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FOREWORD

This report presents the results of laboratory and field tests
of various flow measuring and recording instruments for use in storm-
sewer systems. The report should be of interest to engineers and
others concerned with instrumenting storm-sewer systems for the
improved hydraulic design of such systems and as a means of acquiring
hydrologic design data.

This study was conducted at or near two U.S. Geological Survey
facilities: the Hydrologic Instrumentation Facility located at the
National Space Technology Laboratories, Bay St. Louis, Mississippi,
and near the U.,S. Geological Survey District Office in Jackson,
Mississippi. The authors wish to acknowledge the extensive help
received from numerous personnel in these two offices without which
this study would have been impossible. In particular, thanks are
given to Billy E. Colson, James W, Hudson, Vito J. Latkovich,
Donald H. Rapp, and Lawrence C. Morey.

This study was performed by personnel of the Water Resources
Division of the U.S. Geological Survey. The bulk of the funding for
the work was pravided by the Federal Highway Administration; equip-
ment, instruments, and supplies, as well as numerous man-hours, were
provided by the U.S. Geological Survey because of the mutual interest
both agencies have in the advancement of flow measurement in storm-
sewer systems,
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DEVELOPMENT AND TESTING OF HIGHWAY STORM-SEWER FLOW
MEASUREMENT AND RECORDING SYSTEM

By Frederick A. Kilpatrick, William R. Kaehrle, Jack Hardee,
Edwin H. Cordes, and Mark N. Landers

y

ABSTRACT

A comprehensive study and development of measuring instruments
and techniques for measuring all components of flow in a storm-sewer
drainage system was undertaken by the U.S. Geological Survey under
the sponsorship of the Federal Highway Administration. The study
involved laboratory and field calibration and testing of measuring
flumes, pipe insert meters, weirs, electromagnetic velocity meters as
well as the development and calibration of pneumatic-bubbler pressure
transducer head measuring systems. Tracer-dilution and acoustic flow-
meter measurments were used in field verification tests. A single
micrologger was used to record data from all the above instruments as
well as from a tipping-bucket rain gage and also to activate on
command the electromagnetic velocity meter and tracer-dilution systems.

INTRODUCTION

In recent years with advances in watershed rainfall-runoff model-
ing techniques, there has been emphasis on the modeling approach to
storm-sewer design. A reveiw of this type of literature is replete
with statements as to the need for more and better data bases to aid
model development.ls253 The study performed in 1969 by the American
Society of Civil Engineers (ASCE) recommended a minimum program of
urban drainage research at $10 million over several years which
amounted to about 0.33 percent of the expected annual national invest-
ment in the construction of storm drainage. A major conclusion of a
conference on urban hydrologic research conducted in 1965 by the
Urban Hydrology Research Council of ASCE was that a major technologi-
cal hiatus exists largely because of an absence of suitable measuring
devices. Progress has been made in these ensuing years in developing
devices and methods of measuring and recording data in storm-drainage
systems, largely in instrumentation. It is little wonder, though,
that the problem still exists, as the hydraulics of flow in storm-
sewer systems may be extremely complex.

STORM-DRAINAGE HYDRAULICS

From the inception of rainfall, flow in roadways and gutters,
collection via curb inlets and drop structures or catchments, and
final conveyance from the area via lateral and trunkline pipes, the
whole gamut of flow hydraulics can occur.
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Flows in streets and gutters may be sheet flow (supercritical)
depending on roughness and slopes; hydraulic jumps may form at transi-
tions in grade or at inlets. Varying amounts of street runoff may
bypass one inlet only to be collected at an adjoining one or by a
series of downstream inlets.

The efficiency of flows into curb and street inlets is highly
variable and largely a function of approach and entry slopes, effec-
tive opening areas where grates exist, and the capacity of the receiv-
ing catchments and associated outlet drainpipes. In most cases,
especially on major highway systems, the catchment outlet pipes are
over-designed compared with the hydraulic capacity and efficiency of
the curb inlets; this is to ensure passage of debris and to facilitate
maintenance.

Catchments may be simple or complex. A simple one receives the
flow through a single curb inlet and discharges it through a single
outlet pipe. A complex catchment is one receiving flow from several
curb inlets and (or) from other pipes junctioning and flowing through
the catchment: a combined catchment and junction box. The flow from
the catchment through the outlet pipe may be quite complex depending
on pipe area, roughness, and slope. Figure 1 depicts the possible

SUBCRITICAL
SUBCRITICAL AND
(*-DEPTHS AND—»1<—————1RANSITION FLOWS ]

FLOWS

DEPTHS AT
OR GREATER
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‘‘‘‘‘‘‘‘
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FLAT OR MILD SLOPES

SUBCRITICAL SUPERCRITICAL AND

DEPTHS AND —
"- Flows I TRANSITION FLOWS

e e
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~~
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-

CATCHMENT | s T~ el

STEEP SLOPES

Figure 1. Catchment and outflow pipe hydraulics.
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hydraulic conditions which may exist. Very common is case 1 where
the outlet pipe is on a mild slope, and its area is small enough that
control is at the entrance to the pipe where depths are at or greater
than critical. As discharge increases and head in the catchment, Hc,
increases to greater than the crown of the pipe, separation takes
place with partially full flow existing in the barrel of the pipe
(case 2). As discharge and head increase, the pipe barrel may fill
despite some separation at the entrance (case 3). Between case 2 and
case 3 a transition zone commonly exists where barrel roughness and
slope determine if control is in the pipe barrel or still at the pipe
entrance. This is an area where erratic and oscillating flow may
occur made worse by the fact that as the pipe starts to flow full, it
becomes more efficient causing the catchment head to drop. This in
turn may cause pipe flow to momentarily return to open-channel flow.
This transition flow region is hard to predict; for measurement
purposes it is best avoided if possible.

When the slope of the pipe barrel is steep, control will almost
always be at the entrance to this pipe where flow goes through criti-
cal depth. For cases 4, 5, and 6, supercritical flow will almost
always exist in the barrel.

The exception will be if the barrel is rough, such as might be
the case with a corrugated pipe or medium slopes exist causing the
pipe to fill and thus to control. As before, there is a transition
range where flow prediction is difficult.

Flows in larger trunklines may be any of the above but most
commonly such sewer lines are placed on mild slopes of less than 1
percent. This and normal pipe roughness are more apt to cause trunk-
lines to flow full at high flows and the transition zone to narrow.
The presence of constrictive flow measurement devices such as flumes
will almost invariably cause subcritical flow to occur upstream, if
it isn't subcritical already, and rapid transition to pipe full flow
when discharge and heads become large enough. Surcharge conditions
occur when piezometric heads are above the pipe crown elevations
and the system is experiencing pipe-full, pressure flow.

Backwater conditions, such as when trunklines discharge into
nearby streams, may further complicate the hydraulic picture. Typi-
cally, trunkline pipes become submerged as the receiving stream
reaches flood stage thus causing the trunklines to fill as free flow
in the pipes cease to exist.3s* In extreme cases, negative flows may
exist with flow coming from the stream. More commonly a lessened
positive flow continues as trunklines adjacent to their receiving
streams fill due to backwater. Flow-measuring devices in these trunk-
lines which depend only on head measurements and free flow are no
longer valid under such conditions.
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OBJECTIVE

The objective of this study was to develop a complete data-
collection package for the collection of field expressway runoff data
in the evauluation of expressway drainage system modeling. This was
to be accomplished by evaluating existing devices and techniques,
both in the laboratory and field, that have been used in measuring
storm-sewer flows as well as to consider new approaches and instru-
ments. Finally to suggest an instrumentation package that would
accurately measure all of the flow components which comprise a storm-
sewer drainage system. The primary criteria in developing such a
storm-sewer measuring package follows:

1. The instrumentation should be retrofittable to existing
storm-sewer systems, through existing manholes and grate openings.

2. Instruments would restrict or alter existing flow capacities
to the minimum.

3. Measuring structures and instruments should be reasonably
self-cleaning and capable of operating in the hostile environment of
a storm sewer.

4. A full range of flows from open channel to pressurized would
be measurable as well as reversible flows.

5. Instrumentation would operate on battery power.

6. Measuring devices could be precalibrated or rated in the
field.

7. Equipment should be affordable both to acquire and install;
readily available items should be used to the extent possible.

SCOPE OF WORK

The data-collection package consists of two parts: the gaging
instrumentation and the data recording and reduction system. The
gaging instrumentation has two components: continuous measurement of
storm-water flow into and past an inlet; and continuous measurement of
flow in the underground storm sewer, including flows during surcharge
conditions,

Following and guided by a literature review (1) the study will
concentrate on the utilization of the best current technology and
(or) the development of new technology and techniques to evaluate, (2)
continuous measurement of drop structure outflows using commercially
available pipe inserts, (3) indirect evaluation of flow bypassing the
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street inlets by in-situ calibration of inlet and drop structures to
establish hydraulic performance and efficiencies of each as a func-
tion of sewer-outlet discharge, (4) direct and continuous measurement
of inlet bypass flows, (5) continuous measurement of trunkline flows,
both base and runoff, for open-channel and pipe-full conditions, (6)
development of compatible data recording and reduction systems for

the above inputs, (7) all or part of instrumentation and data acquisi-
tion and recording systems would be field tested for 3 months, and

(8) a final report on the entire effort would recommend the system to
be used.

DEVELOPMENT OF A MEASUREMENT SYSTEM
LABORATORY AND FIELD TESTS

This study consisted of laboratory testing and calibration of
the various instruments and equipment selected for consideration in
measuring storm-sewer flows. This was followed by field testing,
verification of the instruments selected, and in some instances, in-
situ rating of instruments and structures. While in some instances,
more sophisticated instruments might have been considered and tested,
emphasis was on the practical application of techniques and instru-
ments with the most proven reliability and applicability with the
ultimate objective of presenting the best operational system.

PIPE-FLOW MEASUREMENT

A review of the literature indicates that most storm-sewer
measurement devices and techniques have evolved from surface-water
measurement techniques.® Something of a dilemma exists as to how to
accurately measure flow in pipes which may experience the gamut of
flow conditions previously described. Various types of flumes and
constrictions have been the primary approach to the measurement of
flows in pipes. The most common type of flume used for such measure-
ments is the Palmer-Bowlus (P-B) flume which was originally proposed
for this purpose by Messrs. Harold Palmer and Fred Bowlus in 1936.°
Subsequent studies were performed which added to our understanding
of this and other flumes.”s8,9,10,11,12,13

Initial studies of the P-B flume limited its use to open-channel
flow. Wenzel suggested a flume design which might be titled a side-
arc flume.!* This design was one of the first to use the concept of
a constrictive device to act as a free-surface flume during open-
channel flow and as a venturi meter under full- and surcharged-flow
conditions., Furthermore, Wenzel showed that the energy equation in
conjunction with critical flow relations could be used to compute
theoretical calibrations.



As mentioned earlier, one of the primary problems with measure-
ment of flow in storm-sewer pipes is the necessity of measuring under
both free surface and pipe full, pressurized flow. This problem would
not be so severe except that the transition zone may be quite large
and difficult to predict. To lessen this problem, the U.S. Geological
Survey (USGS) designed and tested a U-shaped flume designed to operate
as a conventional flume with open-channel flow and as a venturi with
pipe-full flow.l!> The design was an attempt to lessen the extent of
the transition range and to provide means of both predicting the flow
state and the applicable calibration,13

The decision in this study was to rate a modified P-B type flume
for open-channel flow and as a venturi meter for pipe-full flow. The
problem with transition flows would be handled by measuring head up-
stream of the flume and in the throat; and thus by knowing the type
of flow, the applicable calibration could be chosen. An 18-inch P-B
flume would be fully calibrated in the laboratory, and 30-inch and
48-inch flumes tested and rated in the field if possible.

ELECTROMAGNETIC VELOCITY METER

It was recognized that measuring the flows in pipes with meters
such as the P-B flume would apt to be poor in the transition range
between free-surface and pipe-full flows. The decision was made to
install an electromagnetic point velocity meter (EVM) in the approach
to the P-B flume.!® The use of a point velocity meter for this pur-
pose has been advanced by several investigators recocgnizing the prob-
lem of measurements in the transition zone.l!7518 This point velocity
meter would be activated when the pipe was approaching full and oper-
ated throughout the transition, with the pipe full, and deactivated
when fully developed free-surface flow returned on the recession of
runoff,

The decision to use an electromagnetic velocity meter as the
point velocity meter was based on cost, reliability, and compati-
bility with the micrologger data system to be discussed later. Index
velocity coefficients for the EVM would be obtained in the laboratory
in conjunction with the 18-inch P-B flume tests.

BYPASS GUTTER FLOWS

Methodology and instrumentation for measuring street gutter
flows bypassing inlets is virtually nonexistent; probably because of
the great difficulty of making such measurements. The approach taken
in this study is to rate in situ each curb inlet and catchment as an
entity. The concept being that for a given curb inlet, the flow into
the inlet and that bypassing it would be uniquely a function of the
slope and roughness of the street and gutter approaching the inlet as

6



well as the design of the inlet. Thus if each inlet was rated in
situ, the total approaching flow would have to be the sum of the
bypass flow and that entering and leaving the catchment. A rating
of bypass flow versus catchment outflow would be possible and a
unique function for each catchment; measurement of catchment outflow
by other means would then provide a means of predicting the flow
bypassing each inlet. The rating of each inlet would be different
and a separate in-situ calibration would be performed on each.

The need for a source of water such as from fire hydrants or
nearby streams or lakes to accomplish an in-situ rating of each inlet
structure was recognized as a severe restriction. As an alternative,
a broad-crested weir installation would be tested and rated in situ
in the street gutter.

CATCHMENT OUTFLOWS

It was found that most pipes draining catchments were from 12 to
18 in in diameter, seldom larger or smaller. This size precluded the
ready placement of measuring flumes or other devices down in the
pipes. The literature search revealed few approaches to measuring
flows out of catchments. Those that were designed to measure catch-
ment outflows usually involved weirs that required extensive modifica-
tion of existing structures or would create their own backwater.19,20

One of the few is the Wallingford or gully meter developed at
the Institute of Hydrology, Wallingford, England.?! This meter is
designed to fit down inside catchments* which have a 1- to 3-ft deep
sediment trap below the invert of the outflow pipe. The meter is a
deflection vane or gate positioned horizontally in a vertical pipe.
Flow rises vertically through the pipe, deflects the gate and passes
horizontally out the outflow pipe. This meter has a maximum capacity
of 4 L/S (0.14 ft3/s) and utilizes filters to keep the apparatus
clear of silt and debris. Most inlets and catchments in the United
States are designed to handle 0.5 to 5 ft3/s discharges. The device
seems to be limited to simple catchments as it might cause excessive
backwater in other inflow pipes entering the catchment. The limited
capacity and the potential for clogging and restricting the catchment
were reasons to no longer consider this meter,

From examination of figure 1 for a simple catchment, it becomes
apparent that unless the outlet pipe is on a very flat slope or is
very rough, most flows will have their control at the entrance to
this pipe. Even with the entrance to the outlet pipe submerged,
hydraulic control is usually at the entrance. If stage measurements

*Referred to as gulleys in England.
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could be made in the catchment box, a simple rating that would cover
most flows experienced would be attainable. Unfortunately the pipe
entrances to catchments may vary drastically due to both design and
construction differences. Furthermore, approach conditions to the
pipe may vary considerably due to how the flow enters from the street
inlet., In addition, the flow in the catchment is quite turbulent.

Nevertheless, it was decided to design a meter which could be
inserted into the entrance of the outlet pipe. This insert would
have a rounded entrance and would contract the flow. It was expected
that little if any capacity would be lost due to the improved effi-
ciency derived from the rounding. The objective was to produce a
pipe entrance that could be precalibrated. Head would be measured in
a stilling well in the catchment and also in the barrel of the insert
to provide a means of rating the Pipe Insert Contraction (PIC) meter
as a venturi for those rare instances when the catchment outlet pipe
would flow full.,

STAGE AND HEAD MEASUREMENT SYSTEMS

In the normal storm-sewer system, it is impractical, if not
impossible, in most instances to employ fluid intake systems with
stilling wells and floats or other such direct means of measuring
water stage or pressure heads in connection with flow-measurement
devices. It was elected in this study to use the gas purge or
bubbler and orifice system because of the flexibility and reliability
offered. With this sytem a 3/8-in diameter plastic pneumatic line is
positioned with its discharge orifice at locations where head or
stage is to be measured.

This method involves balancing dynamic gas pressure (a bubble
release) against the static potential exerted by a fluid column over-
lying a fixed submerged orifice (datum for stage or head measurement).
The height of the column of fluid above the orifice opening is pro-
portional to the pressure of the escaping gas. The system has been
successfully used by the USGS since 1956 to measure water-level
changes at over 2,000 sites on rivers, reservoirs, and wells in the
United States.?2 In addition, the Rittmeyer Company in Switzerland
as of 1974 had produced over 1,000 pneumatic bubbler units for the
measurement of fluid levels in irrigation and waste-water systems.23

A direct conversion is made between inches or feet of water and
pressure in pounds per square inch (psi) using the following equality:
2.31 ft of water equal 1 psi when the fluid density is 1 gram per
milliliter (gm/mL). Any changes in the density of the fluid above
the orifice, due to temperature or the amount of suspended or dis-
solved material, will affect the conversion relationship. Generally,
these problems have proven negligible.
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The standard gas-bubbler system in use by the USGS uses a liquid-
mercury servo manometer system to convert pressure to feet of water.
While refinement over the years has produced a reliable instrument,
it is rather cumbersome and has the added disadvantage that it uses
mercury which can be a health hazard if spilled or misused.2

Mechanical balancing systems have also been used to convert pneu-
matic pressure to feet of water, but these have proven to be extremely
temperature sensitive.23 Other types of mechanical and electrical
manometers have been designed to convert pneumatic pressure to head
in depth of water but have not been widely used.25,26

The substitution of a pressure transducer for the mercury mano-
meter eliminates the mercury problem and provides a voltage signal
compatible for direct input to the micrologger recorder. In addition,
several transducer-bubbler orifice systems could be operated from one
gas supply system, recording multiple data sources on one micrologger;
all in less space than a single mercury manometer bubhler system.

DATA RECORDING SYSTEM

In recent years, numerous solid-state digital recorders have
become available. Certain of the data loggers or microloggers have
been tailored for the collection, storage, and processing of hydro-
logic data.l®s27 The USGS has tested a number of these units and is
preparing to convert much of its hydrologic data collection to an
Adaptable Hydrologic Data Acquisition System (AHDAS& which will be of
microprocessor design and have solid-state memory.23 In the mid-
1970's, the USGS initiated studies in the Rocky Mountain and northern
Great Plains States to model small coal mining basins which involved
the collection of large amounts of climatic and streamflow data.?2°
This program prompted Campbell Scientific, Inc., of Logan, Utah, to
modify their CR-21 micrologger operating system to store and process
hydrologic data. The CR-21 is an extremely low-powered, battery-
operated, temperature-stable data logging and system control device.
The unit uses a 12-volt power supply and has seven analog and two
digital input channels and four output control ports.* This micro-
logger is a portable computer that can be programmed to sense and
process data and emit control signals to other equipment based on
time or parameter changes. Input channel readings are monitored
every 10 seconds and are recorded when a user specified input exceeds

*At the time of this study this equipment was the most suitable
for the purposes of the study. The Campbell CR21X micrologger in
conjunction with their AM32-Input Multiplexer has 32 differential
input capacity. This is not an endorsement of this equipment by the
USGS over any other which may be available.
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a given value. Activation of various instruments may be controlled
in the same manner through the output control channels. This latter
feature was important as the power consumption of an electromagnetic
velocity meter would he excessive for prolonged battery operation
unless it could be turned on only when needed. Furthermore, the
CR-21 can be programmed to store data, only if a significant event
occurs, The unit stores data in a buffer memory and unloads it
automatically to cassette or solid-state storage.

More recently 35 of the CR-21 microloggers were put into use in
watershed modeling studies in the Eastern States.3? The favorable
experience with this micrologger led to its selection for this study.
SYSTEM CHOSEN

Figure 2 shows conceptually the total system chosen for the
measurement of storm-water drainage. Head measurements would be made

NOMENCLATURE

1 GAS SUPPLY

2 GAS FLOW REGULATOR

3 PRESSURE TRANSDUCERS

4 ORIFICES POSITIONED IN FLOW MEASURING DEVICES TO MEASURE HEADS

5 MglﬁggthGER TO INTERROGATE, COMMAND RECEIVE AND STORE DATA FROM MULTIPLE
S

6 ELECTROMAGNETIC VELOCITY METER. SENSES AND TRANSMITS ON COMMAND

7 RAIN GAGE

8 PNEUMATIC BUBBLER TRANSDUCER SYSTEM

Figure 2. Conceptual diagram of storm-sewer flow
measurement system,
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using a pneumatic bubbler approach with pressure transducers to con-
vert sensed pressure to feet of water. As many orifices and their
respective pressure transducers would serve as many measuring devices
as required. Output from the transducers would be sensed by the
micrologger and stored if flow or change in head was indicated.

Above a given threshold of stage in any of the measuring devices,
such as the trunkline, an electromagnetic velocity meter (or any
other device) would be activated and then deactivated with falling
stage. Data from other measuring devices, such as rain gages, would
be stored by the micrologger.

TESTING PROCEDURES
LABORATORY TESTS

Laboratory tests on the 18-inch P-B flume and on a 10-inch and
15-inch PIC meter were performed at the Geological Survey's Gulf
Coast Hydroscience Center (GCHC) located at the National Space Tech-
nology Laboratories (NSTL), Mississippi. Pressure transducers were
also calibrated at the GCHC laboratory. Figure 3 is a sketch of the
test flume used in the tests, and figure 4 is a photograph of the 18-
inch concrete pipe used in the P-B flume tests.

- & F
~ ® | ®

:'—.
H -
S H
4 |
@/Q |t
TOP VIEW @f @_/

/0
7N\ a [ */@
S | R S —

S
oA
|

:

i

]
=

SIDE VIEW
NOMENCLATURE
1 WATER SUPPLY, DISCHARGE MEASURED WITH ORIFICES 5 POINT GAGE, IN STILLING WELLS UPSTREAM
OR “V"-NOTCH WEIR 6 TEST PIPE
2 HEADBOX 7 TAILGATE FOR BACKWATER CONTROL
3 BAFFLE TO SIMULATE APPROACHING FLOW CONDITIONS 8 WATER RETURNED TO CIRCULATING SUPPLY
4 APPROACH SECTION SYSTEM

Figure 3. General sketch of flume and test setup at
GCHC Laboratory, NSTL, Mississippi
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