outlet 

Run No. Diameter Ratio (ft) (cfs) Open Closed Manhole No . Profile 

Dl.A .2 .587 2 .13 X 2 and end X 

DlB .2 .587 2 .13 X 2 

DlC .2 .587 2.13 X 

D2A .3 .88 4.71 X 2 and end X 

D2B .3 .88 4. 71 X 2 

D2C .3 . 88 4 . 71 X 

D3A .4 1.17 8.23 X 2 and end 

D3B .4 1.17 8.23 X 2 

D3C .4 1.17 8.23 X 

D4A . 5 1.47 12.1 X 2 and end X 

D4B .5 1.47 12.1 X 2 

D4C . 5 1.47 12.1 X 

D5A .6 1.76 16.2 X 2 and end 

D5B .6 1. 76 16. 2 X 2 

D5C .6 1. 76 16. 2 X 

D6A . 7 2.05 20 . 2 X 2 and end X 

06B .7 2.05 20.2 X 2 

D6C . 7 2.05 20.2 X 

D7A .8 2 . 34 23.5 X 2 and end X 

D7B .8 2.34 23.5 X 2 

D7C .8 2.34 23.5 X 

D8A .9 2.64 25.7 X 2 and end X 

08ll .9 2.64 25 . 7 X 2 

D9A-Rl 5-30 Unsteady flow 3 -point gage readings 
at 1) Upstream end 

2) MHl 
3) MH2 
4) MH3 
5) Downstream end 

D9A-Fl 30-5 

1 
To be set at approximately this value (± 0.2) 

2 
To produce maximum depth at downstream end. 

3 
To be repeated enough times to define profile of wave and times of transit. 
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TABLE 5.3(d) Operating conditions for August 1-8 , 1964 

Slope • 0 .0075 Normal 
Depth- Depth Discharge Gate Condition Velocity Traverse Outlet 

Run No. Diameter Ratio (ft) ~cfs1 02en Closed Slats Manhole No . Profile Remarks 

ElA .2 . 587 7.0 X 2 and end X 

ElB .2 . 587 7 .o X 2 Note location 
of jump 

E2A .3 .88 16.0 X 2 and end X 

E2B . 3 .88 16. 0 X 2 Not e location 
of jump 

E3A . 4 1.17 25 .0 X 2 and end X 

E3B .4 1.17 25 .0 X 2 Note location 
of jump 

E4A .5 1.47 37 .0 X X 

E4B . 5 1.47 37 .0 X 2 

E5A .6 1. 76 48 .0 X 2 X 

E5B .6 1. 76 48.0 X 2 

*E6A . 7 2.05 60 .0 X X 

E6B . 7 2.05 60 .0 X 2 " 
E7A . 8 2. 34 68.0 X 2 X 

E7B . 8 2. 34 68.0 X 2 

E8A .9 2.64 70 .0+ X 2 X 

EBB . 9 2.64 70 . 0+ X 2 " 
E9A 70 .0 Unsteady flow-point gage readings 

at 1) Upstream end 
2) MH 1 
3) MH 2 
4) MH 3 
5) Downstream end 

TABLE 5.4. Summary of data on experimental waves at CSU 

Base Flow Base Peak 
Depth- FlOI¥ Flow Wave Nave 
Diameter Discharge Discharge Peak Discharge- Duration Volume 

Run Slope Ratio (cfs) (cfs) Base Flo1• Ratio (sec) ( cu- f t ) 

B2ARS1 .0001100 .21666 1.600 3.870 2.41875 27.000 31.215 

82AOS2 .0001100 . 21666 1 . 540 13.020 8 .45455 67.000 382.415 

82AOS3 .0001100 .20846 1.470 15 . 290 10.40136 78.000 579.665 

B3AOS1 .0001100 .37660 4.180 6.940 1. 66029 24 .000 41.715 

83AOS2 .0001100 . 35131 3.490 15 .010 4 . 30086 59.000 473.435 

B3AOS3 .0001100 . 38993 4.350 17 .930 4.12184 83 .000 707.330 

C2AOS2 .0005500 .16198 2.580 20.330 7. 87984 77.000 621.699 

C2AOS3 .0005500 .16494 2.410 26.250 10.89212 95 .000 986.745 

C3AOS1 .0005500 .36849 5.070 14.380 2. 83629 42.000 199. 29S 

C3AOS2 .0005500 .36190 4.910 21.920 4 .46436 61.000 532.945 

C3AOS3 .0005500 .35268 4.990 28.270 5.66533 80.000 924 . 520 

D2ARS1 .0010300 .14 729 2.990 19.250 6 .43144 60.000 595 .650 

D2AOS1 .0010300 .15412 2.500 18.550 7.42000 70.000 538.800 

D2AOS3 .0010300 .17292 2.990 32 .870 10 .99331 97.000 1549.860 

D3AOS1 .0010300 . 37216 7.610 21.450 2.81866 57.000 385.065 

D3AOS2 .0010300 . 34892 6 .940 33.510 4.82853 90 .000 1235.095 
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TABLE 5.4. Summary of data on experimental waves at CSU - (Continued) 

Run Slope 

D3AOS3 .0010300 
1 . 3 .0009900 

1 4 .0009900 

1 8 .0009900 

1 9 .0009900 

19909 .0009900 

l 10 .0009900 

l 11 .0009900 

1 12 .0009900 

1 13 .0009900 

19913 .0009900 

0 .0009900 

9 .0004800 

9 2 .0004800 

9 3 .0004800 

9 4 .0004800 

Q) 
Q) 

+-

Base Flow Base 
Depth- Flow 

Diameter Discharge 
Ratio (cfs) 

.33901 6.330 

.34482 6.992 

. 34311 7 . 592 

.20812 1.913 

.21666 2 .602 

.21290 .904 

.20128 2.084 

. 34994 6.855 

. 34652 6.831 

. 35849 7.280 

.36464 7. 466 

. 30517 5.439 

. 24981 2.472 

.25152 2. 336 

. 33336 5.033 

. 35885 5.292 

ot 50.00 feet 

2 

.. ·""'-·._ 
. ··. ----............ - ..... .. 

~ 1 "".: 
0 

at 462 .56 fe et 

2 - - -----
4; 

OL-~--~~---L--~_j~ 
100 200 

Inflow Hydrogroph .J::. 

0.1 
Q) 

0 

... ,-····· ... , ... _...._ __ _ 

100 200 300 

Peak 
Flow 

Discharge Peak Discharge-
(cfs) Base Flow Ratio 

39.370 6.21959 

28.071 4.014 74 

32.582 4 . 29163 

24.396 12.75290 

26 .174 10.05925 

30. 484 35.72119 

28 .326 13.59221 

22.912 3.34529 

30.655 4 .48767 

36 .535 5.01300 

36.936 4.9471 7 

20.779 3.82037 

13.577 5.49215 

20.338 0.01970 

15.214 3 .02284 

22.349 4.22307 

at 254. 24 feet 

at 669 . 83 feet 

,_.~..._ .. .. ...,_ .... .._____ 

100 200 300 
T1me (seconds ) 

Wave Wave 
Duration Volume 

(sec) ('cu- ft) 

104.000 1772.335 

74.740 808 . 329 

90.000 1198.544 

85 .470 890.639 

89 .000 1035.399 

95.000 1385 . 264 

110.000 1348.151 

60.000 486.608 

80 .000 993.741 

120.000 1938.801 

110.000 1766.589 

150.000 1660.597 

57 . 000 345.406 

94.000 995. 381 

53 .000 277.884 

107.000 1090.523 

at 387.70 feet 

... ~·· .... 
.... "-, ·-.-·······--·-

at 771. 55 f eet 

. .. --...-..... 
. ·---

100 200 300 

Fig . 5.7. Observed wave forms given as depth versus ~ime, computer plotted, 
Run No . 090004, 5

0 
= 0 .00048 . 
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Fig. 5.8. Observed wave forms given as depth versus distance, computer 
plotted, Run No. 090004, 5
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Fig. 5.9. Observed hydrograpn peak depths versus the distance (left graph) or versus the 
time (right graph) , computer plotted, Run No. 090004, S = 0 .00048. 
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Chapter 6 

EXPERIMENTAL ERRORS 

6 .1 Erro~s in Geomet ric Variabl es 

The steel conduit used as an open channel for the 
data analyzed herein was 3- feet in diamet er , 1/2-inch 
thick rolled-plate with a l ongitudina l we l ded joint . 
The 20-foot sections were butt-welded together and 
were supported on steel rai l s at approximate ly 20-foot 
spacing, not necessarily at the conduit joints. As a 
result of the manufacturing process , handling, field 
weldi ng, and the method of support it was not expected 
that the conduit would be perfectly circul ar or possess 
a s t raight line invert profi le. The errors caused by 
physi cal departur es from t he mathematical geometric 
forms i n the conduit cross-section and longitudinal 
invert slope are discussed here. 

Conduit cross-sectional irregularities. Measure­
ment s were made on t he inside diameter of the pipe at 
60 de gree interval s to the nearest 0 .001 inch, both 
before and aft er painting the i nside of the pipe . 
Before the i nside of the pipe was painted measurements 
were made at cross sections spaced 20-feet apart . 
After painting, similar measurements were made at 10-
ft . intervals. An elliptical cross-section (Fig . 6 .1) 
was assumed and the corresponding major axis (a), minor 
axis (b), the direction of the principal axes (a), 

eccent1c1ty (e = /1- (a/b) 2 ), area , wetted peri­
meter, and hydraulic radius were comput ed based on the 
three measured diameters at each cross-section and its 
or ient ation angle (Table 6 . 1) . The differences 
between the means of each of the parameters for the 
two surveys are not significant on the 5 percent level. 
This woul d indicat e (1) that painting the pipe had no 
effect on the int ernal geometry, and (2) t hat doub ling 
the number of stations di d not significantly improve 
knowledge about the geometry of the pipe. 

Acs - CoRCULAR SEGMENT -0 
Acs - Au 

% DoH. • A cs x 100 

A£5 - ELL. IPTI C SEGEWE NT -~ 
,---;;:-; 

e •../1- <tl 

Fig. 6.1 . Definition sketch for the re lation of the 
circular and the elliptical cross - sections . 
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TABLE 6.1. Conduit geometry 

No. Stand-
of ard 

Sta- Devi-
tions Maximum ~lean Minimum at i on 

Major 40 17 .869 17.617 17.538 0.175 
Axis- (inches) 84 17 .913* 17 .604 17 .554 0.047 

Minor 40 17 .626 17.516 17.435 0.0375 
Axis- (inches) 84 17.680 17 .510 17. 430 0.031 

Eccentri- 40 0 .176 0.1021 0.046 0 .0310 
city 84 0.175 0.0993 0.051 0.0244 

Alpha- 40 165 .58 84 .84 13. 71 46 .5 
(degrees) 84 160.37 82 .95 7.78 49 . 43 

Area- (inch 2) 40 989.5 969 .47 965 . 3 3.84 
84 994.9* 968.4 964 .1 * 3.94 

Wetted 40 111.51 110.373 110.13 0.2769 
Perimeter 84 111 .82* 110 . 314 110 .07* 0. 216 7 
(inches) 

Hydraulic 40 8 .87 8 . 7785 8.76 0.0183 
Radius 84 8.89* 8 . 7742 8 . 75* 0.0181 
(inches) 

* Occurred at same section 

Accepting an average area of 968 . 41 square inches 
(6 . 725 sq ft) the mean diameter for the pipe is then 
2 .9262 feet. This figure was used for the pipe dia-
meter in all subsequent calcul ations. 

The eccentricity and the angl e alpha for the 
observed geometry of the pipe serve as a means to 
estimate the possible error i n subsequent hydr aulic 
calculations. The percent difference between the 
circular and elliptical segments for the maximum and 
mean eccentricity at a depth ratio of 0 . 2 was deter­
mined and plotted in Fig. 6.2 as a function of the 
angle a . As may be seen from this plot, the error 
in area becomes a maximum at angular posi tions ·of zero 
and 90 degrees. For the mean eccentricity for a pipe 
of this depth ratio, the maximum error is 1.1 percent . 
For the mean et- angle of about 85 percent, the maximum 
error for the mean eccentricity is approximately 1 
percent . 

In view of the interrelated effects of depth, 
eccentricity, and a , it appears t hat an error in 
t he computation of the flow area caused by assuming 
a circular cross section instead of an approximated 
ellipse, may range f rom 0 to 3 percent with 1 percent 
bei ng r epresentat ive . 

Conduit invert slope irregularities. Another 
source of geometric er ror are inherent irregularities 
in the experimental conduit slopes. Conservation of 
energy dictates that for subcriti cal flow , depth must 
increase over channel depressions and decrease over 
channel rises. This fluctuation in depth resul ted in 
observed depth val ues that differed from the corres­
ponding theoretical depth values t hat had been com­
puted assuming a perfectly constant invert slope. for 
computat ional purposes , the average val ues of experi ­
mental slopes were determined by running preci~ion 



level surveys along the pipe's invert and applying 
a least-square analysis to the elevation points 
obtained. This was accomplished by first adjusting 
the pipe to a predetermined position on the supporting 
rails and then leveling the pipe with a self- leveling 
level having an optical micrometer of at l east count 
of 0.001 inch. The invert elevations were observed at 
45 positions approximately 20 feet apart. A least­
square determination of the slope and the deviations 
at each position was then made. If the deviations 
displayed a consistent or excessive trend in a given 
length, that portion of the conduit was readjusted, 
and the elevations redetermined. 

3 .0 

2.0 

<t .... 
a: 
<t 

~ 

a: 
0 
a: 
a: ... 
tt 1.0 

.8 

. 6 

.4 

.2 

0 
0 

Fig. 6.2. 

18 36 5 4 72 90 

ALPHA DEGREES 

Percent error in area of the storm conduit. 
(at the depth ratio of 0.2). 

The standard deviations of the actual invert 
profile points about these l east-square s lopes are 
given in Table 6.2, and profi l es of the conduit's 
invert for representative slopes are shown in Figs. 
6.3 and 6 . 4. It may be concluded that for the slopes 
investigated, the observed depths may deviate from 
the ideal depths by an average of 0.01 to 0.03 ft . 

6.2 Time-Difference Errors 

A systematic error was introduced into all tests 
because the flow-measuring orifice was located 82.2 
feet upstream of what was considered the beginning of 
the test conduit. For much of this distance the con­
duit was flowing full and providing instantaneous 
transmission of changes in flow. The distance between 
the point where a free surface formed and the beginning 
point of the test conduit, however, provided a varyi ng 
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time lag between observed and computed data of from 
8 to 14 seconds. That is, the time recorded by the 
orifice transducer for a given flow discharge led the 
time when that discharge actually reached the conduit 
test section by the amount of time it took for the 
wave to travel the 82.2 feet. To eliminate this 
difference in the comparisons, time lags were estimated 
visually from comparison of observed and computed waves 
(depth versus time) and all experimental times were 
adjusted by this amount . 

TABLE 6.2. Data for Colorado State University 
experimental conduit invert slopes 

Slope Standard Deviation - Ft 

0.0001110 0 .0141 
0.0005487 0 .0141 
0.001033 0.0136 
0.0009930 0.0180 
0.0004848 0 .0213 
0.0000052 0.0116 
0.0000157 0.0135 
0.0000303 0.0099 
0.0001325 0.0099 
0.0005197 0.0117 
0.0010101 0.0119 
0.0074578 0.0133 
0.0200690 0.0141 

0.1 

Fig. 6.3. Invert profiles for Colorado State Univer­
sity e xperimental storm conduit (1965) . 

1.0 

Fig. 6.4. Invert profiles for Colorado State Uni ver­
sity experimental storm conduit (1966). 



6.3 Instrumentation Errors 

Instrumentation errors were analy~ed on the basis 
of calibration results. Since the true values of 
physical quantities can never be exactly measured, the 
calibration process of each instrument was considered 
to be an accurate estimate of the errors in the 
measured quantities. 

A common method of giving bounds on the errors 
uses the standard deviation s defined by 

N 

I (6 .1) 
i=l 

in which q. is the individual reading observed in a 
given range~ q is the corresponding reading from a 
reference curve0 in the same given range as q. and 
N is the total number of observations. 1 

For a Gaussian distribution of errors and a 
significance level, the physical quantities measured 
by each instrument can then be expresse~ as 

q0 = qi ~ 2 s (6 . 2) 

Equation 6.2 means that approximately 95 percent 
of the measured quantities qi lie within the range 
of ± 2 s of q

0
. 

Table 6 . 3 gives a summary of the calibration 
results of the orifice meters, current meters, and 
pressure transducers (as described in Chapter 3) by 
using Equation 6.2. 

6 .4 Reproducibility Errors 

As s tated earlier, an attempt was made to perform 
some experiments having conditions exactly the same 
as conditions of some selected previous runs. This 
was done to have some measure of the errors due to 
reproducibility inherent in the experimental system. 
By running two runs under exactly the same conditions, 
the di fferences between the observed wave forms and 
the observed wave depths would be a measure of this 

type of error. If no errors were generated by the 
system, the observed values for both runs would be 
the same. This manner of comparison would not, however, 
measure the random errors. 

During the experiments, seven attempts were made 
to duplicate the conditions of previous runs. Only 
one of these runs , however, actually duplicated 
previous conditions. The other six runs could not 
be used in this evaluation because either the base 
or peak flows did not correspond to the earlier condi­
tions or the time of one wave was longer than that of 
the previous run resulting in different total water 
volumes. The runs with matching conditions were 
010013 and 019913. 

To measure the differences between the two sets 
of observed data on the flood hydrographs, relative 
errors between the two areas of each of the six 
different observed wave forms (depth versus time) were 
computed. Corresponding relative errors between the 
two computed areas were obtained. The resulting 
average error of reproducibility was 5.86 percent. 

Another measure of errors of reproducibility was 
obtained by computing the relative errors between 
corresponding maximum depth values at each of the 
six observation positions. For exactly the same 
inflow hydrographs, these errors should be zero . The 
average of the errors, however, is 8.13 percent. Again, 
the effect of t he difference in inflow hydrographs 
was removed. In this case, the average relative error 
between the two computed conditions was 1.47 percent. 
The average error of r eproducibility computed this way 
was 6.66 percent. 

Observed values for the depth versus dis tance 
relations were not compared because of the influence 
on these depths by the experi mental time shifts. An 
error of one or two seconds in the determination of 
these shifts could introduce errors as high as ~0 .1 

foot to the observed depths . Other relations for the 
depth versus t imo data were not compared because of 
their dependence on the exact positioning of the 
observed peaks . The two errors may be combined to 
give an average error of reproducibility of approxi­
mately 6 percent. 

TABLE 6.3. Estimate of instrumentation errors 

Figure or Tabl e 
5 

i n Error Bounds with 
Chapter 3 Standard Deviation 2.5% Level Range 

Small Ooening Fig. 3.1 0.00413 Cl - Cl ± 0.00826 RC)I1l_olds no. 3xl05-v2xlo6 

I 
Reynolds 2xl0 5"-2x106 !Orifice Medi um Opening Fig. 3.1 0 .00220 Cl .. Cl :!: 0.00440 no. 

~eters 
Large Opening Fig. 3.1 0.00320 ± 0.00640 Reynolds 5xl0 5-v2xl06 

i Cl = Cl no. 

I 3. 2 0 .01619 ft3 
+ 0.03238 ft 3 Volume 8 "' 15 ft 3 

I Large Opening Fig . v = v -

i 
iCur r ent Table 3. 1 0.0141 ft/s ec v = v ± 0 .0282 f t/s ec Velocitr 1 "- 8 ftlsec 
'Meters 

Table 3.1 0.0451 ft/sec v - v ± 0 .0902 f t/sec Velocit:y 8 "' 16 ft/sec 

ft of f t of Pressure ± 1 psi 
Pressure Fig. 3.12 0 .0002 water H ~ H ± 0 .0004 water Voltage :!: 3 volts 
Transduct>rs ft of ft of Pressure ± 5 psi 

- Fil? . 3.13 0 .0003 wat er H .. H ± 0.0006 wa t er Voltage :!: 3 volts 
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Chapter 7 

EVALUATION OF EXPERIMENTAL FACILITIES 

7.1 Summary of Characteristics of Experimental 
Facilities 

(1) The large scale conduit experimental research 
facilities made it possible to carry out experiments 
with discharges ranging up to approximately 70 cubic 
feet per second and with depths of free-surface flow 
up to the full pipe diameter of 3 feet. 

(2) The slope of the conduit can be varied from 
zero to 5 percent which covers the subcritical flow 
range as well as part of the supercritical range. 

(3) Instrumentation was selected for maximum 
accuracy and reliability under field conditions. 

(4) Calibration of instruments was carried to the 
point of reducing errors to practical, feasible 
minimums. 

(5) A data acquisition analog-to-digital system 
was designed and constructed with outputs in a form 
ready for computation in digital computers. 

(6) The facilities were designed such that all 
basic geometric and hydraulic properties can be 
measured with maximum accuracy. 

(7) The facilities were designed so that accurate 
observations of a generated flood hydrograph at the 
inlet and the depth hydrographs at selected positions 
along the conduit, rather than for a precise reproduc­
tion of flood waves could be made. 

(8) Typical experimental data are considered 
sufficiently accurate for analysis and synthesis of 
both the geomet~ic and hydraulic conditions of the 
conduit and waves, as well as for comparison of 
numerically integrated and measured waves. 

(9) Although the experimental facilities were 
built in the Outdoor Laboratory as described in Chapter 
2, tests were conducted only during the summer months 
with air temperature in the range of 65°-85°F. No 
significant effects due to the differences in climatic 
conditions were observed. 
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7.2 Potential of Facilities for Further Experimental 
Investigations 

Experience with the designed and constructed 
experimental research facilities indicates that the 
following subjects may be studied effectively, and 
eventually warrant further investigation or verifi­
cation on these facilities : 

(1) Friction losses in unsteady free-surface 
flow as compared to l osses in steady uniform flow could 
be studied, after the further theoretical investigations 
have been undertaken, and the new experimental methods 
conceived and designed beyond all previous works. 

(2) Experiments studying the movement of hydraulic 
bores through storm drains when the long flood waves 
pass to bores may have practical significance. If 
so, this significance can be checked through new 
analytical derivations made by experimental observa­
tions; for example, how the shape and friction factors 
of storm drains affect this movement. 

(3) Experiments for better understanding the 
modification of flood waves in a complex conduit, such 
as changes in conduit cross-sections, bottom irregular­
ities, presence of local humps or similar obstructions 
could be conducted. 

(4) Experiments with the propagation of flood 
waves in a dry storm drain will contribute to a better 
understanding of t his phenomenon. 

(5) Experiments could be conducted to better 
understand and describe particular end boundary con­
ditions, which can occur in practice with storm drains. 

(6) Experiments of flow close to full cross­
sections would permit an evaluation of conditions for 
full flow or intermittent full flow, free surface flow. 

(7) Specially designed experiments of partially 
full steady flow would permit an evaluation of the 
air transported by the surface drag and the accompany­
ing pressure reduction within the free space of the 
pipe. 
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Key Words: Stonn Dra in, Flood Routing , Unsteady Flow, Wave Propagation . 

Abst ract: This second part of a four-part series of hydrology papers on flood 
routing through storm drains relates exclusively t o experimental research facil i ties 
and experi.,ents. TI1e following subjects are presented: (a) design and construct ion 
of the experimental stono drain system as a specia l research outdoor faci lity: (b) 
i nstrumentation and i ts calibration: (c) description of the data record,ing sys tem; 
(d) various experimental test conditions and their t ypical result s, and (e) discussion 
of expe r imental errors. 

A large conduit , 3 feet in diameter and 822 feet long, has been selected, de­
signed, and constructed in the Outdoor Laboratory of Colorado State University to 
accurately measure geometric and hydraulic characteristics, as well as the propagating 
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